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Abstract

Optical imaging in the shortwave infrared (SWIR, 1000-2000 nm) region of the electromagnetic
spectrum provides high resolution imaging in complex systems. Here, we explore substituent
placement on dimethylamino flavylium polymethine dyes, a class of SWIR fluorophores. We find
that the position of substituent affects the A ax and fluorescence quantum yield. Quantum
mechanical calculations suggest that steric clashes control the extent of rt-conjugation. These
insights provide a design principle for the development of novel fluorophores for enhanced SWIR
imaging.
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Introduction

Fluorophores in the shortwave infrared (SWIR, 1000-2000 nm) region of the
electromagnetic spectrum have recently garnered excitement as tools for biological imaging.
1-3 The SWIR region is advantageous for optical imaging in complex systems because of the
increased depth penetration of light through tissue, enhanced image resolution, and low
energy photons as compared with the visible and near-infrared regions.*® Imaging in the
SWIR originally necessitated single-wall carbon nanotubes (SWCNT)6-9, rare earth
nanomaterials®-12 and quantum dots13-15 as contrast agents, which have biocompatibility
or bioaccumulation concerns.11: 16-19 |n contrast with these nanostructures, small molecule
fluorophores have low toxicity and are readily cleared from the body.29 However, it is
challenging to obtain fluorophores with absorption and emission above 1000 nm with
fluorescence quantum yields (®g) greater than ~0.3%.21-23

In 2017, we reported a bright flavylium heptamethine SWIR fluorophore, deemed Flav7 (1,
Figure 1).24 Flav7 contains a dimethylamino substituent at the seven-position, which
provided a Amax above 1000 nm. Recently, we have varied the electron-donating substituent
at the seven-position and found that the Amax abs can be modulated by ~80 nm and form a
linear free energy relationship with o meta Hammett constants.2> The identity of the
substituent had minimal effect on the quantum yield of the series analyzed (®f = 0.42—
0.62%). Finding that the seven-position represented the meta-position prompted our interest
in placing the dimethylamino group at other positions on the flavylium heterocycle (Figure
1). Additional rt-donation resulting from paraand ortho substitution can lead to more
significant electronic contributions from substituents, although the ortho position can be
complicated by sterics.26 Herein, we report how dimethylamino substituents at putative
ortho-, meta-, and para-positions on flavylium heptamethine fluorophores affect
photophysical properties exploring experimental and quantum mechanical analyses.

Results and Discussion

The dimethylamino flavylium heptamethine dyes were synthesized by leveraging chemistry
developed to access Flav7 derivatives.2> The dimethylamino group was installed through a
Buchwald Hartwig amination from either triflated or brominated flavones (6a-c) to provide
dimethylamino substituents at the five-, six-, or eight-position (7a-c), respectively (Scheme
1). The addition of methyl-Grignard followed by quenching with tetrafluoroboric acid
yielded flavylium hetereocycles (8a-c), which could then be treated with linker 9 and 2,4-di-
tert-butyl-4-methylpyridine to provide 5-, 6-, and 8-Flav7 (3-5, respectively). These dyes
are named with the first number representing the position of the dimethylamino substituent
on the flavylium heterocycle, and Flav7 references the flavylium heptamethine.

We isolated pure 5-Flav7 (3) and 6-Flav7 (4). However, the eight-substituted flavylium (8c)
readily reacted with oxygen to form a monomethine dye, characterized by an absorption
peak at 722 nm (Figure S1).24 To minimize this, crude 8c was immediately taken to the next
reaction. The resulting 8-Flav7 (5) proved difficult to purify due to its instability.2” Thus, we
gained as much photophysical information as possible from the crude sample. The
absorption coefficient (e) was not determined due to insufficient purity.
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We evaluated the photophysical properties of the newly synthesized dyes in comparison with
Flav7 (1, Figure 2). The absorbance and emission spectra clearly show that the position of
the dimethylamino affect the Amay ans aNd Amax em. Previously, we correlated the seven-
position with the /meta position through Hammett analysis.2> We expected that the six-
position would correspond to the para-position and that substituent at this position would
show pronounced effects due to enhanced w-donation. Indeed, we observed this result, as 6-
Flav7 (4, Figure 2, red) is 20 nm bathochromically shifted from Flav7 (1, Figure 2, black).

We then reasoned that the five-position could serve as the other meta position and the eight-
position would be the ortho position. We expected that the absorption and emission of 5-
Flav7 (3) would be similar to Flav7 (1), and the same comparison could be drawn for 8-
Flav7 (5) and 6-Flav7 (4). However, we observed that both 3 and 5 were hypsochromically
shifted in comparison to Flav7 (1). 5-Flav7 (3, Figure 2, blue) has a A max ans 0f 1004 nm, a
blue shift of 23 nm from Flav7 (1). 8-Flav7 (5, Figure 2, green) has a Amax abs at 990 nm,
nearly identical to parent dye IR-27 (2). These results were counterintuitive to predicted
Amax.abs based on Hammett parameters and prompted a quantum mechanical study.

We performed a conformational search of 10,000 structures enforcing the all-trans
configuration along the polymethine chain while searching conformational flexibility of the
phenyl groups (Refer to SI). We optimized the ten lowest conformers of each molecule with
the M06—2X28 density functional and the 6-31+G(d,p) basis set. We used the integral
equation formalism polarizable continuum model (IEFPCM)?2? for all calculations in the
presence of dichloromethane. The computed range of free energies between the ten lowest
energy conformers is 0.0-0.7 kcal mol~1 (Figure S2).

To evaluate the photophysical properties, we used the global minima for Flav7 dyes (1, 3-5)
as well as unmodified IR-27 (2). The conjugated C-C bonds in the polymethine chains
ranged from 1.39-1.41 A. However, the substituents altered the planarity of the rt-system
along the polymethine chain and the flavylium heterocycle. We deconvoluted these effects
with two angular parameters, a and g (Figure 3A,B). We define a as the angle between the
plane of the polymethine and the plane of the flavylium, whereas g is the angle between the
plane of the flavylium and the substituent. Analysis of the a angles shows little distortion
between the polymethine plane and the flavylium heterocycles when the dimethylamino
group is at the six-, seven-, or right- position (a = 5°-7°, Figure 3B). At the five-position,
the NMe, C-H bonds clash with the vinyl C-H bond of the polymethine chain, which results
in a larger angle of 18°.

The NMe, substituents also alter the geometries near the vicinity of the flavylium
heterocycle. The torsion angle gin Flav7 (1) and 6-Flav7 (4) are nearly planar (5° and 1°,
respectively). 5-Flav7 (3) and 8-Flav7 (5) have Sangles of 46° and 44°, respectively, which
indicate significant out-of-plane distortions. The NMe, groups rotate to minimize closed-
shell repulsion to the vinyl C-H bond in 5-Flav7 (3, Figure 3C) and to the oxygen lone pair
and adjacent C-H bond of the phenyl group in 8-Flav7 (5, Figure 3D).

We computed the frontier molecular orbitals (FMOs) to illustrate the differences in the
electronic structures of these fluorophores. Displayed in Figures 4A and Figure S3 are the
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highest occupied molecular orbitals and lowest unoccupied molecular orbitals (HOMOs and
LUMOs). The FMOs show that the extent of rt-conjugation in the flavylium heterocycles
varies with respect to the substituent site. Flav7 (1) and 6-Flav7 (4) have dimethylamino
substituents that are nearly coplanar with flavylium heterocycles, allowing for the NMe, to
maximally extended orbital overlap in the HOMOs and LUMOs. This results in reduced
HOMO-LUMO gaps and longer Apmax aps- The 46° out-of-plane torsion in 5-Flav7 (3) results
in decreased rt-conjugation of the nitrogen lone pair to the chromophore. The substantial
out-of-plane distortion of 8-Flav7 (5) nearly eliminates r-conjugation of the nitrogen lone
pair, which leads to unperturbed A yax ans relative to parent dye, IR-27 (2).

The predicted Amax aps Values of dyes were calculated using configuration interactions of
singles with corrections to doubles method (CIS(D))303! and the cc-pVDZ basis sets. The
computed HOMO-LUMO gaps match the experimentally observed trend (Figure 4B). 6-
Flav7 (4) has the smallest gap (2.94 eV), which correlates with the longest Amax aps, Whereas
8-Flav7 (5) has the largest gap (3.03 eV) and the shortest experimentally determined
Amax.abs- The predicted Amayx abs is Systematically blue-shifted 159-190 nm relative to
experimental, likely due to contributions from double excitation that are unaccounted for
with single-reference quantum mechanical methods.32:33

Our analysis of the Amax show that the position of substituents on the flavylium ring can
affect Ayax, comparable to the magnitude observed by varying the electronics at the seven-
position. However, the major limitation of small molecule fluorophores in the SWIR is their
low ®p2! At 0.61%, Flav7 (1) has a respectable @ for polymethine SWIR fluorophores. It
is of interest to gain an understanding of how structural modifications impact @ to develop
brighter probes. Previously, we found that functional groups at the seven-position showed
little change in quantum yield of fluorescence.2> However, here we see that substituent
placement can greatly alters the ®¢ (Figure 2).

We measured @ values for 5-Flav7, 6-Flav7, and 8-Flav7 (3-5). All three were
significantly less fluorescent than Flav7 (1), with ®¢ ranging from 0.12-0.16%. We were
particularly interested in the large difference between Flav7 (1) and 6-Flav7 (4), which are
conformationally similar. Flavylium heterocycles are structurally similar to coumarin
heterocycles, and large differences in ®¢ between six- and seven-position substituted
coumarin fluorophores has previously been observed.2” The low ®f in 6-aminocoumarins
(10) compared to 7-aminocoumarins (11) was attributed to a significant contribution of a
twisted intermolecular charge transfer (TICT) state in which the amine donor twists out of
plane by ~90° upon photoexcitation, forming a non-emissive species.34:3% We hypothesized
a similar phenomenon could contribute to the loss of fluorescence in 6-Flav7 (4), as
compared with the parent Flav7 (1).

To gain insight into whether TICT was contributing to observed differences in fluorescence
1 and 4, we synthesized a flavylium heptamethine that contained an azetidine at the six-
position. Azetidines have been shown to minimize TICT states by preventing the substituent
from twisting out of plane.3® Azet-6-Flav7 (12, Figure 5A) was synthesized following a
similar procedure to 6-Flav7 (Scheme S1). We found the ®¢ to be 0.21%, 1.75 times higher
than the dimethylamino derivative. In contrast, azetidine at the 7-position (13) resulted in a
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slight decrease in ®r compared with Flav7 (1) (0.51% vs. 0.61%, Figure 5C).2> We
calculated fold change of in ®f for each of the pairs of six- and seven-substituted
fluorophores (4 vs 1, 12 vs 13, 10 vs 11; Figure 5D) and found that the NMes variants of
both flavylium heptamethine and coumarin dyes had similar changes, whereas the azetidine
functionalized Flav7 dyes displayed a reduced change. These data support the notion that
TICT could be playing a larger role at the six-position, contributing to the observed
difference in ® between Flav7 (1) and 6-Flav74 vs (4).

Conclusions

In conclusion, we have demonstrated that dimethylamino substituent placement significantly
influences the photophysical properties of flavylium heptamethine dyes. Substituent steric
effects impact the degree of conjugation and alter the Amax aps, Ve have used density
functional theory calculations to understand the origin of these unique photophysical
properties. The seven-position appears to be advantageous for obtaining a high quantum
yield and maintaining SWIR absorption maxima; however, further red-shifted dyes can be
obtained by substituting the six-position. The insights garnered herein can contribute to the
design of novel fluorophores to be utilized for high resolution SWIR /n vivo imaging.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Previous work: substituent identity at 7 position (top)
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R =NMe, 8-Fla!1v7 (5) 5-Flav7 (4) 6-Flav7 (3)
Current work: substituent at different positions (bottom)
Figure 1.

Systematic exploration of structural modifications of Flav7 (1). Previous work on derivatives
at the seven-position, includeing methoxy and diphenylamine with a shift in Ayax.2> Current
work on exploring dimethylamino substitutions at different positions (five-, six-, and eight-
on the heterocycle (3-5).
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go.o : ; ; Z 0.0k=zs 2y T,
Zz 750 850 950 1050 1150 95 1050 1150 1250 1350
Wavelength (nm) Wavelength (nm)
C. Compound A s (NM) Ao em(nM) D, (%) £ (x 10°M"cm™)
IR-27 (2)? 987 1011 0.35+£0.01 2.31+0.06
5-Flav7 (3) 1004 1036 0.14 £ 0.01 0.13+0.07
6-Flav7 (4) 1048 1080 0.12 +0.01 1.6+0.3
Flav7 (1)? 1027 1053 0.61+£0.02 2.41+£0.01
8-Flav7 (5)° 990 1015 0.16 £ 0.01 N/A
Figure 2.

Normalized (A) absorbance and (B) emission of the flavylium polymethines discussed. (C)
Photophysical data of unsubstituted (IR-27, 2) and dimethylamino substituted
heptamethines (1, 3-5). All samples were taken in dichloromethane. “Data was previously
reported.2® PPhotophysical data was taken with crude sample.
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A.

flavylium V, polymethine
substituent Vv,
1 V3
V3 v2
B. Compound a(®) B (°)
IR-27 7 N/A y 3
5-Flav7 18 46 1
6-Flav7 7 5 OV, B
Flav7 5 1 v,
8-Flav7 6 44

5-Flav7 8-Flav7

Figure 3.
(A) Represented by Flav7; torsion angles are defined by a (V1 to V3 red to blue) and 8 (V3

to V. green to blue) using the normal of the plane of the polymethine (V1), flavylium (V7)
and substituent (V3). (B) Table of a and Bangles for Flav7 dyes. (C,D) Heterocycle
structures of (C) 5-Flav7 and (D) 8-Flav7 at the Sy state, optimized with M06-2X/6—
31+G(d,p). The polymethine chain is omitted for clarity. The dihedral angles at the
substituted positions of the flavylium heterocycles are highlighted in green to show the
rotation of the NMe, group in 5-Flav7 and 8-Flav7.
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A. | \N/

LUMO

HOMO

5-Flav7 (3) 6-Flav7 (4) Flav7 (1) 8-Flav7 (5)
B. Compound . cac. abs (M) A (nm) HOMO-LUMO gap (eV)
IR-27 (2) 822 165 3.03
5-Flav7 (3) 835 169 2.99
6-Flav7 (4) 858 190 2.94
Flav7 (1) 864 163 2.98
8-Flav7 (5) 831 159 3.03
Figure 4.

(A) HOMOs and LUMOs of Flav7 (1) and (5,6 and 8)-Flav7 (3-5) at M06-2X/6—
31+G(d,p) level of theory. Polymethine chains were omitted for clarity. Explicit frontier
molecular orbital information can be found in the SI. (B) Table of calculated Aay caic.abs
(nm) determined by theoretical HOMO-LUMO gap (eV). A is the difference between
experimental and calculated Amax aps-
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Me
10 (NMe -6-Coumarin),
R,=H,R, =NMe,

12 (Azet-6-Flav7), R =H,R= '2'N1> 11 (NMe -7-Coumarin),
13 (Azet-Flav?), R=§-N ), R=H R,= NMe, R, = H

o

Compound ®_ (%) ® 1 ' Fold Ch;ange =
a 41 |®r...gu - ®e...z.a_l )
Flav7 (1) 0.61 £ 0.01 g
Azet-Flav7 (13)° 0.51+£0.01 3+ -
6-Flav7 (4) 0.12 £ 0.01 ]

Azet-6-Flav7 (12)  0.21+0.01
NMe,-6-Coumarin (10)°  0.20
NMe,-7-Coumarin (11)°  0.80

A

—
4

Fold Change in ®,
N

d’s-m

o

NMe,- Azet-  NMe;-
Flav? Flav? Coumarin

Figure 5.
(A) Structures of azetidine-substituted flavylium heptamethines (12, 13). (B) Structure of 6-

and 7-aminocoumarins (10, 11). (C) @ of flavylium heptamethine and coumarin dyes in
dichloromethane and decanol, respectively. 2Previously reported by our group.2® PPreviously
reported.34 (D) Fold change of ®g between six- and seven-substituted flavylium
heptamethine or coumarin fluorophore.
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| (a) or (b)
RIS i
1 O ., O
6a: R; = OTf, Ry = H,Ry = H

6b: Ry = H, Ry = OTf, R3 = H
6¢c:R; = H, Ry = H, Ry = Br

7a: R; = NMey, R, = H, Ry = H, 83%
7b: Ry = H, R, = NMey, Ry = H, 85%
7¢: Ry = H, Ry = H, Ry = NMey, 42%

Scheme 1.

Page 13

R2
Ri Me
8a: Ry = NMey, R, = H, Ry = H, 98%
8b: Ry = H, Ry = NMey, Ry = H, 85 %
8c: Ry = H, Ry = H, Ry = NMe,

3(5-Flav7): Ry = NMey, Rp= H, Ry = H, 6%
4(6-Flav7): R, = H, R, = NMey, R3 = H, 3%
5(8-Flav7): Ry = H, R, = H, Ry = NMe,

Synthetic scheme for dimethylamino flavylium heptamethines 3-5 with substituents at the
five-, six-, and eight- positions. (a) RuPhos Pd G3 (0.10 eq), RuPhos (0.10 eq), Cs,Cog,
HNMe,, toluene, 110 °C, 24 h. for 6a and 6b. (b) SPhos Pd G3 (0.10 eq), SPhos (0.10 eq)
Cs,Coz, HNMey, toluene, 110 °C, 24 h. for 6¢. (c) MeMgBr (1.4M), THF, r.t. d) 2,6-di-zert
butyl-4methyl-pyridine, m-butanol/toluene or acetic anhydride, 100 °C, 15 min. Refer to Sl

for further experimental details.
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