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ABSTRACT: Fluorescence-based biological imaging in the short-
wave infrared (SWIR, 1000−1700 nm) is an attractive replacement
for modern in vivo imaging techniques currently employed in both
medical and research settings. Xanthene-based fluorophores
containing heterocycle donors have recently emerged as a way to
access deep SWIR emitting fluorophores. A concern for xanthene-
based SWIR fluorophores though is chemical stability toward
ambient nucleophiles due to the high electrophilicity of the cationic
fluorophore core. Herein, a series of SWIR emitting silicon-
rosindolizine (SiRos) fluorophores with emission maxima >1300
nm (up to 1550 nm) are synthesized. The SiRos fluorophore
photophysical properties and chemical stability toward nucleophiles
are examined through systematic derivatization of the silicon-core
alkyl groups, indolizine donor substitution, and the use of o-tolyl or o-xylyl groups appended to the fluorophore core. The dyes are
studied via absorption spectroscopy, steady-state emission spectroscopy, solution-based cyclic voltammetry, time-dependent density
functional theory (TD-DFT) computational analysis, X-ray diffraction crystallography, and relative chemical stability over time.
Optimal chemical stability is observed via the incorporation of the 2-ethylhexyl silicon substituent and the o-xylyl group to protect
the core of the fluorophore.

■ INTRODUCTION
Shortwave infrared (SWIR, 1000−1700 nm) absorbing and
emitting organic fluorophores are important materials due to
their potential for improving applications such as fluorescence-
based biological imaging,1−6 hybrid organic photodetec-
tors,7−10 and organic light-emitting diodes.11−13 Specifically,
for fluorescence-based biological imaging, SWIR radiation
encounters minimal absorption and scattering when passing
through tissues, and the autofluorescence spectrum of tissue
diminishes substantially past 1300 nm.1,14 These factors
generate a biological window for SWIR radiation and provide
an unparalleled signal-to-noise ratio for fluorescence imaging.
For this reason, SWIR emitting materials are being researched
for their potential as fluorescence-based biological imaging
agents. Within the past decade, there has been significant
research toward small-molecule organic fluorophores emitting
past or near 1100 nm with representatives from a variety of
fluorophore classes including cyanines,3,15−21 BODIPYs,22,23

squaraines,24 benzothiadiazoles,25−27 and xanthenes.6,28−32

However, despite intense research into SWIR emitting
fluorophores, there remain few small-molecule organic
fluorophores reported that emit past 1300 nm.16,21 Another
issue encountered with SWIR emitting fluorophores is
chemical stability. As the absorption and emission of a

fluorophore shift to longer wavelengths, the optical energy
gap must decrease either by raising the highest occupied
molecular orbital (HOMO) or by lowering the lowest
unoccupied molecular orbital (LUMO). SWIR fluorophores
like xanthenes employ a delocalized cation in the π-system,
resulting in low-lying LUMOs and consequent high electro-
philicity and instability toward biologically relevant nucleo-
philes like water, glutathione, and cysteine. While the
electrophilicity of these molecules is unavoidable, appropriate
synthetic modifications can be made to block electrophilic sites
from nucleophilic attack. Thus, dye designs allowing for kinetic
persistence of xanthene fluorophores in nucleophile-rich
aqueous environments are desirable.28,31,33 Herein, the photo-
physical and chemical stability properties of SWIR emitting
fluorophores containing a silicon-xanthene core and indolizine
donors, termed silicon-rosindolizine (SiRos), are tuned via
alteration of the silicon alkyl groups, substitution of the

Received: August 24, 2023
Revised: November 27, 2023
Accepted: January 5, 2024
Published: February 9, 2024

Articlepubs.acs.org/joc

© 2024 American Chemical Society
2825

https://doi.org/10.1021/acs.joc.3c01917
J. Org. Chem. 2024, 89, 2825−2839

D
ow

nl
oa

de
d 

vi
a 

M
IS

SI
SS

IP
PI

 S
TA

TE
 U

N
IV

 o
n 

M
ar

ch
 2

3,
 2

02
5 

at
 2

2:
26

:1
1 

(U
TC

).
Se

e 
ht

tp
s:

//p
ub

s.a
cs

.o
rg

/s
ha

rin
gg

ui
de

lin
es

 fo
r o

pt
io

ns
 o

n 
ho

w
 to

 le
gi

tim
at

el
y 

sh
ar

e 
pu

bl
is

he
d 

ar
tic

le
s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="William+E.+Meador"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Timothy+A.+Lewis"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Abdul+K.+Shaik"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Kalpani+Hirunika+Wijesinghe"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Boqian+Yang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amala+Dass"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amala+Dass"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Nathan+I.+Hammer"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jared+H.+Delcamp"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.joc.3c01917&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01917?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01917?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01917?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01917?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.joc.3c01917?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/joceah/89/5?ref=pdf
https://pubs.acs.org/toc/joceah/89/5?ref=pdf
https://pubs.acs.org/toc/joceah/89/5?ref=pdf
https://pubs.acs.org/toc/joceah/89/5?ref=pdf
pubs.acs.org/joc?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.joc.3c01917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/joc?ref=pdf
https://pubs.acs.org/joc?ref=pdf


indolizine donors, and modulation of the steric environment
imparted by an aryl group appendage at the core of the
fluorophore (Figure 1).

■ RESULTS AND DISCUSSION
Synthesis. The SiRos derivatives were synthesized in a

manner similar to what was previously described (Scheme
1).32 The route began with double lithium bromide exchange

of 1 (synthesized as previously described),32 followed by
reaction with the respective dichlorosilane and oxidation with
KMnO4 to yield 2−6 in yields ranging from 13 to 55%. A
variety of dichlorosilanes were investigated as potential
substituent introducing groups, including dichlorosilanes
bearing two methyls, isopropyls, 2-ethylhexyls, nonafluorohex-
yls, or phenyls. Further derivatives including dichlorosilanes
bearing two trimethylsiloxys, ethoxys, tert-butyls, and the cyclic

Figure 1. SiRos fluorophore tunable substituents for steric and electronic modulation (top) and the fluorophores made herein (bottom).

Scheme 1. Full Synthetic Route of the SiRos Derivatives
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silacyclobutane were also investigated but were observed to
produce no product from the reaction sequence (Figure S1).
The silacyclobutane derivative was observed to form the
silylated product from the lithiation reaction but decompose in
the following oxidation step. The decomposition pathway is
likely due to ring-opening via carbanion formation as has been
seen previously for silacyclobutanes34,35 due to the distortional
energy of the four-membered ring and the propensity to open
in the presence of oxyanions. With bridges 2−6 in hand, CH-
activation cross-coupling reactions could be performed to
install the respective indolizine donors (synthesized as

previously described18,36,37) to obtain 7−15 in good yields
spanning from 46 to 99%. A Grignard reaction with o-
tolylmagnesium bromide or o-xylylmagnesium bromide
followed by acid workup with aqueous perchloric acid afforded
the final dyes in yields ranging from 22 to 85%. The isolated
yields are likely deflated for some of the derivatives due to
instability of the fluorophores, specifically those bearing the o-
tolyl group, on silica gel during chromatographic separation.
The derivative containing 1,2-dimethylindolizine was observed
to form the final dye during the acid workup but decomposed
rapidly during isolation and was not pursued further. The rest

Figure 2. Molar absorptivity of the SiRos dyes containing the 2Ph and 1Ph indolizine donors in DCM (left) and normalized emission spectrum in
DCM (right). Note that the dips in the emission spectrum are from solvent reabsorption (see Figure S10).

Figure 3. Molar absorptivity of the SiRos dyes containing the 7DMA indolizine donor in DCM (left) and normalized emission spectrum in DCM
(right). Note that the dips in the emission spectrum are from solvent reabsorption (see Figure S10).

Table 1. Photophysical and Electrochemical Data of the Dyes in the Specified Solventsa

dye λabs (nm) λemis (nm) Stokes shift (nm | eV) molar abs. (M−1 cm−1) ΦF (%) MB (cm−1 M−1) E(S/S−) (V) E(S+/S) (V)

2Ph-Me 1150 1298 148 | 0.122 63,000 0.0051 3.2 −1.53 −0.46
1Ph-Me 1136 1311 175 | 0.146 127,000 0.0034 4.3 −1.46 −0.40
2Ph-iPr 1138 1288 150 | 0.127 103,000 0.0039 4.0 −1.60 −0.46
1Ph-iPr 1132 1304 172 | 0.144 134,000 0.0045 6.0 −1.56 −0.42
2Ph-EtHx 1141 1280 139 | 0.118 91,000 0.0049 4.4 −1.64 −0.47
2Ph-F9Hx 1189 1324 135 | 0.106 92,000 0.0034 3.1 −1.43 −0.37
7DMA-iPr 1338 1550 212 | 0.127 107,000 0.0027 2.9 −1.64 −0.59
7DMA-EtHx 1339 1544 208 | 0.125 95,000 0.0032 3.0 −1.65 −0.59
SiRos1300b 1140 1300 160 | 0.134 115,000 0.0056 6.4 −1.68 −0.45
SiRos1550b 1348 1557 209 | 0.123 122,000 0.0025 3.1 −1.74 −0.62

aElectrochemical potentials shown are referenced to the oxidation of ferrocene (Fc+/Fc) in DCM with 0.1 M NBu4PF6 as a supporting electrolyte.
bData from ref 32.
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of the indolizines formed stable, isolable materials that were
subsequently studied for their photophysical and electro-
chemical properties.
Photophysical and Electrochemical Data. Absorption

spectroscopy was conducted in dichloromethane (DCM) with
the SiRos derivatives to observe how the structural
modifications influence the absorption wavelength (λabs) and
molar absorptivity (ε) of the materials (Figures 2 and 3, Table
1). SiRos derivatives containing the 2Ph indolizine donor
exhibited modestly longer wavelength λabs values (1138−1189
nm) than derivatives containing the 1Ph indolizine donor
(1132−1136 nm, Figure 2). Another observation between the
1Ph and 2Ph indolizine SiRos derivatives is the difference in
the higher energy absorption features of the dyes. Derivatives
with 2Ph have a low intensity and a relatively featureless higher
energy portion of their absorption spectrum, while derivatives
employing 1Ph have a distinct transition at ∼500 nm. This is
consistent with computation (see the discussion below)
wherein the 1Ph derivative has a vertical transition with a
notable oscillator strength (>0.1) at 517 nm, while the 2Ph
derivative does not exhibit any high-energy vertical transitions
with a notable oscillator strength (Table S2). The 2Ph-F9Hx
had the longest wavelength λabs of the 2Ph derivatives by nearly
40 nm (the other 2Ph derivatives were grouped within 12 nm
of one another) with a λabs of 1189 nm. This is likely due to the
perfluorinated hexyl chains lowering the LUMO, but not the
HOMO, and thus the energy of the electronic transition (see
electrochemical discussion below for reasoning). The 2Ph-
EtHx and SiRos1300 dyes are observed to have λabs within 1
nm of one another (1141 and 1140 nm, respectively),
suggesting that switching between the o-tolyl and o-xylyl
groups at the central position of the core has very little effect
on the optical energy gap of the dyes. As observed previously
for SiRos1550, the 7DMA-iPr and 7DMA-EtHx derivatives
exhibit lower energy λabs (1336 and 1338 nm, respectively)
than the 1Ph or 2Ph derivatives due to the extended π-
conjugation and increased donation strength of the additional
N,N-dimethylaniline (DMA) donor at the 7-position of the
indolizine (Figure 3, left). Both 7DMA-iPr and 7DMA-EtHx
are slightly blue-shifted (∼10 nm) compared to SiRos1550,
but in this spectral region, the energy difference is minuscule at
<0.01 eV. The absorption of the SiRos dyes was also collected
in chloroform (CHCl3), acetonitrile (MeCN), and chlor-
obenzene (CB, Figures S2−S9 and Table S1). In CHCl3, λabs is
comparable to that in DCM with 3−12 nm variation for the
2Ph derivatives, 0−2 nm variation for the 1Ph derivatives, and
a 16−18 nm variation with the 7DMA derivatives. In MeCN,
λabs is consistently blue-shifted (34−64 nm) and broadened
compared to λabs in DCM, indicating that more polar solvents
widen the optical gap of these materials. In CB, λabs of the dyes
is inconsistently shifted overall but shows a trend based on the
indolizine donor employed. The 2Ph derivatives exhibit an
18−26 nm bathochromic shift with respect to DCM, while
2Ph-F9Hx is an outlier with a 12 nm blue shift in CB with
respect to DCM. The 1Ph derivatives exhibit 4 and 7 nm blue
shifts compared to DCM for 1Ph-Me and 1Ph-iPr,
respectively. Lastly, the 7DMA derivatives exhibit sizable 42
and 43 nm bathochromic shifts in CB with respect to DCM for
7DMA-iPr and 7DMA-EtHx, respectively.
The molar absorptivity (ε) of the SiRos derivatives was also

observed to vary for the 1Ph and 2Ph derivatives (Figure 2 and
Table 1). 1Ph derivatives were observed to have a distinctly
larger ε (127,000−134,000 M−1 cm−1) than the 2Ph

derivatives (63,000−115,000 M−1 cm−1). This is presumably
due to the increased planarity of the 1Ph derivatives that
results from the lack of steric repulsion between hydrogens on
the phenyl ring at the 2-position of the indolizine and the
chromophore core, resulting in better orbital overlap. The
7DMA derivatives were observed to have a slightly higher ε
than their respective 2Ph comparisons, with 7DMA-iPr
exhibiting a ε of 107,000 M−1 cm−1 and 7DMA-EtHx
exhibiting a ε of 95,000 M−1 cm−1 (Figure 3 and Table 1).
All of the dyes demonstrated consistently lower ε in the other
three solvents (CHCl3, MeCN, and CB) utilized in this study
relative to DCM (Figures S2−S9 and Table S1). The 7DMA
derivatives exhibit a smaller relative overall decrease in ε in the
other three solvents compared to the 1Ph and 2Ph derivatives,
and the 2Ph-F9Hx was observed to have the greatest relative
decrease in ε in the other three solvents compared to DCM
(Table S1).
Fluorescence emission spectroscopy was conducted on the

SiRos derivatives to probe the effects of each structural
modification on the emission wavelength maxima (λemis),
Stokes shift (energy difference between λabs and λemis),
fluorescence quantum yield (ΦF), and molecular brightness
(MB, product of ε and ΦF) of the fluorophores (Figures 2, 3,
and S10−S18, Table 1). The 2Ph derivatives were observed to
emit at shorter wavelengths than the 1Ph derivatives, except for
2Ph-F9Hx. Since the 2Ph derivatives were also observed to
absorb at longer wavelengths, this resulted in a consistently
smaller Stokes shift (0.11−0.13 eV) compared to the 1Ph
derivatives (0.14−0.15 eV). This observation is somewhat
surprising given that the Stokes shift is reflective of the
molecular reorganization between the ground- and excited-
state geometries of a fluorophore. This suggests that the
excited-state geometry has a greater dihedral angle than the
ground state for the indolizine donors and the silicon-xanthene
core since the 1Ph donor has a much smaller dihedral angle
about the core (28.6°) than the 2Ph donor (35.3°) in the
ground state. The ΦF of the fluorophores has no apparent
trend based on the silicon substituent or indolizine donor for
the 1Ph and 2Ph derivatives with the following order: 2Ph-
F9Hx = 1Ph-Me < 2Ph-iPr < 1Ph-iPr < 2Ph-EtHx < 2Ph-Me.
While 2Ph-Me exhibits the highest ΦF, it also has the lowest ε
of the series (63,000 M−1 cm−1), which puts it toward the
bottom for MB, which considers both absorptivity and
emissivity. For the xylyl groups, SiRos1300 has a greater ΦF
than 2Ph-EtHx, but 7DMA-EtHx has a greater ΦF than
SiRos1550, indicating there is no apparent trend between the
aryl group used and ΦF. The MB of the fluorophores is as
follows: 2Ph-F9Hx < 2Ph-Me < 2Ph-iPr < 2Ph-EtHx < 1Ph-
Me < 1Ph-iPr. Even though the 1Ph donors have comparable
ΦF to the 2Ph derivatives, the MB values exhibit the
importance of the 1Ph derivatives having ∼30% higher ε
than the highest 2Ph derivative, which results in a greater MB.
While the ΦF values reported herein are on par with what
would be expected for fluorophores in this region,6,16,28 the
actual ΦF values are likely slightly higher than the reported
values due to solvent reabsorption of emitted light (Figure S10,
seen as the dips in the emission spectra) and the InGaAs
detector efficiency drop off at 1550 nm since a previous work
shows the emission of these fluorophore tails out to ∼1800
nm.32 Accounting for these losses, the ΦF is likely ∼10−20%
greater than the values reported herein based on best
estimates. The absorption and emission spectra of the
fluorophores are also observed to mirror each other, indicating
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that the shoulder feature observed in the absorption spectra is
vibronic in nature (Figures S11−S18).
Cyclic voltammetry (CV) was conducted for the SiRos

derivatives to determine the ground-state electrochemical
oxidation (E(S+/S)) and reduction (E(S/S−)) potentials of the
materials (Figures S19−S26, Table 1). The potentials can be
used to assess ambient stability as well as suitability for these
materials in optoelectronic device applications. The CVs were
taken in DCM with a 0.1 M NBu4PF6 electrolyte and are
referenced to Fc+/Fc at 0.00 V. The E(S+/S) values of the
fluorophores were tuned by the indolizine donor employed in
the structure, with 2Ph derivatives having E(S+/S) centered
around −0.46 V (−0.45 to −0.47 V), 1Ph derivatives having
E(S+/S) centered around −0.41 V (−0.40 to −0.42 V), and
7DMA derivatives having E(S+/S) centered around −0.60 V
(−0.59 to −0.62 V). This indicates that the 7DMA donor is
the most electron-rich donor of the series, followed by the 2Ph
donor, which is observed to be more electron-rich than the
1Ph donor. The lone outlier from this trend is the 2Ph-F9Hx,
which has an E(S+/S) of −0.37 V. This value is shifted ∼0.09 V
toward more positive potentials compared to the other 2Ph
derivatives. The observation of the 2Ph-F9Hx being an outlier
is consistent with the absorption and emission spectroscopy
and is hypothesized to be due to the perfluorinated hexyl
chains influencing the optical and electrochemical properties of
the dye. The E(S/S−) values of the tolyl containing derivatives
are only quasi-reversible. The E(S/S−) values of the 1Ph
derivatives are shifted toward more positive potentials relative
to the respective 2Ph derivative; however, the grouping of the
potentials is not as tight as seen for the E(S+/S) values, with
E(S/S−) from −1.46 to −1.56 V for the 1Ph derivatives and
−1.53 to −1.64 V for the 2Ph derivatives. 2Ph-F9Hx also has
the most positively shifted E(S/S−) at −1.43 V, coinciding with
what was observed for the oxidation potentials. 7DMA-iPr and
7DMA-EtHx exhibit more positively shifted E(S/S−) than
SiRos1550. The observation that the E(S/S−) values of the
tolyl derivatives are quasi-reversible while that of the xylyl
derivatives are observed to be reversible indicates rapid
chemical reactivity at the core following reduction. A good

example for analysis is 2Ph-EtHx and SiRos1300, where the
only structural difference is the presence of the additional
ortho-methyl of the xylyl group offering steric protection for
both sides of the core. This implies that the chemical reaction
occurs at the central core of the 2Ph-EtHx dye following
reduction and does not allow for the subsequent removal of
the electron from the reduced dye due to transformation to a
new chemical species. This reaction is kinetically inaccessible
for SiRos1300 due to the steric protection of the reduced core,
which allows for the removal of the electron during the return
sweep. Computational analysis also indicates reduction
occurring at the core of the fluorophore with the LUMO
heavily localized on the core (see computational discussion
below) and a particularly large coefficient at the central
position of the core.

Computational Data. Time-dependent density functional
theory (TD-DFT) calculations were conducted for the SiRos
derivatives at the B3LYP/6-311g(d,p)38−40 level of theory
using DCM as an implicit solvent with Gaussian16 software41

(Figure 4 and Table S2). Analysis of the HOMO and LUMO
distribution obtained from DFT demonstrates the HOMO is
primarily localized on the indolizine donors with lesser
distribution on the core. The LUMO is distributed more
evenly across the entire molecule with particularly large
coefficients on the core. For the 1Ph derivative, the HOMO
extends onto the phenyl group of the indolizine donor,
whereas for the 2Ph derivative, there is no significant HOMO
distribution on the phenyl group of the indolizine donor. This
is likely due to the lack of the HOMO coefficient at the 2-
carbon of the indolizine donor compared to the particularly
large HOMO coefficient at the 1-carbon of the indolizine
donor. For the 7DMA derivative, the HOMO is observed to
extend onto the DMA donor, while the LUMO has modest
distribution on the DMA group. This observation is consistent
with the electrochemical measurements in which the DMA
group shifts E(S+/S) to more negative energies (0.12 V for 2Ph-
EtHx and 7DMA-EtHx), indicating an increase in the energy
of the HOMO orbital, while nearly leaving the E(S/S−) energy
unperturbed (0.01 V for 2Ph-EtHx and 7DMA-EtHx).

Figure 4. Frontier molecular orbitals of the SiRos derivatives with the Me core and their respective indolizine donors computed at the B3LYP/6-
311g(d,p) level of theory using DCM as an implicit solvent. (a) HOMO and (b) LUMO of the 1Ph derivative, (c) HOMO and (d) LUMO of the
2Ph derivative, and (e) HOMO and (f) LUMO of the 7DMA derivative.
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Vertical transitions for 2Ph-Me and 1Ph-Me are observed to
have a negligible difference (0.06 eV), which coincides with
the very similar λabs in DCM observed experimentally. In
DCM, the 2Ph-Me derivative exhibits a lower energy λabs than
the 1Ph-Me derivative (1150 and 1136 nm, respectively);
however, TD-DFT calculations predict a lower energy vertical
transition for the 1Ph-Me derivative than the 2Ph-Me
derivative (846 and 811 nm, respectively). In both cases, the
λabs and vertical transition energies are very close in energy
though (0.01 and 0.06 eV, respectively) with negligible
differences. TD-DFT predicts a higher oscillator strength for

1Ph-Me (1.47) than 2Ph-Me (1.27), which is consistent with
experimental observations where the 1Ph derivatives have a
larger ε than the 2Ph derivatives. A further increase in
oscillator strength is observed upon addition of the 7DMA
donor; however, this is not correlated experimentally with ε as
the 7DMA derivatives have a lower ε than the 1Ph derivatives
and only a slightly higher molar absorptivity to the 2Ph
derivatives. Both the 1Ph and 7DMA derivatives are also
observed to have higher energy vertical transitions via TD-
DFT, which is apparent in their DCM absorption spectra
(Figures 2 and 3, Table S2). For the 1Ph derivatives, this

Figure 5. Crystallographic data demonstrating electrophilicity at the central atom of the silicon-xanthene core. (a) Graphical representation of the
chemical transformation from the starting 2Ph-Me dye to the hydroxyl added, crystallized product. (b) Crystal structure of 2Ph-Me−OH from
different perspectives. The structures shown are thermal ellipsoid plots at 50% probability. The crystals were grown via vapor diffusion of hexanes
into a solution of 2Ph-Me in fluorobenzene over a period of 4 days.

Figure 6. Stability of 2Ph-EtHx and SiRos1300 in 99% MeCN/1% H2O solution (top left), stability of SiRos dyes in 1% H2O/MeCN (top right),
0.5 M AcOH (bottom left), and 0.5 M trifluoroacetic acid (TFA, bottom right). Note that some dyes are not included in all of the graphs as they
decomposed too rapidly to observe the decay kinetics.
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higher energy transition is observed to occur at 517 nm with an
oscillator strength of 0.23 and originates from HOMO−2,
which is primarily situated on the phenyl group located at the
1-position of the donor, to the LUMO orbital (Table S2 and
Figure S27). For the 7DMA derivatives, there are two higher
energy transitions. The first one is observed to occur at 678 nm
with an oscillator strength of 0.21 and originates from the
HOMO−2, which is primarily situated on the DMA group
located at the 7-position of the donor, to the LUMO orbital
(Figure S27). The second vertical transition is observed to
occur at 439 nm with an oscillator strength of 0.20 and
originates from the HOMO orbital to the LUMO+1 orbital,
which is spread across the core and indolizines of the
chromophore (Figure S27).
X-ray Diffraction Crystallography Data. Single-crystal

X-ray diffraction (XRD) studies were pursued to better
understand the orientation and geometry of the molecular
structure. The 2Ph-Me derivative was selected for comparison
to PhRosIndz as well as other indolizine-donor-based
fluorophore derivatives previously studied through
XRD.28,37,42 Several techniques with a range of solvent
combinations were tried including vapor diffusion, slow
evaporation, and hot/cold recrystallization. Of these techni-
ques, only one successful batch of crystals was grown via the
vapor diffusion of hexanes into a saturated solution of 2Ph-Me
in fluorobenzene. XRD analysis of the obtained crystals did not
yield the expected 2Ph-Me fluorophore though and instead
yielded the hydroxylated product, 2Ph-Me−OH (Figures 6a
and S28−S30, Tables S3−S10). This finding was somewhat
surprising as the pure dye was introduced to the solution, and
this indicates that residual water present in the experiment was
sufficient to add to the core of the fluorophore and result in
crystallization of the hydroxylated material. The obtained
structure once again demonstrates the electrophilicity of the
central position on the xanthene core and conveniently shows
that hydroxylation occurs opposite the sterically blocking
methyl of the o-tolyl ring as one might expect (Figure 5b).
Another interesting observation is the orientation of the
indolizine donors about the core, where the phenyl ring at the
2-position of the indolizine is oriented down and away from
the central aryl ring. In the crystal structure of PhRosIndz, the
same phenyl ring is observed to point upward toward the
central aryl ring of the fluorophore. The difference in
orientation could be due to the PhRosIndz being the cationic,
final dye, while 2Ph-Me−OH is a neutral derivative, or that the
orientations are both close in energy. XRD analysis further
implicates the central core of the chromophore as the most
prevalent electrophilic site and demonstrates the importance of
pursuing steric blocking groups on both sides of the central
aryl ring to impart kinetic persistence to the fluorophore class.
Fluorophore Stability. Stability studies were conducted in

three different solvent systems: 99% MeCN/1% H2O, 99%
MeCN/1% H2O with 0.5 M acetic acid (AcOH), and 99%
MeCN/1% H2O with 0.5 M trifluoroacetic acid (TFA) as
done previously for a comparable fluorophore scaffold (Figure
6, Table 2).31 The half-life of each dye was calculated by taking
the remaining λmax absorbance at a given time over the initial
λmax absorbance to get the percent absorbance remaining over
a period of time. Absorbance measurements were taken via
NIR absorption spectroscopy at time points spanning up to a
two-week period. In the 99% MeCN/1% H2O solutions, the
stability trend of the silicon R-group was observed to be Me =
F9Hx < iPr < EtHx, where 2Ph-Me and 2Ph-F9Hx

decomposed almost instantaneously, and EtHx survived the
longest, regardless of donor. The stability trend regarding the
indolizine donors was observed to be 2Ph < 1Ph ≪ 7DMA,
with the 1Ph being slightly more stable than the 2Ph, and the
7DMA having an order of magnitude longer half-life than
either of the other two donors. The dyes employing xylyl
groups in place of tolyl groups at the central carbon all lasted a
full two-week period with minimal loss in absorbance. Stability
was comparable in the plain water systems and the acetic acid
systems, with the 7DMA dyes once again showing high
longevity relative to the other dyes examined. In TFA systems,
however, the 7DMA dyes decreased substantially in stability,
with all other tolyl-based dyes showing a significant increase in
half-life compared to the other two solvent systems. The
decrease in stability of the 7DMA dyes is likely due to
protonation of the 7DMA groups, as indicated by a blue shift
in their absorbance from ∼1340 to ∼1150 nm, which increases
the electrophilicity of the fluorophores by withdrawing
electron density from the π-system and thus lowering their
overall stability. The 1Ph and 2Ph dyes do not have the
auxiliary aryl amine donors to protonate and do not suffer from
the same increase in electrophilicity in the presence of TFA.
Instead, their stability increases as the H2O in solution is
shifted to H3O+ due to the low pKa of TFA, thus lowering the
rate of nucleophilic attack. Interestingly, the 1Ph-Me and 1Ph-
iPr dyes, which decayed relatively quickly in both water and
acetic acid solutions, were observed to be the most stable dyes
in the TFA-containing solutions, with half-lives of 92 and 105
h, respectively. Across all three solvent systems, the xylyl-based
dyes (SiRos1300 and SiRos1550) possessed markedly
elevated stability compared to the tolyl-based dyes, with only
SiRos1550 in trifluoroacetic acid demonstrating a measurable
half-life of less than 2 weeks. This is demonstrated when
comparing 2Ph-EtHx and SiRos1300, where 2Ph-EtHx
completely decays within a day’s time, while SiRos1300
demonstrates no loss in absorption (Figure 6). Overall, use of
the bulky EtHx silicon substituents and xylyl group at the core
of the fluorophore appears to result in universally higher
stability in all conditions tested, which indicates these
functionalities are valuable for in vivo imaging. The stability
trend for the indolizine donors however is condition-
dependent, wherein the 7DMA indolizine donors exhibit
greater stability in neutral to mildly acidic conditions, and the
1Ph indolizine donors exhibit greater stability in strongly acidic
conditions.

Table 2. Half-Life in Hours of the SiRos Dyes in the
Respective MeCN Solutions

dye H2O
a AcOHb TFAc

2Ph-Me --- --- 2
1Ph-Me 3 --- 92
2Ph-iPr 4 3 27
1Ph-iPr 4 3 105
2Ph-EtHx 8 8 66
2Ph-F9Hx --- --- 3
7DMA-iPr 58 82 27
7DMA-EtHx 83 107 25
SiRos1300 >840 >840 >840
SiRos1550 >840 >840 229

a99% MeCN/1% H2O. b99% MeCN/1% H2O with 0.5 M HOAc.
c99% MeCN/1% H2O with 0.5 M TFA.
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■ CONCLUSIONS
There is currently a need for small-molecule organic
fluorophores that emit in the SWIR due to their plethora of
applications in fluorescence-based biological imaging, hybrid
organic photodetectors, and organic light-emitting diodes.
While there is an abundance of fluorophores with λemis
wavelengths <1300 nm, there are few with λemis wavelengths
>1300 nm. Xanthene core-based fluorophores have recently
stood out as an attractive option to access SWIR emitting
fluorophores, with multiple examples emitting near or past
1100 nm and one exhibiting a λemis of 1700 nm.32 However,
xanthene fluorophores often exhibit high electrophilicity at the
central carbon of the fluorophore core and consequent
chemical instability toward nucleophiles like water, limiting
their use in biological imaging. Herein, a series of SWIR
emitting indolizine donor-based silicon-xanthene fluorophores
were synthesized, and their photophysical properties and
chemical stability were optimized. The fluorophores exhibit
λabs near ∼1150 nm (for 1Ph and 2Ph indolizine donors) and
∼1350 nm (for 7DMA indolizine donors) and λemis near
∼1300 and ∼1550 nm, respectively. ΦF ranged from 0.0025 to
0.0056%. The core of the fluorophore was implicated as the
most probable electrophilic site as observed via XRD
crystallography of the hydroxylated product, 2Ph-Me−OH.
The 2-ethylhexyl silicon substituent proved to be the most
effective substituent in slowing decomposition, providing
modest improvement in the half-life of the fluorophores in
aqueous environments, and the o-xylyl groups demonstrated a
substantial improvement in stability relative to the o-tolyl
group, with SiRos1300 exhibiting little to no absorption loss
by the time structurally similar 2Ph-EtHx completely decayed.
The 7DMA indolizine was observed to be the most stable in
neutral to mildly acidic conditions, while the 1Ph indolizine
was observed to be the most stable under highly acidic
conditions. Overall, this work illustrates a modular way to
optimize SWIR fluorophore molecular brightness and chemical
stability, factors that are integral in designing future SWIR
fluorophores.

■ EXPERIMENTAL SECTION
General Information. Reagents and solvents used in this study

were purchased from 1PlusChem, Gelest, Ambeed, TCI, Sigma-
Aldrich, Acros Organics, and Thermo Fischer Scientific and were used
as received without further purification. Thin-layer chromatography
(TLC) was conducted with Sorbtech Silica XHL TLC Plates
(Support: glass backed; thickness: 250 μm) and visualized with a
UV lamp. Flash column chromatography was performed using a
Teledyne CombiFlash Rf + system. The silica gel cartridges were
purchased from Luknova SuperSep (FC003012, 50 μm). 1H and
13C{1H} NMR spectra were recorded on a Bruker Ascend-300 (300
MHz) and a Bruker Ascend-400 (400 MHz) spectrometer using
deuterated solvents. J values are expressed in Hz, and chemical shifts
are in ppm using residual solvent as an internal standard (CDCl3 at
7.26 ppm, CD2Cl2 at 5.32 ppm, and (CD3)2CO at 2.05 ppm). Singlet
(s), doublet (d), doublet of doublets (dd), triplet (t), multiplet (m),
multiple signals (ms), broad (br), and apparent (ap) are designated as
1H NMR multiplicity patterns. High-resolution mass spectrometry
(HRMS) spectra were obtained with a quadrupole time-of-flight
(QTOF) HRMS utilizing nanospray ionization. The mass analyzer
was set to the 200−2000 Da range. Infrared spectra were recorded
with an Agilent Cary 660 attenuated total reflection-Fourier transform
infrared (ATR-FTIR) spectrometer. All fluorescence spectra were
conducted with a dye concentration of 1 × 10−5 M. The fluorescence
emission spectra and fluorescence quantum yield (ΦF, referenced to
IR-1061 at 0.32% in DCM)43 of the 1Ph and 2Ph derivatives were

recorded using a HORIBA QuantaMaster 8075−21 spectrofluor-
ometer with xenon lamp excitation and a liquid nitrogen-cooled
InGaAs solid-state detector. ΦF was calculated using the following
equation

= × × ×
E

E
A
Asample standard

sample

standard

standard

sample

sample
2

standard
2

(1)

where E is the integrated emission count, A is 1 × 10−A with the
superscript A being the absorbance at the excitation wavelength, η is
the refractive index of the solvent used, and Φ denotes the fluorescent
quantum yield. The fluorescence emission spectra of the 7DMA
derivatives were acquired with a HORIBA Fluorolog-QM, the fourth
generation of the Fluorolog spectrofluorometer. A 980 nm DPSS
(diode pumped solid state, 2W) laser was used as the excitation
source and was mounted to the front panel of the Fluorolog-QM’s
sample tray. A HORIBA LN-cooled DSS InAs detector was used to
detect the emission through a monochromator (350 mm focal length)
with a ruled diffraction grating (600 grooves/mm, blazed at 1.25 μm),
a scanning increment of 2 nm, and an emission bandpass of 30 nm.
To increase the detector’s sensitivity, a lock-in amplifier with the LN-
cooled InAs detector was used. A TTL output signal (27 Hz) from
the chopper control was used as the reference signal to the lock-in-
amplifier control and as the trigger signal to the laser control to
electrically chop the 980 nm DPSS laser. The time constant of the
lock-in amplifier was set to 100 ms, and the detector integration time
was 0.3 s. ΦF values of 7DMA derivatives were referenced to the value
of 0.0056% for SiRos1300 in DCM.32 The recorded emission spectra
were all smoothed with a LOESS function. All of the absorption
profiles were recorded on a Cary 5000 UV−vis−NIR spectropho-
tometer set to the double-beam mode with all dyes at a concentration
of 1 × 10−5 M. Cyclic voltammetry curves were measured with a C−
H Instruments electrochemical analyzer (model CHI602E). All
measurements were conducted under an argon atmosphere (∼0.5
mL of excess DCM was added along with the electrolyte solution,
followed by bubbling of solution with argon until the volume
decreased to the original volume of just the electrolyte solution) at
room temperature and taken using a platinum counter electrode
(flame cleaned before each measurement), a Ag pseudo-reference
electrode (cleaned with fine grit sandpaper and a Kimtech wipe before
each measurement), and glassy carbon disc working electrode (surface
area of 7.07 mm2, polished with 0.3 μm MicroPolish powder
purchased from CH Instruments and ethanol over a microcloth
polishing pad prior to each measurement, following previously
reported polishing techniques).44 The analyte concentration was 1
× 10−4 M, and the electrolyte solution used was 0.1 M Bu4NPF6 in
DCM. Ferrocene was used as the reference standard taken as 0.00 V,
and oxidation and reduction potentials of the materials are reported
versus Fc+/Fc in DCM. For all experiments, the scan rate was 100
mV/s, the initial scan direction was positive, and the voltammograms
are plotted in polarographic convention. The initial potential of each
experiment was approximately the midpoint between the oxidation
and reduction peaks. For computation, all of the molecules were first
drawn in ChemDraw (20.0.0.41) and saved as MDL Molfile. The
geometries of those molecules were then optimized with the
MMFF94 force field using Avogadro (1.2.0). Dihedral angles of
acyclic single bonds were manually set between 0 and 90° to avoid
local minima conformations. Then, sequential geometry optimizations
were performed by DFT using Gaussian1645 with the B3LYP40,46

functional and the following basis sets: first 3-21G, then 6-
31G(d,p),47,48 and finally 6-311G(d,p)38 with a dichloromethane
polarizable continuum model.49−51 After having the optimized
geometries, TD-DFT was performed with the B3LYP functional
and the 6-311G(d,p) basis set to compute the vertical transition
energies and oscillator strengths. The crystal of 2Ph-Me−OH was
grown by dissolving approximately 10 mg of 2Ph-Me in 1.0 mL of
fluorobenzene and syringe filtering the solution (0.45 μm) into a
small vial. The small vial was then placed in a larger vial containing
hexanes, and the larger vial was sealed and placed in the dark. The
crystallization was allowed to occur over several days as the hexane

The Journal of Organic Chemistry pubs.acs.org/joc Article

https://doi.org/10.1021/acs.joc.3c01917
J. Org. Chem. 2024, 89, 2825−2839

2832

pubs.acs.org/joc?ref=pdf
https://doi.org/10.1021/acs.joc.3c01917?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


vapors diffused into the fluorobenzene solution containing 2Ph-Me.
After 4 days, examination of the vial revealed that the solution color
had changed from black to orange and that there were small yellow
crystals in the vial that were observed to be 2Ph-Me−OH upon XRD
analysis. See the Supporting Information for XRD experimental
details. For the stability studies, a stock solution of each dye was made
in DCM at 3 × 10−4 M. The necessary amount of the dye solution
(100 μL) to obtain 3.0 mL of a 1 × 10−5 M solution was then added
to a vial, and the solvent was removed under vacuum-drying. 3.0 mL
of MeCN solution containing either 1% H2O, 1% H2O, and 0.5 M
AcOH, or 1% H2O and 0.5 M TFA was then added to the vial to
dissolve the dye, transferred to a cuvette, and placed in an
OceanInsight FlameNIR+ spectrometer equipped with an HL-2000-
HP light source to obtain the initial maximum absorbance at 1 × 10−5

M. The solutions were then stored under ambient conditions, and the
change in the absorbance maximum was measured at regular time
points to determine the stability of the dyes. All MeCN used was
freshly distilled over CaH2, and all DCM used was obtained via a
solvent transfer system to minimize additional water content. For
crystallography, the selected crystal was mounted on a Rigaku XtaLAB
Synergy, Dualflex, HyPix diffractometer. The data collection was
performed at 100 K. The structure was solved using Olex2,52 the
ShelXT53 structure solution program using the intrinsic phasing
method, and refined with the ShelXL54 refinement package using
least-squares minimization.
Synthetic Procedures. 3,7-Dichloro-5,5-dimethyldibenzo[b,e]-

silin-10(5H)-one (2). To a flame-dried round-bottom flask under N2
was added bis(2-bromo-4-chlorophenyl)methane (1, synthesized as
previously described,32 0.891 g, 2.26 mmol) followed by anhydrous
THF (10 mL). The reaction was then cooled to −78 °C in a dry ice
and acetone bath, and n-BuLi (1.9 mL, 4.75 mmol) was added
dropwise over about 5 min. The reaction was allowed to stir for 1 h
before adding dichlorodimethylsilane (0.32 mL, 2.7 mmol) dropwise
and allowing the reaction to slowly come to room temperature
overnight. The next morning, the reaction was quenched with water
and extracted with Et2O three times, and the organics were dried over
Na2SO4 and concentrated via rotary evaporation to an oil. The crude
was then passed through a pad of silica using hexanes to yield the
intermediate product. The intermediate was transferred to a round-
bottom flask, dissolved in acetone (22.0 mL), and purged with N2 for
10 min before adding KMnO4 (0.870 g, 5.49 mmol) and allowing the
reaction to stir at room temperature. After 20 min, the reaction was
passed through a short pad of silica using 100% DCM to yield the
crude product. The crude product was then subjected to silica gel
chromatography starting with 100% hexanes and gradually increasing
to 30% DCM/hexanes to yield the pure product as an off-white solid
(0.382 g, 55% overall). 1H NMR (300 MHz, CDCl3, Figure S31) δ
8.36 (dd, J = 0.3, 8.0 Hz, 2H), 7.60 (dd, J = 0.3, 2.5 Hz, 2H), 7.54
(dd, 2.2, 8.6 Hz, 2H), 0.52 (s, 6H). 13C{1H} NMR (75 MHz, CDCl3,
Figure S32) δ 168.2, 140.9, 139.3, 138.8, 133.0, 131.2, 130.7, −1.5.
HRMS m/z calculated for C15H13Cl2OSi [M + H]+ 307.0113, found
307.0143. IR (cm−1) 3093, 3074, 3045, 3004, 2959, 2897, 2853, 1922,
1784, 1760, 1644, 1569, 1542, 1492, 1461, 1405, 1370, 1279, 1266,
1242, 1229, 1138, 1102, 1071, 1049.
3,7-Dichloro-5,5-diisopropyldibenzo[b,e]silin-10(5H)-one (3). To

a flame-dried round-bottom flask under N2 was added bis(2-bromo-4-
chlorophenyl)methane (1, synthesized as previously described,32 1.98
g, 4.72 mmol) followed by anhydrous THF (200 mL). The reaction
was then cooled to −78 °C in a dry ice and acetone bath, and n-BuLi
(3.93 mL, 9.43 mmol) was added dropwise over about 10 min. The
reaction was allowed to stir for half an hour before adding
dichlorodiisopropylsilane (0.93 mL, 5.19 mmol) all at once and
allowing the reaction to slowly come to room temperature overnight.
The next morning, the reaction was quenched with water and
extracted with Et2O three times, and the organics were dried over
Na2SO4 and concentrated via rotary evaporation to yield a solid. The
solids were dissolved in hexanes and passed through a short pad of
silica using hexanes to yield the intermediate along with other
nonpolar side products. The intermediate was then transferred to a
round-bottom flask, dissolved in acetone (22.0 mL), and purged with

N2 for 10 min before adding KMnO4 (0.860 g, 5.43 mmol) and
allowing the reaction to stir at room temperature. After 20 min, the
reaction was passed through a short pad of silica using 100% DCM to
yield the crude product. The crude product was then subjected to
silica gel chromatography starting with 100% hexanes and gradually
increasing to 10% Et2O/hexanes to yield the pure product as an off-
white solid (383 mg, 22%). 1H NMR (400 MHz, CDCl3, Figure S33)
δ 8.40 (d, J = 8.5 Hz, 2H), 7.61 (d, J = 2.2 Hz, 2H), 7.55 (dd, J = 8.6,
2.2 Hz, 2H), 1.51 (sept, J = 7.4 Hz, 2H), 1.01 (d, J = 7.4 Hz, 12H).
13C{1H} NMR (101 MHz, CDCl3, Figure S34) δ 186.4, 140.1, 139.0,
138.0, 133.1, 132.0, 130.6, 17.9, 12.1. HRMS m/z calculated for
C19H21Cl2OSi [M + H]+ 363.0739, found 363.0746. IR (cm−1) 3055,
2956, 2944, 2925, 2891, 2864, 2836, 1937, 1747, 1648, 1573, 1542,
1460, 1375, 1286, 1270, 1226, 1159, 1137, 1102, 1079.

3,7-Dichloro-5,5-diphenyldibenzo[b,e]silin-10(5H)-one (4). To a
flame-dried round-bottom flask under N2 was added bis(2-bromo-4-
chlorophenyl)methane (1, synthesized as previously described,32

0.618 g, 1.57 mmol) followed by anhydrous THF (35 mL). The
reaction was then cooled to −78 °C in a dry ice and acetone bath, and
n-BuLi (1.44 mL, 3.47 mmol) was added dropwise over about 10 min.
The reaction was allowed to stir for half an hour before adding
dichlorodiphenylsilane (0.40 mL, 1.91 mmol) all at once and allowing
the reaction to slowly come to room temperature overnight. The next
morning, the reaction was quenched with water and extracted with
Et2O three times, and the organics were dried over Na2SO4 and
concentrated via rotary evaporation to yield a solid. The solids were
dissolved in DCM and passed through a pad of silica using 1:1 DCM/
hexanes to yield the intermediate along with other side products. The
intermediate was then transferred to a round-bottom flask, dissolved
in acetone (3.0 mL), and purged with N2 for 10 min before adding
KMnO4 (0.121 g, 0.767 mmol) and allowing the reaction to stir at
room temperature. After 20 min, the reaction was passed through a
short pad of silica using 100% DCM to yield the crude product. The
crude product was then subjected to silica gel chromatography
starting with 100% hexanes and gradually increasing to 50% DCM/
hexanes to yield the pure product as an off-white solid (88 mg, 13%).
1H NMR (400 MHz, CDCl3, Figure S35) δ 8.41 (d, J = 8.5 Hz, 2H),
7.61−7.56 (ms, 4H), 7.54−7.47 (ms, 6H), 7.40 (t, J = 7.2 Hz, 4H).
13C{1H} NMR (101 MHz, CDCl3, Figure S36) δ 186.1, 139.7, 139.4,
137.8, 136.1, 134.5, 131.9, 131.3, 131.3, 131.0, 128.7. HRMS m/z
calculated for C25H16Cl2OSiCs [M + Cs]+ 562.9402, found 562.9437.
IR (cm−1) 3065, 3047, 3015, 3004, 2925, 2853, 1975, 1911, 1897,
1832, 1770, 1742, 1646, 1572, 1542, 1484, 1461, 1428, 1374, 1282,
1271, 1228, 1142, 1103, 1027.

3,7-Dichloro-5,5-bis(2-ethylhexyl)dibenzo[b,e]silin-10(5H)-one
(5). The compound was made as previously described.32

3,7-Dichloro-5,5-bis(3,3,4,4,5,5,6,6,6-nonafluorohexyl)dibenzo-
[b,e]silin-10(5H)-one (6). To a flame-dried round-bottom flask under
N2 was added bis(2-bromo-4-chlorophenyl)methane (1, synthesized
as previously described,32 1.00 g, 2.54 mmol) followed by anhydrous
THF (51 mL). The reaction was then cooled to −78 °C in a dry ice
and acetone bath, and n-BuLi (2.11 mL, 5.07 mmol) was added
dropwise over about 10 min. The reaction was allowed to stir for half
an hour before adding bis(nonafluorohexyl)dichlorosilane (1.14 mL,
3.05 mmol) dropwise and allowing the reaction to slowly come to
room temperature overnight. The next morning, the reaction was
quenched with water and extracted with Et2O three times, and the
organics were dried over Na2SO4 and concentrated via rotary
evaporation to an oil. The oil was dissolved in hexanes and passed
through a pad of silica using hexanes to yield the crude intermediate.
The intermediate was then added to a flask, dissolved in acetone (6.0
mL), and purged with N2 for 10 min before adding KMnO4 (0.243 g,
1.53 mmol) and allowing the reaction to stir at room temperature.
After 20 min, the reaction was passed through a short pad of silica
using 100% DCM to yield the crude product. The crude product was
then subjected to silica gel chromatography starting with 100%
hexanes and gradually increasing to 30% DCM/hexanes to yield the
pure product as a clear oil (403 mg, 21%). 1H NMR (300 MHz,
CDCl3, Figure S37) δ 8.46 (d, J = 8.6 Hz, 2H), 7.66 (dd, J = 8.6, 2.2
Hz, 2H), 7.59 (d, J = 2.1 Hz, 2H), 1.95−1.77 (m, 2H), 1.40−1.35 (m,
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4H). 13C{1H} NMR (101 MHz, CDCl3, Figure S38) δ 184.9, 140.3,
139.8, 134.6, 132.7, 132.5, 132.2, 122.1, 121.7, 121.4, 120.6, 120.3,
120.0, 119.2, 118.9, 118.5, 118.1, 117.8, 117.5, 116.3, 116.0, 115.7,
115.6, 115.2, 114.9, 113.9, 113.6, 113.5, 113.5, 113.2, 113.1, 112.9,
112.9, 112.8, 112.6, 112.0, 112.0, 111.6, 111.6, 111.2, 111.0, 110.9,
110.6, 110.3, 110.3, 109.9, 109.7, 109.3, 109.3, 109.0, 108.9, 108.6,
108.6, 108.3, 108.3, 108.2, 108.2, 108.0, 107.9, 107.7, 107.6, 106.7,
106.6, 106.3, 105.9, 105.6, 105.5, 105.2, 25.7, 25.4, 25.1, 3.5. Note:
The 13C NMR for compound 6 contains carbon peaks from 105−122
ppm that originate from the fluoroalkyl groups. Due to the large
abundance of fluorine on the alkyl chains, the 13C NMR signals
exhibit a complex overlapping splitting pattern originating from
coupling with the 19F atoms that results in the appearance of many
split carbon signals. All observed signals are reported here. 19F NMR
(400 MHz, CDCl3, Figure S39) δ −81.05 (t, J = 10.0 Hz), −115.81
(p, J = 15.2 Hz), −123.96 (d, J = 4.2 Hz), −126.13 (q, J = 11.2 Hz).
HRMS m/z calculated for C25H15Cl2F18OSi [M + H]+ 770.9982,
found 770.9986. IR (cm−1) 3048, 2925, 2862, 1650, 1573, 1544,
1460, 1441, 1422, 1376, 1352, 1322, 1288, 1267, 1209, 1167, 1130,
1106, 1069, 1041, 1009.
5,5-Dimethyl-3,7-bis(1-methyl-2-phenylindolizin-3-yl)dibenzo-

[b,e]silin-10(5H)-one (7). To a pressure flask in a glovebox with a
nitrogen atmosphere were added 3,7-dichloro-5,5-dimethyldibenzo-
[b,e]silin-10(5H)-one (2, 503 mg, 1.64 mmol), 1-methyl-2-phenyl-
indolizine (synthesized as previously described,37 746 mg, 3.60
mmol), Pd(OAc)2 (37.0 mg, 0.164 mmol), PCy3HBF4 (120 mg,
0.327 mmol), and Cs2CO3 (3.20 g, 9.82 mmol). The pressure flask
was then sealed with a septum and removed from the glovebox.
Anhydrous toluene (13.1 mL) was then added, and the pressure flask
was sealed and heated to 130 °C using an oil bath. After 52 h, the
reaction was cooled to room temperature and passed through a pad of
silica starting with 50% DCM/hexanes, followed by 10% acetone/
DCM to elute the pure product as an orange solid (1.06 g, 1.63 mmol,
99% yield). 1H NMR (400 MHz, CDCl3, Figure S40) δ 8.48 (d, J =
8.3 Hz, 2H), 8.29 (d, J = 7.1 Hz, 2H), 7.73 (d, J = 8.1 Hz, 2H), 7.46
(d, J = 8.8 Hz, 2H), 7.34−7.24 (ms, 12H), 6.77 (t, J = 7.6 Hz, 2H),
6.53 (t, J = 6.6 Hz, 2H), 2.40 (s, 6H), 0.03 (s, 6H). 13C{1H} NMR
(101 MHz, CDCl3, Figure S41) δ 186.9, 139.5, 138.8, 135.5, 135.4,
134.8, 131.6, 130.8, 130.1, 130.0, 129.5, 128.3, 126.6, 122.0, 120.8,
118.0, 117.2, 111.2, 108.3, 9.3, −2.0. HRMS m/z calculated for
C45H36N2OSi [M]+ 648.2597, found 648.2617. IR (cm−1) 3051,
2950, 2919, 2861, 1949, 1892, 1757, 1637, 1583, 1538, 1522, 1488,
1446, 1425, 1402, 1378, 1343, 1321, 1288, 1265, 1247, 1159, 1138,
1065, 1034, 1015, 1003.
3,7-Bis(1,2-dimethylindolizin-3-yl)-5,5-dimethyldibenzo[b,e]silin-

10(5H)-one (8). To a pressure flask in a glovebox with a nitrogen
atmosphere were added 3,7-dichloro-5,5-dimethyldibenzo[b,e]silin-
10(5H)-one (2, 243 mg, 0.791 mmol), 1,2-dimethylindolizine
(synthesized as previously described,37 253 mg, 1.74 mmol),
Pd(OAc)2 (17.8 mg, 0.0791 mmol), PCy3HBF4 (58.3 mg, 0.158
mmol), and Cs2CO3 (1.55 g, 4.75 mmol). The pressure flask was then
sealed with a septum and removed from the glovebox. Anhydrous
toluene (3.2 mL) was then added, and the pressure flask was degassed
with N2 for 20 min before sealing the pressure flask and heating the
reaction to 130 °C using an oil bath. After 52 h, the reaction was
cooled to room temperature and passed through a short pad of silica
using 10% Et2O/DCM to yield the crude product. The crude product
was then purified via silica gel chromatography using 1:1 DCM/
hexanes to yield the pure product as a red solid (228 mg, 0.364 mmol,
46% yield). 1H NMR (400 MHz, CDCl3, Figure S42) δ 8.59 (d, J =
8.3 Hz, 2H), 8.13 (d, J = 7.2 Hz, 2H), 7.79 (d, J = 1.5 Hz, 2H), 7.71
(dd, J = 1.7, 8.3 Hz, 2H), 7.34 (d, J = 9.0 Hz, 2H), 6.66 (t, J = 7.6 Hz,
2H), 6.41 (t, J = 6.3 Hz, 2H), 2.34 (s, 6H), 2.33 (s, 6H), 0.55 (s, 6H).
13C{1H} NMR (101 MHz, CDCl3, Figure S43) δ 186.9, 139.6, 139.1,
135.5, 134.0, 131.1, 130.7, 130.4, 123.4, 121.9, 121.0, 117.2, 116.6,
110.2, 108.6, 10.6, 8.8, −1.3. HRMS m/z calculated for C35H32N2OSi
[M]+ 524.2284, found 524.2266. IR (cm−1) 3048, 2914, 2857, 2765,
2738, 2656, 1887, 1725, 1638, 1583, 1541, 1506, 1446, 1402, 1382,
1342, 1316, 1286, 1246, 1214, 1153, 1109, 1063, 1022.

5,5-Dimethyl-3,7-bis(1-phenylindolizin-3-yl)dibenzo[b,e]silin-
10(5H)-one (9). To a pressure flask in a glovebox with a nitrogen
atmosphere were added 3,7-dichloro-5,5-dimethyldibenzo[b,e]silin-
10(5H)-one (2, 243 mg, 0.791 mmol), 1-phenylindolizine (synthe-
sized as previously described,36 336 mg, 1.740 mmol), Pd(OAc)2
(17.8 mg, 0.0791 mmol), PCy3HBF4 (58.3 mg, 0.158 mmol), and
Cs2CO3 (1.546 g, 4.746 mmol). The pressure flask was then sealed
with a septum and removed from the glovebox. Anhydrous toluene
(3.2 mL) was then added, and the pressure flask was degassed with N2
for 20 min before sealing the pressure flask and heating the reaction to
130 °C using an oil bath. After 52 h, the reaction was cooled to room
temperature and passed through a short pad of silica using 10% Et2O/
DCM to yield the crude product. The crude product was then purified
via silica gel chromatography using 1:1 DCM/hexanes to yield the
pure product as a red solid (228 mg, 0.364 mmol, 46% yield). 1H
NMR (400 MHz, CDCl3, Figure S44) δ 8.61 (d, J = 8.4 Hz, 2H), 8.43
(d, J = 7.2 Hz, 2H), 7.94 (d, J = 1.8 Hz, 2H), 7.89 (dd, J = 1.9, 8.3 Hz,
2H), 7.83 (d, J = 9.1 Hz, 2H), 7.67 (dd, J = 1.2, 8.3 Hz, 4H), 7.48 (t, J
= 7.6 Hz, 4H), 7.30 (t, J = 7.4 Hz, 2H), 6.85 (t, J = 8.2 Hz, 2H), 6.63
(t, J = 7.4 Hz, 2H), 0.61 (s, 6H). 13C{1H} NMR (75 MHz, CDCl3,
Figure S45) δ 186.6, 140.1, 139.3, 135.9, 135.5, 132.3, 131.6, 130.6,
129.0, 128.8, 127.8, 125.9, 124.9, 122.8, 119.2, 119.0, 116.4, 115.1,
112.1, −1.1. HRMS m/z calculated for C43H32N2OSi [M]+ 620.2284,
found 620.2271. IR (cm−1) 3052, 2951, 2926, 2852, 1637, 1584,
1541, 1510, 1491, 1458, 1440, 1416, 1383, 1359, 1340, 1294, 1247,
1210, 1176, 1150, 1135, 1069, 1031, 1013.

5,5-Diisopropyl-3,7-bis(1-methyl-2-phenylindolizin-3-yl)dibenzo-
[b,e]silin-10(5H)-one (10). To a pressure flask in a glovebox with a
nitrogen atmosphere were added 3,7-dichloro-5,5-diisopropyldibenzo-
[b,e]silin-10(5H)-one (3, 254 mg, 0.702 mmol), 1-methyl-2-phenyl-
indolizine (synthesized as previously described,37 364 mg, 1.754
mmol), Pd(OAc)2 (15.8 mg, 0.0702 mmol), PCy3HBF4 (51.7 mg,
0.140 mmol), and Cs2CO3 (1.37 g, 4.21 mmol). The pressure flask
was then sealed with a septum and removed from the glovebox.
Anhydrous toluene (5.6 mL) was then added, and the pressure flask
was degassed with N2 for 20 min before sealing the pressure flask and
heating the reaction to 120 °C using an oil bath. After 24 h, the
reaction was cooled to room temperature and purified via silica gel
chromatography using 30% DCM/hexanes to yield the pure product
as a dark-orange solid (377 mg, 0.535 mmol, 76% yield). 1H NMR
(400 MHz, CDCl3, Figure S46) δ 8.51 (d, J = 8.3 Hz, 2H), 8.21 (d, J
= 7.2 Hz, 2H), 7.74 (dd, J = 1.7, 8.3 Hz, 2H), 7.43 (d, J = 9.0 Hz,
2H), 7.32 (d, J = 1.5 Hz, 2H), 7.30−7.19 (ms, 10H), 6.73 (t, J = 7.7
Hz, 2H), 6.49 (t, J = 6.8 Hz, 2H), 2.36 (s, 6H), 0.92 (sept, J = 7.4 Hz,
2H), 0.60 (d, J = 7.4 Hz, 12H). 13C{1H} NMR (101 MHz, CDCl3,
Figure S47) δ 187.4, 140.4, 136.9, 136.0, 135.5, 134.6, 131.4, 130.8,
130.3, 130.1, 129.3, 128.4, 126.5, 122.1, 120.9, 118.0, 117.1, 111.1,
108.3, 17.7, 11.7, 9.4. HRMS m/z calculated for C49H44N2OSi [M]+
704.3223, found 704.3201. IR (cm−1) 3053, 2940, 2921, 2890, 2861,
1950, 1889, 1756, 1730, 1638, 1584, 1538, 1521, 1489, 1458, 1425,
1404, 1378, 1344, 1321, 1290, 1266, 1240, 1158, 1139, 1067, 1034.

5,5-Diisopropyl-3,7-bis(1-phenylindolizin-3-yl)dibenzo[b,e]silin-
10(5H)-one (11). To a pressure flask in a glovebox with a nitrogen
atmosphere were added 3,7-dichloro-5,5-diisopropyldibenzo[b,e]silin-
10(5H)-one (3, 175 mg, 0.484 mmol), 1-phenylindolizine (synthe-
sized as previously described,36 234 mg, 1.21 mmol), Pd(OAc)2 (10.9
mg, 0.0484 mmol), PCy3HBF4 (35.6 mg, 0.0968 mmol), and Cs2CO3
(0.946 g, 2.90 mmol). The pressure flask was then sealed with a
septum and removed from the glovebox. Anhydrous toluene (3.9 mL)
was then added, and the pressure flask was degassed with N2 for 20
min before sealing the pressure flask and heating the reaction to 130
°C using an oil bath. After 30 h, the reaction was cooled to room
temperature and passed through a pad of silica gel using 100% DCM
to yield the crude product. The crude product was then purified via
silica gel chromatography using 50% DCM/hexanes to yield the pure
product as a light-orange solid (213 mg, 0.315 mmol, 65% yield). 1H
NMR (300 MHz, CDCl3, Figure S48) δ 8.64 (d, J = 8.3 Hz, 2H), 8.45
(d, J = 7.2 Hz, 2H), 7.96 (d, J = 1.7 Hz, 2H), 7.90 (dd, J = 1.9, 8.3 Hz,
2H), 7.83 (d, J = 9.1 Hz, 2H), 7.68 (d, J = 8.3 Hz, 4H), 7.48 (t, J = 7.8
Hz, 4H), 7.31 (t, J = 7.4 Hz, 2H), 7.20 (s, 2H), 6.85 (td, J = 0.6, 9.0
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Hz, 2H), 6.64 (td, J = 1.1, 7.3 Hz, 2H), 1.61 (sept, J = 7.4 Hz, 2H),
1.12 (d, J = 7.4 Hz, 12H). 13C{1H} NMR (75 MHz, CDCl3, Figure
S49) δ 187.0, 140.7, 137.0, 136.0, 135.1, 132.4, 131.6, 130.8, 129.0,
128.8, 127.9, 126.0, 125.0, 122.9, 119.1, 119.0, 116.4, 115.1, 112.0,
18.2, 12.3. HRMS m/z calculated for C47H40N2OSi [M]+ 676.2910,
found 676.2937. IR (cm−1) 3051, 2940, 2888, 2861, 1635, 1582,
1540, 1510, 1490, 1459, 1440, 1416, 1382, 1358, 1339, 1290, 1264,
1238, 1208, 1176, 1134, 1069, 1031, 1011.
3,7-Bis(7-(4-(dimethylamino)phenyl)-1-(2-ethylhexyl)-2-phenyl-

indolizin-3-yl)-5,5-diisopropyldibenzo[b,e]silin-10(5H)-one (12). To
a pressure flask in a glovebox with a nitrogen atmosphere were added
3,7-dichloro-5,5-diisopropyldibenzo[b,e]silin-10(5H)-one (3, 104 mg,
0.287 mmol), 4-(1-(2-ethylhexyl)-2-phenylindolizin-7-yl)-N,N-dime-
thylaniline (synthesized as previously described,18 305 mg, 0.718
mmol), Pd(OAc)2 (6.4 mg, 0.0287 mmol), PCy3HBF4 (21.1 mg,
0.0574 mmol), and Cs2CO3 (0.561 g, 1.722 mmol). The pressure
flask was then sealed with a septum and removed from the glovebox.
Anhydrous toluene (2.3 mL) was then added, and the pressure flask
was degassed with N2 for 20 min before sealing the pressure flask and
heating the reaction to 130 °C using an oil bath. After 30 h, the
reaction was cooled to room temperature and passed through a pad of
silica gel using 100% DCM to yield the crude product. The crude
product was then purified via silica gel chromatography using 15%
EtOAc/hexanes to yield the pure product as a dark-red solid (219 mg,
0.192 mmol, 67% yield). 1H NMR (400 MHz, CD2Cl2, Figure S50) δ
8.43 (d, J = 8.4 Hz, 2H), 8.29 (d, J = 7.4 Hz, 2H), 7.75 (dd, J = 1.5,
8.4 Hz, 2H), 7.60−7.58 (ms, 6H), 7.35 (d, J = 1.3 Hz, 2H), 7.31−
7.21 (ms, 10H), 6.84−6.82 (ms, 6H), 3.01 (s, 12H), 2.80−2.69 (m,
4H), 1.42−1.37 (m, 2H), 1.27−1.13 (ms, 16H), 0.96−0.89 (m, 2H),
0.80 (t, J = 6.5 Hz, 6H), 0.72 (t, J = 7.3 Hz, 6H), 0.64 (d, J = 7.2 Hz,
12H). 13C{1H} NMR (101 MHz, CD2Cl2, Figure S51) δ 187.1, 140.3,
137.0, 136.5, 136.2, 136.0, 134.9, 134.8, 132.7, 131.2, 130.8, 130.3,
130.1, 130.0, 128.6, 127.5, 126.9, 126.8, 122.6, 113.1, 112.9, 110.5,
41.3, 40.7, 33.1, 29.2, 28.6, 26.2, 23.4, 17.9, 14.3, 12.0, 11.0. HRMS
m/z calculated for C79H90N4OSi [M]+ 1138.6884, found 1138.6846.
IR (cm−1) 3053, 2952, 2922, 2857, 2801, 1636, 1608, 1583, 1530,
1483, 1462, 1444, 1420, 1375, 1354, 1290, 1236, 1199, 1160, 1146,
1102, 1066, 1026, 1000.
5,5-Bis(2-ethylhexyl)-3,7-bis(1-methyl-2-phenylindolizin-3-yl)-

dibenzo[b,e]silin-10(5H)-one (13). The compound was made as
previously described.32

3,7-Bis(7-(4-(dimethylamino)phenyl)-1-(2-ethylhexyl)-2-phenyl-
indolizin-3-yl)-5,5-bis(2-ethylhexyl)dibenzo[b,e]silin-10(5H)-one
(14). The compound was made as previously described.32

3,7-Bis(1-methyl-2-phenylindolizin-3-yl)-5,5-bis(3,3,4,4,5,5,6,6,6-
nonafluorohexyl)dibenzo[b,e]silin-10(5H)-one (15). To a pressure
flask in a glovebox were added 3,7-dichloro-5,5-bis(3,3,4,4,5,5,6,6,6-
nonafluorohexyl)dibenzo[b,e]silin-10(5H)-one (6, 403 mg, 0.519
mmol), 1-methyl-2-phenylindolizine (synthesized as previously
described,37 269 mg, 1.30 mmol), Pd(OAc)2 (11.7 mg, 0.0519
mmol), PCy3HBF4 (38.2 mg, 0.104 mmol), and Cs2CO3 (1.02 g, 3.11
mmol). The pressure flask was then sealed with a septum and
removed from the glovebox. Anhydrous toluene (4.2 mL) was then
added, and the pressure flask was degassed with N2 for 20 min before
sealing the pressure flask and heating the reaction to 125 °C using an
oil bath. After 21 h, the reaction was cooled to room temperature and
passed through a short pad of silica using DCM to yield the crude
product. The crude product was then purified via silica gel
chromatography using 40% DCM/hexanes to yield the pure product
as an orange solid (343 mg, 0.308 mmol, 59% yield). 1H NMR (400
MHz, CDCl3, Figure S52) δ 8.52 (d, J = 8.4 Hz, 2H), 8.19 (d, J = 7.2
Hz, 2H), 7.75 (d, J = 8.4 Hz, 2H), 7.45 (d, J = 9.0 Hz, 2H), 7.35 (s,
2H), 7.32−7.24 (ms, 6H), 7.21 (d, J = 6.8 Hz, 4H), 6.78 (t, J = 7.7
Hz, 2H), 6.51 (t, J = 6.8 Hz, 2H), 2.36 (s, 6H), 1.67 (m, 4H), 0.90
(m, 4H). 13C{1H} NMR (101 MHz, CDCl3, Figure S53) δ 185.6,
139.5, 135.9, 135.3, 134.5, 133.3, 131.9, 131.7, 130.9, 130.7, 129.9,
128.4, 127.0, 122.1, 121.8, 121.4, 120.7, 120.4, 120.1, 119.2, 118.9,
118.6, 117.9, 117.6, 116.4, 116.0, 115.7, 115.4, 111.5, 111.0, 110.9,
110.6, 110.3, 110.3, 108.8, 25.5, 25.2, 25.0, 9.3, 3.0. 19F NMR (400
MHz, CDCl3, Figure S54) δ −81.03 (t, J = 9.9 Hz), −115.79 (p, J =

15.2 Hz), −123.88 (s), −126.06 (t, J = 14.2 Hz). HRMS m/z
calculated for C55H38F18N2OSi [M]+ 1112.2466, found 1112.2472. IR
(cm−1) 3064, 3032, 2921, 2864, 1957, 1889, 1758, 1641, 1584, 1538,
1488, 1445, 1427, 1404, 1379, 1348, 1321, 1290, 1267, 1211, 1161,
1130, 1066, 1037, 1008.

(Z)-3-(5,5-Dimethyl-7-(1-methyl-2-phenylindolizin-3-yl)-10-(o-
tolyl)dibenzo[b,e]silin-3(5H)-ylidene)-1-methyl-2-phenyl-3H-indoli-
zin-4-ium Perchlorate (2Ph-Me). To a flame-dried round-bottom
flask under N2 was added anhydrous THF (2.0 mL) followed by 5,5-
dimethyl-3,7-bis(1-methyl-2-phenylindolizin-3-yl)dibenzo[b,e]silin-
10(5H)-one (7, 50 mg, 0.077 mmol). o-Tolylmagnesium bromide
(0.19 mL, 0.39 mmol) was then added dropwise to the reaction at
room temperature, and the reaction was observed to change colors
from orange to dark red almost immediately. After 15 min, the THF
was removed under N2 flow followed by vacuum-drying for half an
hour. DCM and a couple of drops of water were then added to
quench the reaction, which was transferred to a separatory funnel and
extracted over 2.0 M HClO4(aq). The solution was observed to rapidly
change color from red to dark black. The DCM layer was removed
and re-extracted over 2.0 M HClO4(aq). The DCM layer was then
passed over a dense plug of glass wool to remove the bulk droplets of
the aqueous solution before being concentrated down to ∼2 mL. The
DCM solution was then transferred to centrifuge vials and topped off
with Et2O to precipitate the dye and centrifuged. The supernatant was
removed, and the solids were redissolved in minimal DCM,
precipitated with Et2O, and centrifuged again. This process was
repeated three times. The solids were then dissolved in DCM and
subjected to a cyanosilica column using 50% DCM/hexanes and
slowing ramping up to 100% DCM to elute the pure product as a
black-colored solution. The black solution was concentrated via rotary
evaporation to yield the pure dye as a dark-black solid (21 mg, 0.0240
mmol, 31%). 1H NMR (300 MHz, CD2Cl2, Figure S55) δ 8.63 (d, J =
7.1 Hz, 2H), 7.59 (d, J = 8.7 Hz, 2H), 7.53−7.37 (ms, 11H), 7.29−
7.24 (ms, 8H), 7.20−7.14 (ms, 3H) 6.93 (td, J = 0.7, 7.9, 2H), 2.25
(s, 6H), 2.10 (s, 3H), −0.05 (s, 3H), −0.09 (s, 3H). 13C{1H} NMR
(101 MHz, CD2Cl2, Figure S56) δ 166.7, 145.0, 140.1, 139.8, 138.6,
137.1, 136.9, 136.7, 136.5, 136.3, 134.8, 130.9, 130.6, 129.7, 129.5,
129.3, 128.4, 127.2, 126.6, 126.4, 126.2, 125.9, 119.3, 118.1, 115.7,
19.9, 9.5, −1.7, −2.0. HRMS m/z calculated for C52H43N2Si [M −
ClO4

−]+ 723.3191, found 723.3168. IR (cm−1) 3056, 2952, 2920,
2859, 1620, 1562, 1522, 1490, 1474, 1445, 1435, 1383, 1318, 1297,
1282, 1207, 1150, 1123, 1090, 1061, 1034, 1009.

(Z)-3-(5,5-Dimethyl-7-(1-phenyl-3H-4λ4-indolizin-3-ylidene)-10-
(o-tolyl)-5,7-dihydrodibenzo[b,e]silin-3-yl)-1-phenylindolizine Per-
chlorate (1Ph-Me). To a flame-dried round-bottom flask under N2
was added anhydrous THF (2.0 mL) followed by 5,5-dimethyl-3,7-
bis(1-phenylindolizin-3-yl)dibenzo[b,e]silin-10(5H)-one (8, 50 mg,
0.0805 mmol). o-Tolylmagnesium bromide (0.40 mL, 0.81 mmol)
was then added dropwise to the reaction at room temperature, and
the reaction was observed to change colors from orange to dark red
almost immediately. After 15 min, the THF was removed under N2
flow followed by vacuum-drying for half an hour. DCM and a couple
of drops of water were then added to quench the reaction, which was
transferred to a separatory funnel and extracted over 2.0 M HClO4(aq).
The solution was observed to rapidly change color from red to dark
green. The DCM layer was removed and re-extracted over 2.0 M
HClO4(aq). The DCM layer was then passed over a dense plug of glass
wool to remove the bulk droplets of the aqueous solution before being
concentrated down to ∼2 mL. The DCM solution was then
transferred to centrifuge vials and topped off with Et2O to precipitate
the dye and centrifuged. The supernatant was removed, and the solids
were redissolved in DCM, precipitated with Et2O, and centrifuged
again. This process was repeated three times to yield the pure dye as a
dark-magenta-colored solid (29 mg, 0.0362 mmol, 45%). 1H NMR
(400 MHz, CD2Cl2, Figure S57) δ 8.84 (d, J = 6.5 Hz, 2H), 8.19 (s,
2H), 7.96 (d, J = 8.8 Hz, 2H), 7.72−7.66 (ms, 6H), 7.61 (s, 2H),
7.56−7.35 (ms, 13H), 7.25 (d, J = 7.4 Hz, 1H), 7.13 (t, J = 6.7 Hz,
2H), 2.17 (s, 3H), 0.77 (s, 3H), 0.75 (s, 3H). 13C{1H} NMR (101
MHz, CD2Cl2, Figure S58) δ 167.6, 146.9, 140.4, 140.1, 138.7, 137.4,
137.3, 136.6, 133.8, 133.4, 131.0, 129.8, 129.7, 129.6, 128.5, 128.2,
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128.1, 127.9, 127.7, 126.3, 125.9, 124.7, 121.2, 120.4, 116.7, 19.9,
−0.9, −1.1. HRMS m/z calculated for C50H39N2Si [M − ClO4

−]+
695.2878, found 695.2869. IR (cm−1) 3057, 2958, 2922, 2851, 2641,
2573, 1616, 1563, 1471, 1448, 1433, 1402, 1374, 1339, 1306, 1286,
1244, 1201,1160, 1080, 1027.
(Z)-3-(5,5-Diisopropyl-7-(1-methyl-2-phenylindolizin-3-yl)-10-(o-

tolyl)dibenzo[b,e]silin-3(5H)-ylidene)-1-methyl-2-phenyl-3H-indoli-
zin-4-ium Perchlorate (2Ph-iPr). To a flame-dried round-bottom
flask under N2 was added anhydrous THF (5.0 mL) followed by 5,5-
diisopropyl-3,7-bis(1-methyl-2-phenylindolizin-3-yl)dibenzo[b,e]silin-
10(5H)-one (10, 150 mg, 0.213 mmol). o-Tolylmagnesium bromide
(0.53 mL, 1.06 mmol) was then added dropwise to the reaction at
room temperature, and the reaction was observed to change color
from orange to dark red over approximately an hour. After an hour,
the THF was removed on a rotary evaporator followed by vacuum-
drying for half an hour. DCM and a couple of drops of water were
then added to quench the reaction, which was transferred to a
separatory funnel and extracted over 2.0 M HClO4(aq). The solution
was observed to rapidly change color from red to dark black. The
DCM layer was removed and re-extracted over 2.0 M HClO4(aq). The
DCM layer was then passed over a dense plug of glass wool to remove
the bulk droplets of the aqueous solution before being concentrated
down to ∼2 mL. Excess Et2O was then added to precipitate the dye,
which was centrifuged, and the supernatant was removed. The crude
material was then dissolved in DCM and subjected to silica gel
chromatography using 100% DCM and gradually increasing to 20%
MeCN/DCM to elute the pure dye as a gray color that when
concentrated yielded a sparkly dark-black solid. (76 mg, 0.086 mmol,
41%) 1H NMR (400 MHz, CD2Cl2, Figure S59) δ 8.64 (d, J = 7.0 Hz,
2H), 7.59 (d, J = 8.8 Hz, 2H), 7.51−7.38 (ms, 9H) 7.32 (s, 2H),
7.28−7.24 (ms, 8H), 7.16 (d, J = 7.4 Hz, 1H), 6.93 (t, J = 6.8 Hz,
2H), 2.22 (s, 6H), 2.07 (s, 3H), 0.66−0.60 (ms, 14H). 13C{1H} NMR
(101 MHz, CD2Cl2, Figure S60) δ 167.2, 142.5, 140.0, 139.8, 138.8,
138.0, 136.9, 136.7, 136.6, 135.9, 134.8, 130.8, 130.4, 129.7, 129.5,
129.4, 128.2, 127.2, 126.6, 126.4, 126.1, 125.9, 119.2, 118.2, 115.6,
19.8, 17.6, 17.4, 13.2, 12.5, 9.4. HRMS m/z calculated for C56H51N2Si
[M − ClO4

−]+ 779.3817, found 779.3823. IR (cm−1) 3057, 2943,
2922, 2888, 2862, 1619, 1584, 1561, 1521, 1491, 1472, 1444, 1433,
1382, 1344, 1318, 1280, 1203, 1149, 1119, 1090, 1058, 1031.
(Z)-3-(5,5-Diisopropyl-7-(1-phenyl-3H-4λ4-indolizin-3-ylidene)-

10-(o-tolyl)-5,7-dihydrodibenzo[b,e]silin-3-yl)-1-phenylindolizine
Perchlorate (1Ph-iPr). To a flame-dried round-bottom flask under N2
was added anhydrous THF (2.0 mL) followed by 5,5-diisopropyl-3,7-
bis(1-phenylindolizin-3-yl)dibenzo[b,e]silin-10(5H)-one (11, 50 mg,
0.074 mmol). o-Tolylmagnesium bromide (0.19 mL, 0.37 mmol) was
then added dropwise to the reaction at room temperature, and the
reaction was observed to change color from orange to dark red over
approximately half an hour. At this point, the THF was removed on a
rotary evaporator followed by vacuum-drying for half an hour. DCM
and a couple of drops of water were then added to quench the
reaction, which was transferred to a separatory funnel and extracted
over 2.0 M HClO4(aq). The solution was observed to rapidly change
color from red to dark black. The DCM layer was removed and re-
extracted over 2.0 M HClO4(aq). The DCM layer was then passed over
a dense plug of glass wool to remove the bulk droplets of the aqueous
solution before being concentrated down to ∼2 mL. The crude
material was then subjected to silica gel chromatography using 100%
DCM and gradually increasing to 20% MeCN/DCM to elute the dye
as a greenish-black color that was concentrated to a dark-black solid.
The solid was sonicated with Et2O and centrifuged, and the Et2O
layer was removed 3× to yield the pure dye as a dark-black solid (32
mg, 0.038 mmol, 52%). 1H NMR (300 MHz, CD2Cl2, Figure S61) δ
8.83 (d, J = 7.0 Hz, 2H), 8.17 (d, J = 1.9 Hz, 2H), 7.96 (d, J = 8.9 Hz,
2H), 7.74 (dd, J = 1.8, 9.1 Hz, 2H), 7.66 (d, J = 7.4 Hz, 4H), 7.57−
7.36 (ms, 15H), 7.24 (d, J = 7.5 Hz, 1H), 7.12 (td, J = 0.6, 6.9 Hz,
2H), 2.13 (s, 3H), 1.73 (sept, J = 7.6 Hz, 2H), 1.25 (d, J = 7.4 Hz,
6H), 1.19 (d, J = 7.4 Hz, 6H). 13C{1H} NMR (75 MHz, CD2Cl2,
Figure S62) δ 144.3, 140.9, 140.1, 138.8, 138.5, 137.0, 136.5, 133.8,
133.4, 131.0, 129.8, 129.7, 129.6, 128.4, 128.2, 128.1, 127.7, 127.7,
126.3, 125.9, 124.7, 121.1, 120.4, 116.6, 19.9, 18.2, 18.0, 14.1, 13.5.

HRMS m/z calculated for C54H47N2Si [M − ClO4
−]+ 751.3504,

found 751.3485. IR (cm−1) 3099, 3058, 2946, 2923, 2890, 2862,
1616, 1562, 1469, 1449, 1403, 1374, 1337, 1306, 1286, 1269, 1243,
1199, 1189, 1159, 1071, 1028.

(Z)-7-(4-(Dimethylamino)phenyl)-3-(7-(7-(4-(dimethylamino)-
phenyl)-1-(2-ethylhexyl)-2-phenylindolizin-3-yl)-5,5-diisopropyl-
10-(o-tolyl)dibenzo[b,e]silin-3(5H)-ylidene)-1-(2-ethylhexyl)-2-phe-
nyl-3H-indolizin-4-ium Perchlorate (7DMA-iPr). To a flame-dried
round-bottom flask under N2 were added anhydrous THF (1.1 mL)
and 3,7-bis(7-(4-(dimethylamino)phenyl)-1-(2-ethylhexyl)-2-phenyl-
indolizin-3-yl)-5,5-diisopropyldibenzo[b,e]silin-10(5H)-one (12, 50
mg, 0.044 mmol). o-Tolylmagnesium bromide (0.11 mL, 0.22
mmol) was then added dropwise to the reaction at room temperature,
and the reaction was observed to change color from red to a brown-
red over approximately an hour. After an hour, the THF was removed
on a rotary evaporator followed by vacuum-drying for half an hour.
DCM and a couple of drops of water were then added to quench the
reaction, which was transferred to a separatory funnel and extracted
over 2.0 M HClO4(aq). The solution was observed to rapidly change
color from light brown-red to dark brown. The DCM layer was
removed and re-extracted over 2.0 M HClO4(aq). The DCM layer was
then passed over a dense plug of glass wool to remove the bulk
droplets of the aqueous solution before being concentrated down to
∼2 mL. The DCM solution was then stirred over anhydrous Na2CO3
for several hours until the absorption was observed to shift from
∼1150 to ∼1340 nm, indicating deprotonation of the DMA groups.
The Na2CO3 was then filtered off, and the DCM layer was
concentrated. The crude material was then dissolved in DCM and
subjected to silica gel chromatography using 100% DCM and
gradually increasing to 20% MeCN/DCM to elute the pure dye as a
brown-colored solution that when concentrated yielded a sparkly
dark-brown solid. (22 mg, 0.016 mmol, 37%) 1H NMR (300 MHz,
(CD3)2CO, Figure S63) δ 8.63 (s, 2H), 7.98 (s, 1H), 7.81 (d, J = 8.5
Hz, 6H), 7.54−7.45 (ms, 10H), 7.41−7.36 (ms, 10H), 7.20 (d, J = 7.4
Hz, 1H), 7.10 (s, 1H), 6.89 (d, J = 8.2 Hz, 4H), 3.08 (s, 12H), 2.78
(s, 3H), 1.45 (m, 2H), 1.26−1.17 (ms, 10H), 1.11 (ms, 10H), 0.78 (t,
J = 6.3 Hz, 6H), 0.71−0.68 (ms, 20H). 13C{1H} NMR was not
obtained due to insufficient signal and resolution of the dye. HRMS
m/z calculated for C86H97N4Si [M−ClO4

−]+ 1213.7478, found
1213.7528. IR (dispersed in DCM, cm−1) 3380, 3176, 3058, 2954,
2925, 2859, 2803, 2748, 2646, 2547, 1628, 1577, 1561, 1528, 1476,
1436, 1402, 1348, 1329, 1296, 1264, 1223, 1197, 1117, 1080, 1017.

(Z)-3-(5,5-Bis(2-ethylhexyl)-7-(1-methyl-2-phenylindolizin-3-yl)-
10-(o-tolyl)dibenzo[b,e]silin-3(5H)-ylidene)-1-methyl-2-phenyl-3H-
indolizin-4-ium Perchlorate (2Ph-EtHx). To a flame-dried round-
bottom flask under N2 was added anhydrous THF (5.0 mL) followed
by 5,5-bis(2-ethylhexyl)-3,7-bis(1-methyl-2-phenylindolizin-3-yl)-
dibenzo[b,e]silin-10(5H)-one (13, 150 mg, 0.213 mmol). o-
Tolylmagnesium bromide (0.53 mL, 1.06 mmol) was then added
dropwise to the reaction at room temperature, and the reaction was
observed to change color from orange to dark red over approximately
an hour. After an hour, the THF was removed on a rotary evaporator
followed by vacuum-drying for half an hour. DCM and a couple of
drops of water were then added to quench the reaction, which was
transferred to a separatory funnel and extracted over 2.0 M HClO4(aq).
The solution was observed to rapidly change color from red to dark
black. The DCM layer was removed and re-extracted over 2.0 M
HClO4(aq). The DCM layer was then passed over a dense plug of glass
wool to remove the bulk droplets of the aqueous solution before being
concentrated down to ∼2 mL. To the DCM solution was then added
approximately 200 mL of Et2O, which caused the dye to precipitate as
a black solid. The solution was allowed to sit overnight, and the next
day, the solids were filtered off, redissolved in DCM, precipitated once
more with Et2O, filtered, and concentrated to yield a shiny dark-black
solid. (99 mg, 0.181 mmol, 85%) 1H NMR (400 MHz, CD2Cl2,
Figure S64) δ 8.64 (m, 2H), 7.61 (d, J = 8.7 Hz, 2H), 7.50−7.26 (ms,
13H), 7.21−7.16 (ms, 6H), 7.12 (m, 2H), 7.08 (d, J = 7.4, 1H), 6.94
(m, 2H), 2.22 (s, 6H), 2.05 (s, 3H), 1.15−0.83 (ms, 18H), 0.76−0.48
(ms, 16H). 13C{1H} NMR (101 MHz, CD2Cl2, Figure S65) δ 159.2,
140.1, 139.9, 139.8, 139.6, 136.7, 136.1, 136.0, 136.0, 135.9, 135.8,
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134.8, 130.8, 129.5, 129.4, 128.4, 127.7, 126.7, 126.6, 126.4, 126.2,
125.8, 119.3, 118.6, 118.5, 118.3, 117.8, 115.7, 115.7, 115.6, 35.6,
35.6, 35.5, 35.4, 29.0, 28.9, 28.8, 28.8, 28.6, 23.3, 23.3, 20.3, 19.8,
14.2, 10.9 10.9, 10.9, 9.4. HRMS m/z calculated for C66H71N2Si [M −
ClO4

−]+ 919.5382, found 919.5338. IR (cm−1) 3055, 2952, 2916,
2852, 1619, 1584, 1561, 1523, 1491, 1473, 1444, 1433, 1381, 1345,
1319, 1281, 1201, 1148, 1119, 1093, 1058, 1029, 1003.
(Z)-7-(4-(Dimethylamino)phenyl)-3-(7-(7-(4-(dimethylamino)-

phenyl)-1-(2-ethylhexyl)-2-phenylindolizin-3-yl)-5,5-bis(2-ethylhex-
yl)-10-(o-tolyl)dibenzo[b,e]silin-3(5H)-ylidene)-1-(2-ethylhexyl)-2-
phenyl-3H-indolizin-4-ium Perchlorate (7DMA-EtHx). To a flame-
dried round-bottom flask under N2 were added anhydrous THF (0.6
mL) and 3,7-bis(7-(4-(dimethylamino)phenyl)-1-(2-ethylhexyl)-2-
phenylindolizin-3-yl)-5,5-bis(2-ethylhexyl)dibenzo[b,e]silin-10(5H)-
one (14, 30 mg, 0.023 mmol). o-Tolylmagnesium bromide (0.06 mL,
0.12 mmol) was then added dropwise to the reaction at room
temperature, and the reaction was observed to change color from red
to brown-red over approximately an hour. After an hour, the THF was
removed on a rotary evaporator followed by vacuum-drying for half an
hour. DCM and a couple of drops of water were then added to
quench the reaction, which was transferred to a separatory funnel and
extracted over 2.0 M HClO4(aq). The solution was observed to rapidly
change color from light brown-red to dark brown. The DCM layer
was removed and re-extracted over 2.0 M HClO4(aq). The DCM layer
was then passed over a dense plug of glass wool to remove the bulk
droplets of the aqueous solution before being concentrated down to
∼2 mL. The DCM solution was then stirred over anhydrous Na2CO3
for several hours until the absorption was observed to shift from
∼1150 to ∼1340 nm, indicating deprotonation of the DMA groups.
The Na2CO3 was then filtered off, and the DCM layer was
concentrated. The crude material was then dissolved in DCM and
subjected to silica gel chromatography using 100% DCM and
gradually increasing to 20% MeCN/DCM to elute the pure dye as a
brown color that when concentrated yielded a sparkly dark-brown
solid. (18 mg, 0.012 mmol, 53%) 1H NMR (300 MHz, (CD3)2CO,
Figure S66) δ 8.84 (d, J = 8.7 Hz, 2H), 7.99 (s, 2H), 7.81 (d, J = 9
Hz, 4H), 7.63 (s, 2H), 7.56−7.49 (ms, 10H), 7.46−7.36 (ms, 7H),
7.26 (s, 1H), 7.11 (d, J = 6.8 Hz, 1H), 7.02 (s, 1H), 6.89 (d, J = 8.7
Hz, 4H), 3.08 (s, 12H), 2.77 (s, 3H), 0.47 (m, 2H), 1.26−1.19 (ms,
12H), 1.11−1.10 (ms, 17H), 1.02 (ms, 13H), 0.78 (t, J = 6.1 Hz,
6H), 0.72−0.69 (ms, 20H). 13C{1H} NMR was not obtained due to
insufficient signal and resolution of the dye. HRMS m/z calculated for
C96H117N4Si [M−ClO4

−]+ 1354.9076, found 1354.9078. IR (dis-
persed in DCM, cm−1) 3376, 3177, 3057, 2954, 2924, 2855, 2806,
2646, 2540, 1629, 1582, 1565, 1529, 1479, 1439, 1404, 1353, 1299,
1266, 1226, 1200, 1184, 1125, 1091, 1043, 1020, 1000.
(Z)-1-Methyl-3-(7-(1-methyl-2-phenylindolizin-3-yl)-5,5-bis-

(3,3,4,4,5,5,6,6,6-nonafluorohexyl)-10-(o-tolyl)dibenzo[b,e]silin-
3(5H)-ylidene)-2-phenyl-3H-indolizin-4-ium Perchlorate (2Ph-
F9Hx). To a flame-dried round-bottom flask under N2 was added
anhydrous THF (3.4 mL) followed by 3,7-bis(1-methyl-2-phenyl-
indolizin-3-yl)-5,5-bis(3,3,4,4,5,5,6,6,6-nonafluorohexyl)dibenzo[b,e]-
silin-10(5H)-one (150 mg, 0.135 mmol). o-Tolylmagnesium bromide
(0.34 mL, 0.674 mmol) was then added dropwise to the reaction at
room temperature, and the reaction was observed to change color
from orange to dark red over about 15 min. Once complete, the THF
was removed on a rotary evaporator followed by vacuum-drying for
half an hour. DCM and a couple of drops of water were then added to
quench the reaction, which was transferred to a separatory funnel and
extracted over 2.0 M HClO4(aq). The solution was observed to rapidly
change color from red to dark black. The DCM layer was removed
and re-extracted over 2.0 M HClO4(aq). The DCM layer was then
passed over a dense plug of glass wool to remove the bulk droplets of
the aqueous solution before being concentrated down to ∼2 mL.
Excess Et2O was then added to precipitate the dye, which was
centrifuged and the supernatant was removed. The crude material was
then dissolved in DCM and subjected to silica gel chromatography
using 100% DCM and gradually increasing to 20% MeCN/DCM to
elute the pure dye as a blue-gray color that when concentrated yielded
a sparkly dark-black solid. (39 mg, 0.030 mmol, 22%), 1H NMR (400

MHz, CD2Cl2, Figure S67), δ 8.68 (d, J = 6.9 Hz, 2H), 7.62 (d, J =
8.6 Hz, 4H), 7.50−7.40 (ms, 10H), 7.34 (t, J = 7.6 Hz, 2H), 7.27−
7.23 (ms, 7H), 7.12 (d, J = 7.2 Hz, 1H), 7.00 (t, J = 6.9 Hz, 2H), 2.23
(s, 6H), 2.06 (s, 3H), 1.69 (m, 4H), 0.69 (m, 4H). 13C{1H} NMR
(101 MHz, CD2Cl2, Figure S68) δ 163.8, 140.7, 139.6, 138.2, 137.2,
136.4, 134.8, 131.0, 130.4, 129.9, 129.7, 129.4, 128.7, 127.7, 127.3,
126.7, 126.4, 120.8, 119.4, 118.6, 118.3, 117.9, 116.7, 116.3, 116.0,
115.7, 111.3, 111.0, 110.6, 109.3, 108.9, 108.6, 25.6, 25.5, 25.4, 25.3,
25.1, 25.0, 19.7, 9.5, 4.1, 3.2. 19F NMR (400 MHz, CDCl3, Figure
S69) δ −81.3 (q, J = 10.4 Hz), −115.8 (s), −124.0 (s), −124.2 (s),
−126.2 (q, J = 8.5 Hz). HRMS m/z calculated for C62H45F18N2Si
[M]+ 1187.3060, found 1187.3003. IR (cm−1) 3061, 2924, 2859,
2745, 1620, 1564, 1524, 1476, 1446, 1436, 1352, 1298, 1283, 1207,
1151, 1124, 1061, 1036, 1009.
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