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Abstract

Appending conformationally restraining ring systems to the cyanine chromophore creates 

exceptionally bright fluorophores in the visible range. Here, we report the application of this 

strategy in the near-infrared range through the preparation of the first restrained heptamethine 

indocyanine. Time-resolved absorption spectroscopy and fluorescence correlation spectroscopy 

verify that, unlike the corresponding parent unrestrained variant, the restrained molecule is 
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not subject to photoisomerization. Notably, however, the room-temperature emission efficiency 

and the fluorescence lifetime of the restrained cyanine are not extended relative to the parent 

cyanine, even in viscous solvents. Thus, in contrast to prior reports, the photoisomerization of 

heptamethine cyanines does not contribute significantly to the excited-state chemistry of these 

molecules. We also find that the fluorescence lifetime of the restrained heptamethine cyanine is 

temperature-insensitive and significantly extended at moderately elevated temperatures relative to 

the parent cyanine. Finally, computational studies have been used to evaluate the impact of the 

conformational restraint on atomic and orbital structure across the cyanine series. These studies 

clarify the role of photoisomerization in the heptamethine cyanine scaffold and demonstrate the 

dramatic effect of restraint on the temperature sensitivity of these dyes.

Graphical Abstract

INTRODUCTION

Optical imaging in the near-infrared (NIR) range benefits from reduced autofluorescence 

and enhanced tissue penetration.1 Improving the photon output of NIR fluorescent probes 

would be an enabling advance for many imaging applications. This is challenging because, 

as observed across multiple scaffolds, strategies that shift absorbance maxima toward 

longer wavelengths result in decreased fluorescence quantum yield (ΦF).2–4 While increased 

internal conversion as the S0–S1 energy gap is decreased is a major element of this issue, 

and chemical features also have dramatic effects on the emissive properties of NIR dyes. 

As the magnitude of ΦF results from the interplay of multiple dye- and solvent-dependent 

pathways, it is important to clearly define the link between structure and emission efficiency.

Cyanine dyes are broadly used fluorescent probes with applications that span single

molecule to bulk-tissue imaging.5,6 Unique to the cyanine dye class, two-carbon 

homologation extends the absorbance maxima in roughly 100 nm increments. The 

indocarbocyanines, including the broadly utilized Cy3, Cy5, and Cy7 series, form the 

chemical backbone of many invaluable fluorescent reagents.7 While these dyes exhibit 

exceptionally high absorbance cross sections, emission can compete with a trans-to-cis 
photoisomerization pathway limiting photon output.5,6,9 Fusing a polycyclic ring system 

Matikonda et al. Page 2

J Org Chem. Author manuscript; available in PMC 2021 September 23.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



to the polymethine chromophore to block even the possibility of photoisomerization is an 

appealing strategy. This approach was implemented first on the trimethine cyanines by 

Waggoner et al.8 and, more recently, by us on the synthetically challenging pentamethine 

series.10,11 The resulting dyes are dramatically brighter with the tri- and pentamethine 

derivatives exhibiting ~8× and ~4× greater room-temperature ΦF values, respectively (Figure 

1A).10,11 The improved brightness of these restrained dyes is consistent with various 

spectroscopic observations suggesting that photoisomerization is a major component of the 

excited-state chemistry of these molecules.5,12

Given the need for brighter NIR fluorophores, improving the photon output of heptamethine 

cyanines is an important objective. However, the role of photoisomerization was less clear 

in this case, and several seemingly paradoxical findings were reported. Studies using a 

benzoxazole heptamethine cyanine observed a strong temperature dependence on emission, 

which was ascribed to increased photoisomerization with elevated temperature.13 Also 

consistent with a role for photoisomerization, albeit nonquantitatively, transient spectroscopy 

studies directly observed the isomerized species, as does as an approach using gas-phase 

mass spectrometry.14,15 By contrast, a study looking at two highly substituted heptamethine 

cyanines found that room-temperature emission was independent of solvent viscosity.16 This 

observation suggests that, at least in these examples, the contribution of photoisomerization 

to nonradiative singlet-state deactivation is insignificant. Finally, a single theoretical study 

found that the activation energy for isomerization in the excited state increases with 

polymethine length, potentially suggesting a less important role of photoisomerization for 

heptamethine cyanines compared to the shorter variants.10

To address the ambiguity regarding the excited-state chemistry of these broadly used 

molecules, we have prepared and evaluated the first fully conformationally restrained 

heptamethine cyanine. We detail the preparation of the indocyanine, 2, through an acid

catalyzed reaction that forms the pentacyclic ring system from an acyclic precursor in a 

single step (Figure 1B). Time-resolved transient absorption spectroscopy and fluorescence 

correlation spectroscopy (FCS) both confirm that, unlike the conventional heptamethine 

cyanine, compound 2 does not undergo excited-state isomerization. However, at ambient 

temperature, the restrained and parent cyanines exhibit similar ΦF and lifetimes (τF). 

Moreover, τF does not correlate with solvent viscosity in either molecule. Notably, however, 

the τF of 2 is nearly insensitive to temperature and at moderately elevated temperatures 

significantly exceeds that of the highly temperature sensitive unrestrained variant 1. This 

later observation is attributed to the temperature dependence of internal conversion and 

not photoisomerization, as suggested previously. Finally, computational studies analyze the 

impact of chromophore length and conformational restraint on orbital and atomic structures 

across the tri-, penta-, and heptamethine cyanine series. In total, these studies provide 

mechanistic insights that clarify the relative contribution of polymethine isomerization and 

the role of solvent and temperature in the internal conversion kinetics in this important class 

of fluorescent probes.
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RESULTS AND DISCUSSION

In considering the structure of restrained heptamethine cyanines, several possible (poly)

dihydropyran and carbocyclic ring systems are feasible. We first examined the approach 

shown in reaction 1, which involves the condensation of malonyldialdehyde with compound 

4 or its partially cyclized variant to form the restrained cyanine 5. Despite examining a range 

of protic and Lewis acids with several malonyldialdehyde precursors, no stable polycyclic 

compounds were isolated. We then developed the retrosynthetic disconnection shown in 

Figure 1B to compound 3, which only contains a single dihydropyran ring. In this approach, 

we envisioned carrying out a tandem Michael addition/Prins cyclization cascade to assemble 

the pentacyclic framework (Figure 1B). In this design, we were motivated by our earlier 

synthesis of the pentamethine cyanine by the introduction of a carbocyclic ring, and only a 

single dihydropyran ring was critical to creating a stable molecule.11

The synthesis of 2 was carried out as shown in Scheme 1. We found that previously reported 

6 could be converted to 7 in useful yield using the Hoveyda–Grubbs II catalyst.11 Indolenine 

7 and cyanine precursor 8 react efficiently to form cyanine 3 using standard cyanine 

preparative conditions (Ac2O, Et3N, CH2Cl2). The pentacyclization reaction proved difficult 

to fully optimize but was ultimately found to proceed in a modest, albeit reproducible, 

yield of 14% through a two-step sequence involving initial formation of a mixture of 

diastereomers in 1:1 1 M HCl:THF at rt followed by conversion to single, all-syn product 2 
using 1:1 0.3 M HCl:MeOH at 60 °C (Figures S1 and S2).

We first evaluated the impact of conformational restraint using spectroscopic methods that 

directly assess photoisomerization. As an unrestrained comparison for 2, we have used 

the simplest heptamethine indocyanine hexamethylindotricarbocyanine iodide (HITCI), 1. 

Transient absorption spectroscopy experiments were carried out with 1 and 2 in ethanol 

and glycerol at room temperature (Figure 2A and Figure S3A). We were able to observe a 

transient spectrum around 780 nm with a lifetime of approximately 50 μs for 1 in ethanol, 

but not in glycerol, that matches the spectrum reported previously for the photoisomer of the 

same dye in DMSO.19 No transient signals were observed for 2 in either solvent, providing 

strong evidence that photoisomerization was blocked due to installation of the ring system. 

We also carried out fluorescence correlation spectroscopy (FCS) measurements, which have 

been previously used to characterize photoisomerization in Cy5 and other unrestricted 

cyanines.20,21 While the decay of the conformationally restrained 2 can be fitted with a 

pure diffusion model (Figure 2B), the decay of the parent heptamethine cyanine 1 shows a 
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component with a small amplitude in the μs timescale not observed for 2 when measured 

under the same conditions. Fluctuations in the μs timescale were also observed in FCS 

studies of Cy5 and other unrestricted cyanines, which were attributed to photoisomerization. 

Although the amplitude of the fast component observed with 1 is quite small, the fact that 

this component is absent in the FCS decay of the restrained compound 2 suggests that it 

is indeed due to the formation of a dark isomer. Together, the transient spectroscopy and 

FCS experiments indicate that photoisomerization occurs in 1 but not in 2. We note that 

neither transient spectroscopy nor FCS is a suitable method to determine the efficiency of 

photoisomerization of 1 in a quantitative manner because the absorption cross sections of 

the isomers are unknown. However, the fact that signals are quite small suggests that the 

efficiency of photoisomerization may be less than those of other photophysical processes 

that depopulate the singlet excited state, including fluorescence and internal conversion.

We then examined the impact of conformational restraint on the emission properties of 1 
and 2. As shown in Table 1 and Table S1, the room-temperature ΦF and τF values are 

similar between the two dyes (Figures S4 and S5). The differences between the two dyes are 

maximally a 25% increase for the ΦF of 2 in H2O but typically less than 10% in the other 

solvents examined. This is in stark contrast to the trimethine and penthamethine members of 

the family where the restrained cyanines are significantly more fluorescent than their parent 

compounds. This suggests that, in contrast to the shorter cyanines, isomerization does not 

play a major role in deactivating the excited state of 1. Indeed, the excited-state lifetime 

of 1 does not increase with increasing solvent viscosity as has been observed for many 

trimethine and penthamethine cyanines (Figure S9B and Table S1).23 For example, while 

the fluorescence lifetime of trimethine indocyanine is ca. 18-fold greater in glycerol than in 

water, the fluorescence lifetime of 2 is shorter in glycerol (τF = 0.83 ns) than in all measured 

solvents except water.24

To analyze the role of solvent in greater detail, the rate constant for nonradiative deactivation 

(knr) was calculated from ΦF and τF as knr = (1 – ΦF)/τF (Figure S4 and Table 

S1). Experiments with various trimethine and penthamethine cyanines show an excellent 

correlation between knr and solvent viscosity. This observation has been interpreted in terms 

of frictional effects on the photoisomerization reaction of the unrestrained cyanines.23,25 In 

contrast, knr values do not correlate with solvent viscosity for either 1 or 2 (Figure 3A). Most 

dramatically, knr values for 1 are almost the same in glycerol (η = 1412 cp) and methanol 

(η = 0.54 cp), and the differences between 1 and 2 are very small. These observations 

indicate that the rate-limiting step in the deactivation of the excited state of 1 does not 

involve large molecular rearrangements. Instead, there is a clear correlation between knr and 

solvent polarity (Figure 3B), which has not been observed with the shorter cyanine dyes. 

Values of knr are higher in protic solvents compared to aprotic solvents of the same dielectric 

constant, suggesting hydrogen-bond-assisted contributions to the nonradiative deactivation 

process. Differences are particularly striking for τF and ΦF in D2O vs H2O for 1 and 2 
(Figure 3B and Table S1), as observed previously by Heilemann et al. for several cyanines.26 

Overall, these observations highlight the significant role that internal conversion plays for 

singlet-state deactivation in the NIR range and the dramatic role of solvent in mediating this 

process.
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We then examined the role of temperature in the photon output of these dyes. Temperature

dependent lifetime measurements of 1 and 2 in ethanol are shown in Figure 3C (and Figure 

S5). The τF of 2 is fairly insensitive to temperature, but the τF of 1 decreases with increasing 

temperature. Interestingly, this observation is similar to that made in the trimethine 

and pentamethine series where this observation was linked to the photoisomerization of 

these dyes. In fact, this dependence has been used to calculate the activation energy of 

photoisomerization.27 However, in the case of 1, this interpretation is inconsistent with the 

observation made above that τF and knr are independent of solvent viscosity. To resolve 

this apparent disconnect, we suggest the observed differences between 1 and 2 are due 

to temperature effects on the internal conversion rate of 1, which are minimized in the 

conformationally restrained compound, 2. Thus, conformational restraint, which rigidifies 

the heptamethine cyanine chromophore, also limits the impact of increased temperature on 

internal conversion. It is interesting to note that the τF measured at 77 K is lower for 2 than 

for 1, (1.6 vs 1.8 ns, respectively), indicating that conformational restriction has a negative 

impact on the intrinsic radiative lifetime of the dye. This rationalizes the observation that the 

two dyes have very similar lifetimes at room temperature despite the fact that knr increases 

more steeply with temperature for 1 than for 2.

These experimental results prompted us to carry out the first computational analysis seeking 

to compare restrained and conventional cyanines. Full details and data are provided in the 

Supporting Information, but in outline, we have used time-dependent density functional 

theory28,29 with the B3LYP functional30–32 (TDDFT-B3LYP) and occupation restricted 

multiple active space with second-order perturbation theory (ORMAS-PT2).33,34 Solvent 

water effects were included via the polarizable continuum model (PCM),35–37 and the 

GAMESS package was used for all calculations.38,39 We note that TDDFT methods have 

been used broadly to predict various aspects of cyanine chemistry despite a systematic 

overestimation of orbital energies.40,41 In earlier efforts, we found that ORMAS-PT2-PCM 

accurately modeled modified heptamethine cyanine absorbance energies,42 and we sought to 

further compare the two methods in these studies. We found that both methods predict 

absorbance and emission energies (Table S2 and Figure S6) that match exactly the 

experimentally observed trends, viz., (1) trimethine > pentamethine > heptamethine and 

(2) conventional > restrained. Overall, ORMAS-PT2-PCM absorbance energies are closer to 

experimental than TDDFT-B3LYP-PCM (mean unsigned errors (MUEs) are 0.143 and 0.377 

eV, respectively), but surprisingly, emission predictions are even more accurate for both 

(MUEs = 0.078 and 0.057, respectively). It is not clear why computed emission energies 

are more reliable; however, we note that the error differences cause the TDDFT-B3LYPPCM 

Stokes shifts to be less accurate than ORMAS-PT2-PCM. Nonetheless, both methods predict 

the correct trends, and importantly (for discussion below), TDDFT singlet excited states 

represent almost pure single electron jumps from the highest occupied molecular orbital 

to the lowest unoccupied molecular orbital, i.e., HOMO → LUMO (see the Supporting 

Information).

We then examined the orbital structure to understand why there is a bathochromic shift 

upon cyanine restraint and why its magnitude increases when going from trimethine 

to pentamethine to heptamethine (Table S2). As shown in Figure 4A, the B3LYP-PCM 
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HOMOs and LUMOs appear mostly similar for the representative heptamethine case, albeit 

with a notable difference. Specifically, in the HOMO of the restrained variant, there is 

additional orbital density on the CH σ-bonds adjacent to the unsaturated chromophore. 

However, when examining the orbital energies (Figure 4B), we find that HOMOs become 

destabilized when going from parent to restrained and that this destabilization gets larger 

with increasing cyanine length. LUMO energies decrease with cyanine length and increase 

slightly when going from conventional to restrained, but these changes are smaller than 

for the HOMOs. These orbital energy changes serve to explain the bathochromic shift of 

the restrained structures. In examining the impact of restraint on the structures of these 

compounds, we observed a clear trend in which the bond lengths of the core chromophore 

are slightly lengthened upon constraint (up to 0.008 Å) due to a compression of the bond 

angles (up to 4°) (Figure S7). The magnitude of these effects correlates with chromophore 

length, being greatest in the heptamethine series.

Finally, we looked at TDDFT-B3LYP-PCM oscillator strengths, which is a dimensionless 

value to express the quantum probability of the transition between ground and excited 

states (Figure 4B). Computed absorbance (excitation) and emission (deexcitation) oscillator 

strengths decrease by about 5–10% upon ring constraint, which may explain why the 

absorbance cross sections (ε) of the restrained dyes are modestly lower across the series. 

Additionally, reduced deexcitation oscillator strengths predict lower emission (ΦF) for the 

restrained dyes relative to unrestrained cyanines. Both of these features likely result, at 

least in part, from HOMO delocalization onto the CH σ-bonds adjacent to the unsaturated 

chromophore leading to loss of pure π-symmetry and an energy penalty due to introduced 

nodes. Of note, the emission oscillator strengths for conventional cyanines do not account 

for the impact of excited-state isomerization on emission. This explains why the impact 

of these computational observations is particularly apparent in low-temperature emission 

comparison of 1 and 2, where isomerization has been prevented in both cases and the τF 

of 1 exceeds that of 2. In total, these studies demonstrate that conformational restraint 

impacts not only the capacity for photoisomerization but also imposes notable effects on the 

chromophore and orbital structure.

CONCLUSIONS

Here, we detail the application of cyanine conformational restraint in the heptamethine 

scaffold. These studies reveal several features that distinguish the heptamethine cyanines 

from their trimethine and pentamethine congeners. First, while solvent viscosity strongly 

correlates with emission for unrestrained tri- and pentamethine cyanines, it does not in either 

the parent or restrained heptamethine case. This observation serves as conclusive evidence 

that photoisomerization does not meaningfully impact the room-temperature excited-state 

chemistry of the broadly used heptamethine cyanine dyes. While solvent viscosity is 

independent, solvent polarity strongly correlates with heptamethine emission—a trend that 

is not true for shorter cyanines. This latter observation highlights the outsized role that 

solvent-mediated pathways, particularly aqueous solvents, have on internal conversion rates 

of these NIR fluorophores. Finally, despite not impacting photoisomerization, restrained, but 

not unrestrained, heptamethine cyanines exhibit nearly temperature-independent emission. 

This indicates that the rigidifying ring system dramatically decreases the temperature 
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dependence of internal conversion. The minimal temperature sensitivity of these dyes may 

have significant utility in certain contexts.

These studies have significant bearing on the future design of NIR dyes for biological 

use. As indicated by our computational studies, the placement of CH-bonds adjacent 

to the polymethine chromophore can impact the HOMO/LUMO orbital structure and 

oscillator strength. These effects should be considered alongside the standard considerations 

of unsaturated chromophore design. Furthermore, studies seeking to improve the photon 

output of NIR dyes, particularly in aqueous biological settings, should be conscious of the 

magnitude of solvent effects on internal conversion kinetics. One solution is the use of 

encapsulation strategies using engineered proteins or other organic/inorganic frameworks 

that serve to alter the local environment. While these have been studied extensively with 

visible-range fluorophores,43,44 related efforts with NIR fluorophores are likely to be 

constructive and merit further investigation.

EXPERIMENTAL SECTION

General Materials and Methods.

All commercially obtained reagents were used as received. 2,3,3-Trimethyl indoline, N-[5

(phenylamino)-2,4-pentadienylidene]aniline monohydrochloride, and Hoveyda–Grubbs 

II catalyst were purchased from Sigma-Aldrich (St. Louis, MO). Flash column 

chromatography was performed using reversed phase (100 Å, 20–40 micron particle size, 

RediSep Rf Gold Reversed-phase C18 or C18Aq) on a CombiFlash Rf 200i (Teledyne Isco, 

Inc., Lincoln, NE). High-resolution LC/MS analyses were conducted on a ThermoFisher 

LTQ-Orbitrap-XL hybrid mass spectrometer system with an Ion MAX API electrospray 

ion source in negative ion mode. Analytical LC/MS was performed using a Shimadzu LC/

MS-2020 Single Quadrupole utilizing a Kinetex 2.6 μm C18 100 Å (2.1 × 50 mm) column 

obtained from Phenomenex, Inc. (Torrance, CA). Runs employed a gradient of 0 → 90% 

MeCN/0.1% aqueous formic acid over 4.5 min at a flow rate of 0.2 mL/min. 1H NMR and 
13C NMR spectra were recorded on Bruker spectrometers (at 400 or 500 MHz or at 100 or 

125 MHz) and are reported relative to deuterated solvent signals. Data for 1H NMR spectra 

are reported as follows: chemical shift (δ ppm), multiplicity, coupling constant (Hz), and 

integration. Data for 13C NMR spectra are reported in terms of chemical shift. Absorbance 

curves were obtained on a Shimadzu UV-2550 spectrophotometer operated by UVProbe 

2.32 software. Data analysis and curve fitting were performed using MS Excel 2011 and 

GraphPad Prism 7.

Synthesis of the Dioxolane Adduct (7).

To a solution of 6 (300 mg, 0.83 mmol, 1.0 equiv.), prepared according to ref 11 and 

confirmed by NMR, and Hoveyda–Grubbs II catalyst (50 mg, 0.082 mmol, 0.10 equiv.) in 

anhydrous DCM (4 mL, 0.2 M) was added 2-vinyl-1,3-dioxolane (420 μL, 4.13 mmol, 5 

equiv.) under argon after degassing with vacuum. The reaction was refluxed in an oil bath 

at 40 °C for 20 h and reapplied to static vacuum/argon every 30 min for the first 4 h. The 

progress of the reaction was monitored by LC/MS, and upon completion, the reaction was 

cooled to room temperature and quenched with saturated aqueous NaHCO3 (4 mL). The 
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biphasic mixture was then separated, extracted with DCM (3 × 30 mL), dried (Na2SO4), 

and concentrated in vacuo. The crude reaction mixture was then purified by normal-phase 

column chromatography (40 g silica column, 0–50% Hex/EtOAc) to afford the desired 

product 7 (215 mg, 0.75 mmol, 91% yield) as a pale-pink oil. 1H NMR (500 MHz, CDCl3) 

δ 7.13 (td, J = 7.7, 1.2 Hz, 1H), 7.11–7.08 (m, 1H),6.77 (td, J = 7.4, 1.1 Hz, 1H), 6.54 (d, 

J = 7.8 Hz, 1H), 5.98 (dt, J =15.2, 6.9 Hz, 1H), 5.60 (ddt, J = 15.5, 6.2, 1.4 Hz, 1H), 5.22 

(d, J =6.2 Hz, 1H), 4.02–3.93 (m, 2H), 3.92–3.86 (m, 4H), 3.62–3.56 (m, 2H), 2.44 (ddd, J 
= 14.3, 7.2, 1.3 Hz, 2H), 1.35 (s, 6H). 13C{1H} NMR (126 MHz, CDCl3) δ 161.2, 145.5, 

137.5, 133.8, 128.4, 127.5, 121.9, 118.4, 105.1, 103.7, 73.4, 64.9, 44.2, 41.3, 30.1, 28.5. 

HRMS (ESI) m/z: [M + H]+ Calcd for C18H23NO2 286.1802; Found 286.1813.

Synthesis of the Bisindole Cyanine Adduct (3).

To a solution of 7 (300 mg, 1.1 mmol, 3 equiv.), N-[5-(phenylamino)-2,4

pentadienylidene]aniline monohydrochloride (100 mg, 0.35 mmol, 1.0 equiv.), and Et3N 

(250 μL, 1.8 mmol, 5 equiv.) in anhydrous DCM (1.75 mL, 0.2 M) was added Ac2O (100 

μL, 1.052 mmol, 3 equiv.). The reaction mixture was left to stir at room temperature for 

12 h and then heated to 40 °C for an additional 3 h. The progress of the reaction was 

monitored by LC/MS, and upon completion, the reaction was cooled to room temperature 

and quenched with NaHCO3 (2 mL). The biphasic mixture was then separated, extracted 

over DCM (3 × 15 mL), and concentrated in vacuo. The crude reaction mixture was then 

redissolved in a 1:1 mixture of DCM (20 mL) and 1 M NaI (20 mL) and stirred vigorously 

over 2 h. Next, the DCM layer was separated, washed with H2O (10 mL), dried (Na2SO4), 

and concentrated in vacuo. The crude reaction mixture was purified via normal-phase 

column chromatography (24 g silica column, 0–10% DCM/MeOH) to yield 3 (230 mg, 

0.302 mmol, 86% yield) as a dark blue solid. 1H NMR (500 MHz, MeOD) δ 7.93 (t, J =13.1 

Hz, 2H), 7.46 (dd, J = 7.5, 1.1 Hz, 2H), 7.39 (td, J = 7.8, 1.2 Hz, 2H), 7.27 (d, J = 7.9 Hz, 

2H), 7.23 (t, J = 7.4 Hz, 2H), 6.58 (t, J =12.7 Hz, 2H), 6.30 (d, J = 13.6 Hz, 2H), 5.96 (dt, 

J = 15.0, 7.3 Hz, 2H), 5.47 (dd, J = 15.9, 6.3 Hz, 2H), 5.08 (d, J = 5.8 Hz, 2H), 4.20 (t, 

J = 6.9 Hz, 4H), 3.84–3.79 (m, 4H), 3.79–3.75 (m, 4H), 2.66–2.53 (m, 4H), 1.69 (s, 12H). 
13C{1H} NMR (126 MHz, MeOD) δ 173.4, 157.7, 153.0, 143.6, 142.5, 132.3, 131.9, 129.7, 

127.2, 126.0, 123.4, 112.0, 105.4, 104.2, 100.1, 65.8, 50.4, 43.8, 31.2, 28.1. HRMS (ESI) 

m/z: [M]+ Calcd for C41H49N2O4 (M)+ 633.3687; Found 633.3669.

Synthesis of a Diastereomeric Mixture of the Constrained Cyanine.

To a dark blue solution of 3 (50 mg, 0.069 mmol, 1.0 equiv.) in THF (1 mL) was added 1 

M HCl (1 mL). Upon addition of acid, the reaction mixture immediately turned dark green. 

The reaction mixture was left to stir at room temperature, and the progress was monitored 

by LC/MS analysis. Significant product formation was seen in 30 min, after which time 

the reaction mixture was quenched with saturated aqueous NaHCO3 (1 mL), extracted over 

DCM (3 × 15 mL), dried (Na2SO4), and concentrated in vacuo. The crude reaction mixture 

was then redissolved in a 1:1 mixture of DCM (15 mL) and 1 M NaI (15 mL) and stirred 

vigorously over 2 h. Next, the DCM layer was separated, washed with H2O (10 mL), 

dried (Na2SO4), and concentrated in vacuo. The concentrate was purified via normal-phase 

column chromatography (4 g silica column, 0–10% DCM/MeOH) to yield a diastereomeric 

mixture of the desired product (14 mg, 0.021 mmol, 31% yield) as a dark green solid.
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Equilibration of a Diastereomeric Mixture Yielding the Single Diastereomer (2).

To a solution of the diastereomeric mixture from the previous reaction (15 mg, 0.023 

mmol, 1 equiv.) in MeOH (1.5 mL) was added aqueous HCl (0.3 M, 4.5 mL). The reaction 

was heated to 60 °C in an oil bath and left to stir overnight. After 2 h, the reaction was 

quenched with NaHCO3 (4.5 mL), extracted over DCM (3 × 30 mL), dried (Na2SO4), and 

concentrated in vacuo. The crude reaction mixture was then redissolved in a 1:1 mixture of 

DCM (15 mL) and 1 M NaI (15 mL) and stir vigorously over 2 h. Next, the DCM layer 

was separated, washed with H2O (10 mL), dried (Na2SO4), and concentrated in vacuo. The 

concentrate was then purified via normal-phase column chromatography (4 g silica column, 

0–10% DCM/MeOH) to yield a single diastereomer 2 (6.9 mg, 0.015 mmol, 46% yield) as a 

dark green solid. 1H NMR (500 MHz, MeOD) δ 7.50 (s, 2H), 7.47 (d, J = 6.9 Hz, 2H), 7.39 

(td, J =7.8, 1.2 Hz, 2H), 7.24 (t, J = 7.4 Hz, 2H), 7.22 (s, 1H), 7.21 (m, 2H),4.58 (dd, J = 

11.4, 4.8 Hz, 2H), 4.28 (dd, J = 13.7, 4.1 Hz, 2H), 3.80 (td, J = 13.2, 4.0 Hz, 2H), 2.80 (tt, J 
= 12.4, 4.1 Hz, 2H), 2.44 (dt, J =11.4, 4.3 Hz, 2H), 2.40–2.32 (m, 2H), 1.76–1.73 (m, 2H), 

1.70 (d, J = 4.5 Hz, 12H), 1.45 (q, J = 11.7 Hz, 2H). 13C{1H} NMR (126 MHz, MeOD) δ 
167.9, 143.6, 143.1, 142.5, 141.3, 132.7, 129.7, 126.1, 123.3, 115.4, 111.1, 73.8, 50.0, 44.1, 

36.5, 32.6, 28.8, 28.2, 27.7. HRMS (ESI) m/z: [M+] Calcd for C37H39N2O 527.3057; Found 

527.3043.

Absorption and Steady-State Fluorescence Spectroscopy.

Absorption spectra were measured using a Shimadzu UV-1700 PharmaSpec UV–

vis spectrophotometer. Fluorescence emission spectra for absolute quantum yield 

determinations were recorded on a PTI QuantaMaster steady-state spectrofluorometer 

operated by FelixGX 4.2.2 software, with 4 nm excitation and emission slit widths and 

a 0.1 s integration rate. The absolute quantum yields (ϕF) of 1 and 2 in DCM were 

measured using an integrating sphere Quantaurus-QY spectrometer (model C11374) from 

Hamamatsu. Measurements were carried out using dilute samples (A < 0.1), and self

absorption corrections were performed using the instrument’s software.

Fluorescence emission spectra for relative quantum yield determinations were measured 

on a Nanolog fluorometer (Horiba Jobin Yvon). Fluorescence spectra were corrected for 

wavelength-dependent detector responsivity using correction curves determined with a 

calibrated light source. Relative fluorescence quantum yields were determined for 1 and 

2 in a variety of solvents using the corresponding compounds in DCM as reference (ϕF = 

0.455 and ϕF = 0.401 for 1 and 2 in DCM, respectively).

Fluorescence quantum yields (ϕF) were determined as ϕF = ϕF,R
I

IR
1 − 10−AR

1 − 10−A
n2

nR2 , where 

the subscript R refers to the standard used as reference (i.e., the compounds dissolved in 

DCM), I represents the integrated corrected fluorescence spectrum, A is the absorbance of 

the solution at the excitation wavelength used to determine I, and n is the refractive index 

of the solvent. Absorbances at excitation wavelengths (680 nm for 1 and 725 nm for 2) 

were kept around A ~0.05 in all fluorescence experiments to avoid inner filter artifacts. To 

improve the precision in the determination of A for the calculation of ϕF, absorbances were 
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measured for solutions displaying A ~0.5 at the shoulder (i.e., excitation wavelength) of the 

spectrum, and precise 1:10 dilutions were performed before the fluorescence determinations.

Time-Resolved Fluorescence Spectroscopy.

A time-correlated single-photon counting (TCSPC) setup used a Fianium super-continuum 

laser (SC-450–4-PP) operating at 20 MHz for the excitation light. The excitation wavelength 

was set at 700 nm for all the lifetime measurements. The emission wavelengths were 

set at 775 and 800 nm for 1 and 2 lifetime measurements, respectively. The detector 

was a Hamamatsu MCP-PMT R3809U-50 photomultiplier tube, and data was recorded 

with a Becker and Hickl TCSPC Timing Card (B&H SPC830). The instrument response 

function (IRF) was measured by scattering excitation light off a 3% Ludox solution. For 

the temperature-based experiment, the temperature was controlled using a water circulator 

and was measured inside the cuvette with a thermocouple. Intensity decays were fitted 

using ASUFIT, a MATLAB-based program developed at ASU (http://www.public.asu.edu/

~laserweb/asufit).

Transient Absorption Measurements.

Transient absorption spectra were measured using an EOS nanosecond-to-millisecond 

transient absorption spectrometer in the range of 500–1000 nm. The excitation source 

consists of a KHz regeneratively amplified Ti:S laser and two optical parametric amplifiers 

(Spectra Physics). The excitation wavelength was set at 750 nm for these experiments. The 

measurement time window was set at 100 μs. Initial spectra were averaged as mentioned 

in the legends of the graph. Intensity decays at specific wavelengths were fitted using the 

ASUFIT.

FCS Measurements.

FCS measurements were carried out on a custom-built confocal microscope based on an 

Olympus IX-71. The laser (LDH 760 D-C, PicoQuant GmbH, Germany) was cleaned 

up using a 740/40 bandpass filter (Thorlabs GmbH) and focused onto the sample by an 

oil-immersion objective (UPLSAPO100XO, NA 1.40, Olympus Deutschland GmbH). A 

dichroic beam splitter (Quad Line Beamsplitter zt488/543/635/730rpc, Chroma Technology 

Corporation) separated the excitation from the emission light. The emission light was 

focused on a 50 μm pinhole (Thorlabs GmbH) and sent through a bandpass filter (810/80, 

Thorlabs GmbH). Emission light was collected by an avalanche photodiode (SPCM

AQRH-14-TR, Excelitas Technologies GmbH & Co. KG) and registered by a single-photon 

counting module (HydraHarp 400, PicoQuant GmbH). A commercial software package was 

used to record time traces and to calculate and fit correlation curves (SymphoTime 64, 

PicoQuant GmbH). We employed the built-in FLCS correction to suppress the detector after 

pulsing effects.

Samples were diluted to nanomolar concentrations and measured in a reducing and 

oxidizing buffer system with enzymatic oxygen removal consisting of 90% buffer A (100 

mM MgCl2, 40 mM Tris, 2 mM Trolox/Troloxquinone, 1% w/v glucose) and 10% buffer B 

(glucose oxidase (1 mg/mL), 0.4% (v/v) catalase (50 μg/mL), 30% glycerol, 12.5 mM KCl 
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in 50 mM TRIS). A laser power of 25 μW and a repetition rate of 80 MHz were used. The 

confocal volume was placed 10 μm into the solution. Each sample was measured for 30 min.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Prior restrained cyanines (A) and this study (B). aΦF values in H2O.10,17,18bΦF values in 

MeOH11.
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Figure 2. 
Transient difference spectrum (A, in ethanol) recorded 50 ns after excitation. FCS (B, in 

aqueous buffer containing ROXS photostabilization system)22 measurements of 1 and 2. 

The FCS curve of 2 can be described by pure diffusion fit, while in the FCS curve of 1, 

we observed an additional component in the microsecond timescale which we attribute to a 

photoisomerization.
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Figure 3. 
Relationship between ln(knr) vs (A) viscosity and (B) dielectric constant. (C) Temperature 

dependence of fluorescence lifetimes of 1 and 2 (in EtOH). Note the break in the x-axis of 

panel (A) to accommodate the glycerol data point.
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Figure 4. 
(A) HOMO/LUMO plots for 1 and 2 (contour values = 0.02 (electron/bohr3)1/2); (B) 

computed B3LYP-PCM HOMO (lower bars) and LUMO (higher bars) energies (in eV, 

left axis scale) and TDDFT-B3LYP-PCM oscillator strengths (OS) for absorbance (solid 

columns) and emission (striped columns) (right axis scale). Parent = conventional cyanine; 

CR = conformationally restrained cyanine.
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Scheme 1: 
Synthesis of Cyanine 2.
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Table 1.

Key Structures and Spectroscopic Properties of 1 and 2

compound solvent λabs
max nm ε (M−1 cm−1) λabs

max nm ΦF τF(ns)

1 methanol 740 270,000 772 0.24 0.91

glycerol 751 165,000 776 0.26 0.83

DCM 756 266,000 788 0.46 1.6

H2O
a 736 107,000 771 0.064 0.37

D2O
a 735 136,000 771 0.20 0.97

2 methanol 782 265,000 803 0.29 0.93

glycerol 794 134,000 808 0.28 0.83

DCM 775 303,000 811 0.40 1.7

H2O
a 775 106,000 795 0.081 0.38

D2O
a 770 107000 791 0.18 1.2

a
w/ 5% DMSO.
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