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of Chemistry FRET pairs involving up to three different Bodipy dyes are utilized to provide information on the assembly/
disassembly of organometallic complexes. Azolium salts tagged with chemically robust and photostable
blue or green or red fluorescent Bodipy, respectively, were synthesized and the azolium salts used to
prepare metal complexes [(NHC_blue)ML], [(NHC_green)ML] and [(NHC_red)ML] (ML = Pd(allyl)Cl,
IrCl(cod), RhCl(cod), AuCl, Au(NTf,), CuBr). The blue and the green Bodipy and the green and the red
Bodipy, respectively, were designed to allow the formation of efficient FRET pairs with minimal cross-
talk. Organometallic dyads formed from two subunits enable the transfer of excitation energy from the
donor dye to the acceptor dye. The blue, green and red emission provide three information channels on
the formation of complexes, which is demonstrated for alkyne or sulfur bridged digold species and for
ion pairing of a red fluorescent cation and a green fluorescent anion. This approach is extended to probe

an assembly of three different subunits. In such a triad, each component is tagged with either a blue,
Received 31st August 2022 d Bodi d th t fer blue — = red the f ti f the triad
Accepted 4th December 2022 a green or a red Bodipy and the energy transfer blue —green red proves the formation of the triad.
The tagging of molecular components with robust fluorophores can be a general strategy in

DOI: 10.1039/d25c04869h (organometallic) chemistry to establish connectivities for binuclear catalyst resting states and binuclear
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Introduction

Linking molecular fragments through chemical bonds to
generate more complex species defines synthetic chemistry.**°
Isolation of newly generated molecules allows their identifica-
tion using established physical techniques, like NMR spec-
troscopy. In a non-covalent setting the species generated are
characterized by significant dynamics and the rapid intercon-
version of numerous species may preclude the isolation of
a single reaction product whose formation is governed by
numerous equilibria involving the individual building
blocks."™** In such cases it may be difficult to establish
connectivities between the different molecular fragments. FRET
is a potential tool to study molecular interactions and dynamic
changes. Primarily in biochemistry, biology and medicine the
use of fluorescent dyes utilizing FRET (fluorescence or Forster
resonance energy transfer) is ubiquitous® and known to provide
information about conformational changes involving proteins
and DNA"™ or intracellular dynamics,” but also in polymer
chemistry'® and supramolecular chemistry.'”**

Organometallic Chemistry, Technical University of Darmstadt, Alarich-Weiss-Str. 12,
64287 Darmstadt, Germany. E-mail: herbert.plenio@tu-darmstadt.de

T Electronic supplementary information (ESI) available: Experimental procedures,
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catalyst decomposition products in homogeneous catalysis.

FRET is a non-radiative process in which an excited donor
dye transfers energy to an acceptor dye in the ground state
through long-range dipole/dipole interactions.*** This
approach relies crucially on suitable fluorescent dyes (FRET
pairs) developed in the last couple of decades, and which are
characterized by proper functional groups to enable bio-
conjugation and compatibility with typical biochemical envi-
ronments and aqueous solutions.*

Organometallic chemistry mostly takes place in a non-
aqueous environment, rendering fluorophores wused in
biochemistry less suitable. Lewis basic heteroatoms are unde-
sirable in organometallic chemistry, since they potentially
coordinate the metal centers. Bodipy based dyes**** are proving
to be very useful in organometallic chemistry.>*** Numerous
applications of this dye for mechanistic studies of chemical
reactions involving single molecules or single particles utilizing
fluorescence microscopy have been reported® - with major
contributions by the Blum group.***°

However, only a few FRET pairs based on Bodipy dyes have
been reported in the literature.*' Diederich et al. reported on
a FRET pair composed of a green and a red Bodipy FRET pair,
which were attached to a resorcin[4]arene cavitand. A Forster
radius of approx. 3.7 nm was determined, which is huge
compared to the size of typical organometallic complexes.*
Conceptual work from Lim and Blum® reports on a palladium
complex incorporating an allylic ligand tagged with a green
fluorophore and a phosphine ligand tagged with an orange

© 2023 The Author(s). Published by the Royal Society of Chemistry
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fluorescent dye in the coordination sphere. Upon green excita-
tion the close vicinity of the two dyes leads to efficient resonance
energy transfer evidenced by an orange fluorescence upon
excitation of the green Bodipy. Plenio et al. utilized the Die-
derich FRET pair in NHC-metal complexes to achieve large
virtual Stokes shifts for CO detection.** The same group showed
for closely related fluorophores, that FRET is also observed
upon dimerization of NHC-gold complexes.*> However, signifi-
cant problems for practical applications remain. The synthesis
of the previously used red Bodipy is cumbersome and further-
more the chemical stability of the Diederich red Bodipy in an
organometallic environment is rather limited and significantly
improved red fluorophores are clearly needed.

We wish to report here on the synthesis of organometallic
complexes utilizing a stable and readily available red fluorophore
with convenient linker groups, and demonstrate organometallic
chemistry applications of a new green-red FRET pair with excel-
lent chemical and photochemical stability as well as a related
blue-green dyad. The newly established dyad is extended by
a blue Bodipy*® to provide a useful triad, in which the blue exci-
tation energy is transferred to the green fluorophore, followed by
transfer to the red fluorophore whose emission is observed when
spatial vicinity between the three dyes is given.

Results and discussion
Synthesis of red and green NHC-metal complexes*’

Red Bodipy-substituted azolium salts were synthesized as out-
lined in Scheme 1. The literature procedure for the cyclization
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of the tosylated pyrrole 1*® to the spiro-Bodipy was modified. In
our hands the original procedure for the Pd/phosphine cata-
lyzed ring-closing reaction generates significant amounts of the
undesired B-isomer instead of the desired a-isomer (Scheme 1),
whose separation is difficult.

Since it is known, that direct arylation reactions do not
necessarily require additional phosphine ligands, ligand-free
approaches for the cyclization were tested and optimized.*>*°
Using Pd(OAc), in DMF in the absence of phosphine provides
the a-isomer as the predominant cyclization product in 70%
yield (B-isomer <1%). The detosylation of spiro-pyrrole was done
by simply stirring the protected pyrrole with Cs,CO; base in
THF/MeOH and gave spiro-pyrrole 3 in 85% yield. The reaction
of spiro-pyrrole 3 with benzaldehydes provides the respective
Bodipy derivatives 4 and 8-HBr following established proce-
dures for related compounds.** The alkylation of the phenolic
hydroxy-imidazolium salt with 4 provides azolium salt 5-HBr
tagged with a red spiro-Bodipy.>* This ether forming reaction
requires very long alkyl chains (here —(CH,),(,Br), since for
shorter linkers, like (-(CH,)¢Br) significant product formation
was not observed. Comparable observations were made before
and the lack of reactivity for the shorter linkers is attributed to
the steric bulk of the two building blocks (spiro-Bodipy and
imidazolium salt).**

It is possible to establish Bodipy-tagged imidazolium salts
with shorter linkers using a different order of the synthetic steps
(Scheme 1). A -C¢H,(CHO) terminated azolium salt 7-HBr was
synthesized and this aldehyde condensed with spiro-pyrrole 3 to
the respective Bodipy-tagged azolium salt.

Scheme 1 Synthesis of red imidazolium salts with short and long alkyl linker. Reagents and conditions: (a) Pd(OAc),, DMF, K,COsz, 100 °C, 20 h;
(b) Cs,CO3, THF/MeOH, rt, 24 h; (c) alkylation with 1,4-(CHO), (O(CH,)10Br)CeH4, followed by addition of TFA, CH,Cl,, 3 h then DDQ, 1 h then
BFs-Et,0, EtzN, 3 h; (d) K,COs, Kl, acetone, reflux, 12 h; (e) TFA, rt, overnight followed by DDQ, 1 h then EtzN, BFs-Et,0O, rt, overnight.
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Scheme 2 Synthesis of red and green NHC-metal complexes. Reagents and conditions: (a)—(e) metal source [(AuCl(Me;S)] or [RhCl(cod)], or
[IrCl{cod)], or [(Pd(ally)Cl], or [CuBr(Me,S)] with K,COs, acetone, reflux, 14 h.

Next it was tested, whether the red azolium salt 8-HBr and
the previously synthesized green 9-HBr** are suitable for the
synthesis of a wide range of NHC-metal complexes (Scheme 2).
Green fluorescent metal complexes with [(NHC)ML] with ML =
AuCl, RhCl(cod), IrCl(cod) and Pd(allyl)Cl and red fluorescent
metal complexes [(NHC)ML] with ML = CuBr, AuCl, RhCl(cod),
IrCl(cod) and Pd(allyl)Cl were obtained using the weak base
approach.®>** The red meso-aryl Bodipy turns out to be highly
stable towards the basic reaction conditions and the same holds
true for the green meso-alkyl Bodipy. In stark contrast, the red
meso-alkyl Bodipy is highly sensitive towards the basic reagents
used in metal complex synthesis and not suitable for the
synthesis of NHC-metal complexes.>*

The fluorescence properties of the respective red and green
metal complexes [(NHC)ML] with ML = AuCl, Pd(allyl)Cl,
RhCl(cod) and IrCl(cod) are identical, since the distance metal-
Bodipy is far too large to exert any significant influence on the
fluorophore and for the same reason the properties of the metal
complexes are not influenced by the nature of the fluorophore.
The fluorophores can be considered as remote labels not
affecting the metal to any significant degree. The stability of
a palladium-pyridine complexes tagged with a related spiro-

\H/
T0

Bodipy in an organometallic setting was previously demon-
strated by Goldsmith et al.>

Evaluation of the red-green FRET

To enable the fine tuning of FRET design, a simple green-red
dyad was synthesized, in which the respective fluorophores
are connected by a short linker (Scheme 3).

Initial experiments were done to establish the best parame-
ters for FRET measurements, utilizing the simple dyad 12 and
related compounds with the respective green and red fluo-
rophores 11 and 4. First the most useful excitation wavelength
for the green-red dyad was determined. Ideally, the excitation of
the green donor fluorophore does not lead to excitation of the
red fluorophore (cross-talk).* However, in real systems the
excitation of the green fluorophore inevitably leads to some
excitation of the red fluorophore, since the absorbance of the
red dye in the 500 nm region is small, but different from zero
(Fig. 1). The absorption spectrum of dyad 12 is a nearly perfect
superposition of the individual spectra of the green and the red
Bodipy 11 and 4 suggesting no interaction between the two
fluorophores in the respective ground states.

Next, the two individual fluorophores 4 and 11 were probed
at different excitation wavelengths and the ratio of the

Scheme 3 Synthesis of basic red/green dyad. Reagents and conditions: (a) 1,4-hydroxybenzaldehyde, TFA, CH,Cl,, 3 h followed by DDQ, 1 h

followed by BFs-Et,0, EtzN, 3 h; (b) K,COs, Kl, acetone, reflux, 12 h.
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Fig.1 Absorbance spectra of green Bodipy 11 (Anax = 523 nm) and red
Bodipy 4 (Amax = 635 nm) and dyad 12 in CH,Cl, (c = 5.0 x
10~® mol LY.

respective emission intensities determined. The highest I535/
Is4g value is 37 at 505 nm excitation corresponding to a cross-
talk intensity of approx. 2.7% (Fig. 2).

In dyad 12 (Scheme 3) the excitation energy is transferred
from the green donor fluorophore to the red acceptor fluo-
rophore. Consequently, the excitation of the dyad at 505 nm
leads to insignificant emission at 535 nm, and full emission at
648 nm. This is indicative of virtually complete energy transfer
from the green to the red fluorophore, which is not surprising
with a view to the short distance between the green and the red
fluorophore.

The formation of dinuclear species from two individual
species containing fluorophores for FRET experiments depends
on the concentration of the reactants. Obviously, the position of
the equilibrium as well as the rate for such reactions are more
favorable at higher concentrations. However, due to the small
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Fig.2 Plot of excitation wavelength vs. ratio of emission intensities of
the individual green Bodipy 11 (Aem max = 535 nm) and the individual 4
(Aemmax = 648 nm) in DCE (c = 5.0 x 10~® mol LY.
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Stokes shift the emission wavelength is close to the maxima of
the absorption of the respective fluorophore and at higher
concentration of the fluorophore a significant portion of the
emitted light is reabsorbed. Based on experiments at different
concentrations of fluorophore 4 and 11 (¢ = 1-50 X
10~° mol L") the brightest fluorescence is observed between ¢
= 5-10 x 10°® mol L™'. However, already at ¢ = 5 x
10~® mol L™ " significant self-absorbance occurs and the molar
emission for the green fluorophore is attenuated by ca. 20%
(based on the extrapolated emission at ¢ = 1.0 x 10”°* mol L"),
and by ca. 50% for the red fluorophore (extrapolated from ¢ =
1.0 x 107° mol L™'). When measuring the FRET at higher
concentrations the 648 nm emission intensity at ¢ = 10.0 x
10"® mol L ™" is lower than at c = 5.0 x 10 °mol L " and at ¢ =
50 x 10°® mol L™" the absolute fluorescence intensity is less
than 10% of the emission intensity at ¢ = 5.0 x 10 ® mol L™ .
However, despite significant signal attenuation, fluorescence
can be easily determined due to the excellent brightness of the
Bodipy fluorophore. Based on this, FRET measurements over
a wide concentration range are possible.

FRET studies on green-red NHC-gold complexes

The reaction of [Au(CCPh)(NHC)] with [Au(NTf,)(NHC)] is
known to provide the respective digold-acetylide complex with
a o- and a m-bound NHC-gold complex (Widenhoefer dimer).”
The analogous reaction is reported here using the green and red
fluorescent gold complexes 13 and 14 to provide the dinuclear
complex 16 (Scheme 4).

A solution of the red gold complex 14 in 1,2-dichloroethane
was added to a solution of the green gold complex 13 in the
same solvent in a fluorescence cuvette at ¢ = 7 min. The reaction
mixture was irradiated with 505 nm light and the fluorescence
in the red channel (648 nm) and in the green channel (535 nm)
observed (Fig. 3). The reaction ensues after mixing both reac-
tants and the formation of the dimeric gold complex is evi-
denced by a pronounced decrease in the green 535 nm emission
and a corresponding increase in the red 648 nm emission due to
FRET (Fig. 3). The green emission decreases to 14% of the initial
value.*® In contrast to dyad 12 the resonance energy transfer is
not quantitative, which is hardly surprising, because the
distance between the green and the red fluorophore is much
larger.> Considering the flexibility of the red and green
subunits of the molecules it is likely, that the FRET is isotropic
and orientation factors need not be considered. Because of this
flexibility it is also difficult to obtain precise information on the
average distance between the green and the red fluorophore.
Based on the observed FRET the distance between the red and
the green Bodipy in 16 and 17 is estimated to be at least 25%
shorter than the Forster radius of the green/red FRET pair.*®®
Obviously, the interaction between the two fluorophores is
sufficiently long range to be suitable for the observations of
FRET in molecules of this size. The chemical transformation
appears to be complete within ca. 30 min and after that both
emission signals in the red and in the green channel remain
constant-despite continuous irradiation - thus providing
evidence for the photostability of the respective fluorophores. In

Chem. Sci., 2023, 14, 350-361 | 353
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Fig. 3 Time-dependent evolution of the fluorescence (green fluo-
rescence renormalized to 1.0) for the reaction of [Au(CCPh)(NHC_-

green)] 13 with [Au(NTfy)(NHC_red)] 14 in DCE (c = 50 x
107 mol LY.

order to verify this approach, the complex 16 was also synthe-
sized (Scheme 4), isolated and fully characterized by NMR-
spectroscopy and high-resolution mass spectrometry.

The next experiments involved mixing 1,2-dichloroethane
solutions of [Au(SPh)(NHC_green)] 15 with [Au(NTL)(-
NHC_red)] 14 in the fluorescence cuvette and monitoring the

354 | Chem. Sci,, 2023, 14, 350-361

changes in the red (648 nm) and the green (535 nm) channel
(Fig. 4). As evidenced by the rapid change in the fluorescence
signal this reaction is significantly faster and within a few
minutes an emission plateau in the red and the green channel is
reached. The reaction leads to a sulfur-bridged species with an
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Fig. 4 Time-dependent evolution of the fluorescence (green fluo-
rescence renormalized to 1.0) for the reaction of [Au(NTf,)(NHC_red)]
14 with [Au(SPh)(NHC_green)] 15 (break region of the graph from
0.15 h to 0.16 h followed by different scaling in DCE (c = 5.0 x
10~® mol LY.
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Au-S-Au core.*>* Again, the outcome of the reaction was veri-
fied by synthesizing and characterizing the sulfur-bridged
dimer 17. The fast formation of the sulfur-bridged dimer is
followed by a much slower secondary reaction as evidenced by
correspondingly slow changes (over the course of several hours)
in the red and the green emission (Fig. 4).

The initial reaction results in a rapid increase in the 648 nm
emission and a simultaneous decrease in emission at 535 nm,
which is typical for FRET pair formation. The green fluores-
cence decreases to 9% of the initial value, indicating that the
FRET in the sulfur bridged dimer 17 is more efficient than in the
alkyne-dimer 16. Based on an estimate of the spacing of the
respective red-green pairs, it is likely that the inter-Bodipy
distance will be smaller in the sulfur-bridged 17 than in the
alkyne-bridged 16, which would be in accord with the observed
decrease of the green emission. Following this initial change in
the fluorescence, the emission intensities are reverted during
the slow secondary reaction until after 10 h the green and red
signals remain nearly constant. Considering the excellent pho-
tostability of both fluorescent labels (Fig. 3), photodegradation
of the red label can hardly be the explanation for the slow
change in the emission properties. Instead, the slow response is
attributed to scrambling of the respective fluorescent labels and
finally the reaction mixture contains three different permuta-
tions in a statistical ratio of 1:2:1, i.e. [[NHC_green)Au(SPh)
Au(NHC_green)]", [(NHC_green)Au(SPh)Au(NHC_red)]",
[(NHC_red)Au(SPh)Au(NHC_red)]” - each with a NTf,” coun-
terion. Of those three complexes, only the mixed red/green
species displays a FRET signal and consequently the intensity
of the red fluorescence signal halves during ligand mixing.
Upon 505 nm excitation the green/green complex displays green
emission, while the red/red complex shows negligible red
fluorescence (originating only from cross-talk). The slow
decrease in the concentration of the FRET complex initially
formed, leads to a decrease in the red signal and an increase in
the green signal. Interestingly this ligand scrambling cannot be
observed by NMR spectroscopy because the NHC ligands of the
red and green complexes are identical (except for the remote
fluorescent labels). The observed ligand shuffling does not give
rise to observable changes in the "H-NMR spectrum since the
distance between the two fluorophores is well above 1 nm.

Monitoring ion pairing/ion separation using green-red FRET

Dissociation of close ion pairs in solution leads to spatial
separation of the respective anions and cations. It should be
possible to monitor this process via FRET if appropriate fluo-
rescent labels are used. We have recently studied ion pairing/
dissociation processes based on changes in fluorescence of
the anion,* but this approach only works in a specific setting
because it relies on the quenching effect of the transition metal
(iridium) cation towards the anionic Bodipysulfonate
(bdpSO;~).** Consequently, close ion pairs are characterized by
weak fluorescence and separated ion pairs by strong fluores-
cence. Here we will present a general approach independent of
specific properties of metals, in which both the anion and the
cation are labeled with red and green fluorescent dyes,

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Scheme 5 Synthesis of

[Au(bpdSO3z)(NHC_red)].
conditions: (a) [Ag(bdpSOs)], CH,Cl.

Reagents and

respectively. This should lead to a pronounced FRET signal for
close ion pairs. A salt consisting of a Bodipy-labeled NHC gold
cation and a Bodipysulfonate anion was synthesized in the
reaction of [AuCl(NHC_red)] with the silver salt of Bodipysul-
fonate (Scheme 5).

A solution of complex 18 in toluene displays a strong FRET
signal, indicating the presence of close ion pairs in the weakly
solvating aromatic solvent (excitation spectra red and green
circles, Fig. 5). The close ion pairs can be separated by addition
of a polar solvent, such as DMAc (excitation spectra red and
green triangles, Fig. 5). The increase in the dielectric constant of
the solvent mixture and the weak interaction of DMAc with gold
lead to solvent-separated ion pairs,**® which are characterized
by a weak 648 nm signal (red triangles, Fig. 5) and a strong
535 nm signal upon excitation at 500 nm. Following the addi-
tion of DMAc to the toluene solution (1.4%-vol. DMAc) of 18 the

1.0 _ ,
—e— jon pair
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©
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Fig. 5 Excitation spectra of Bodipy ion pair dyad 18 in toluene (c = 2.0
x 107% mol L™ (green dots = 535 nm emission, red dots = 648 nm
emission, green fluorescence renormalized to 1.0) and of the sepa-
rated dyad in toluene solution (c = 2.0 x 10~® mol L™ (green triangles
= 535 nm emission, red triangles = 648 nm emission) after addition of
concentrated NBuy4Br solution (vertical black line denotes preferred
excitation wavelength 500 nm).
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Fig. 6 Plot of the fluorescence of red/green (acceptor/donor) (fluo-
rescence renormalized to 1.0) for complex 19 vs. volume-% of DMAc in
toluene solution (c = 1.0 x 10~ mol L™ upon 500 nm excitation.

average distance between the fluorophores corresponds to the
Forster radius of the green/red pair. Upon formation of the close
ion pair the intensity of the 648 nm signal increases 21-fold
while the green signal decreases by a factor of 6.6 (Fig. 6). The
close ion pair can be disconnected by addition of a ligand to
gold, such as phenyl acetylene. At ¢ = 1.0 x 10~ ° mol L " of the
salt in toluene approx. 10* equivalents of phenyl acetylene are
needed to fully separate the ion pair. The method presented
here is fairly general and allows the investigation of ion pairing
in numerous different settings. Understanding ion pairing is
highly relevant for catalytic olefin polymerization using cationic
transition metal complexes®*®” or for cationic gold catalyzed
hydration and alkoxylation of alkynes® and the methodology
presented here should be highly useful.

Evaluation of the blue-green dyad

Prior the construction of the triad, we tested, whether it is possible
to synthesize NHC-gold complexes incorporating a blue Bodipy.
This may not be straightforward, since the NH-unit attached
directly to the Bodipy-core is slightly acidic and may react with the
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base needed for the formation of the carbene from the imidazo-
lium salt. Nonetheless, a blue imidazolium salt 19 was synthe-
sized as described in Scheme 1. The synthesis of the NHC-gold
complex was not straightforward and different approaches were
tested (weak base approach, via free carbene, NHC-Ag as NHC
transfer reagent) and only the latter approach turned out to be
successful. The NHC-Ag complex was in situ generated from the
imidazolium salt using Ag,O and used directly used for the
reaction with [AuCl(Me,S)]. The conversion appears to be near
quantitative, but due to the small scale on which the synthesis was
done, the isolated yield of pure material is only 55% (Scheme 6).

To form a triad involving three different components each
molecule requires an individual fluorescent tag and the FRET
conditions need to be fulfilled to enable the efficient blue —
green — red energy transfer. The green/red dyad has already
been established and the next step is to extend the established
dyad by a third dye to a triad. To retain the emission of the triad
in the visible region of the spectrum, the third dye should be on
the short-wave side of the established dyad.®® Meso-amino
substituted Bodipy constitute a synthetically variable and easily
available group of fluorophores,”®”* which display absorption/
emission properties in the 400-450 nm region and which
appear to be suitable for a Bodipy triad. In order to select the
most appropriate dye the absorption and emission spectra of
four different amino-Bodipy B1, B2, B3 and B4 were measured
(Scheme 7). The initial aim of the selection process was to find
a blue Bodipy with a suitable excitation spectrum with minimal
cross-talk concerning the green dye G1, which serves as a simple
model compound for the green complexes synthesized.

The NMR spectra of blue series compounds B1, B2, B3 and
B4 display interesting features. In B1 the six protons attached to
Bodipy display unique (slightly broadened) signals in the 'H-
NMR and nine distinct *C signals for the Bodipy unit plus
three signals for the propyl chain. Based on this observation,
the C-N(propyl) bond appears to have significant double bond
character with inhibited rotation, decreasing the symmetry of
the molecule and leading to two different Bodipy sides. In B2
this partial double bond character appears to be reduced
(probably due to the slightly electron-richer Bodipy unit due to
the two electron-releasing methyl groups) since fewer signals in
the C-NMR are observed, some of which are severely

55% 0

AuCI

Scheme 6 Synthesis [AUCI(NHC_blue)] 20. Reagents and conditions: (a) K,COs, Kl, acetone, reflux, 12 h; (b) HClin dioxane, CH,Cl,, overnight; (c)
meso-Cl-Bodipy, EtzsN, CHzCN/CH,Cl,, 12 h; (d) Ag,O, DCE, T = 60 °C, 60 min then [AuCl(SMe,)], 12 h.
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Scheme 7 List of blue Bodipy dyes tested with green Bodipy G1.

broadened. In B3 and B4 the alkyl groups on both sides of the N-
propyl chain prevent the planarization of the propyl nitrogen
atom and a symmetric NMR spectrum is observed.

The absorption maxima of the blue Bodipy B1, B2, B3 and B4
are 413 nm, 422 nm, 426 nm and 431 nm, respectively (Fig. 7).
The four blue fluorophores possess the same backbone but the
additional alkyl substituents attached to the Bodipy core shift
the absorbance towards the longer wavelengths, while the
extinction of the dyes remains nearly constant. The absorption
spectrum of the green dye displays a 523 nm absorbance and
another (weaker) one at 375 nm, while the 415-435 nm region
between those two maxima is characterized by weak absor-
bance. To characterize the spectral behavior, the ratio of the
absorbances for the four blue dyes relative to the green dye are
shown in Fig. 7. The most favorable ratio of 29 is observed for
B2, meaning that the absorbance of B2 at 422 nm is 29 times
stronger than that of G1 at the same wavelength. From
a chemical point-of-view B2 is also preferred over B1, since the
two methyl groups replace two fairly acidic protons next to the
NBF,N -unit, which renders B1 (and derivatives) base-sensitive.

To further aid the selection of a favorable dye for the blue-
green FRET, the cross-talk intensities of the dyes B1, B2, B3
and B4 are plotted relative the fluorescence intensity of the

B1
—B2
0.6- 24.2@426 nm gz
© 28.9@422 nm G1
o
C
304
S 19.5@413 nm 12.5@431/nm
3
©
0.2
k s
00 \./ ; I\ . h
350 400 450 500 550

wavelength / nm

Fig.7 Absorption spectra of B1, B2, B3, B4 and the green dye G1. The
numbers on top of the peaks denote the ratio of the absorption of B1,
B2, B3 and B4, respectively, relative to the absorbance of G1 at the
given wavelengths (c = 2.0 x 10°% mol L ™).
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Fig. 8 Plot of the ratio of fluorescence intensities (/g/lg1) vs. the
excitation wavelength for B1, B2, B3, B4 and G1. 9.5 @ 422 nm denotes
the best ratio /(B2)//(G1) at 422 nm excitation for the 483 nm fluo-
rescence (c = 2.0 x 10~® mol L™Y).

green at the respective excitation wavelength (Fig. 8). B2 turns
out to be the most favorable FRET-partner for the green dye,
since at 422 nm excitation the emission from the blue dye is 9.5
stronger than the emission from the green dye at the same
excitation wavelength.

Following the selection of the blue Bodipy B2 the gold-ace-
tylide complex 22 representing the respective blue-green dyads
was synthesized (Scheme 8). The identity of the gold-acetylide
subunit was established via NMR-spectroscopy and by high
resolution mass spectrometry (FRET experiments, see below).
The resulting material is a 1:1-mixture of 22 and dbu (1,8-
diazabicyclo[5.4.0Jlundec-7-ene used as the base for alkyne
deprotonation and gold-acetylide formation). This adduct could
not be separated since the material decomposes upon attemp-
ted purification. In the "H-NMR spectrum of 22-dbu the NH-
proton of the blue Bodipy unit cannot be observed and based
on this it is assumed that the dbu closely interacts with the NH-
unit and the respective proton is shared by the nitrogen atom
attached to Bodipy and the nitrogen atom of dbu enhancing
adduct formation. The dbu molecule is also observed in the
mass spectrum of 22-dbu.

Chem. Sci., 2023, 14, 350-361 | 357
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Scheme 8 Synthesis of the blue-green dyad and the blue-green-red triad. Reagents and conditions: (a) [AUCI(NHC_green)], dbu, CH,Cl,; (b) +
[AU(NTf,)(NHC_red)] 14 in 1,2-dichlorethane; (c) [AUCU(NHC_red)], dbu, CH,Cl,.

Excitation of the triad

The three fluorophores in the potential triad 23 enable multiple
fluorescence information channels reporting on the status of
the molecule during the triad forming reaction. The respective
signals either the blue, the green or the red fluorescence from
423 nm excitation of the blue fluorophore or alternatively from
500 nm excitation of the green fluorophore.

A solution of 22-dbu in 1,2-dichloroethane in a fluores-
cence cuvette was converted into the triad 23 by adding
a solution of [Au(NTf,)(NHC_red)] 14 and the fluorescence
changes are monitored. Based on the design of the triad,
irradiation at 423 nm should give rise to the efficient energy
transfer from the blue Bodipy to the green Bodipy and then to
the red Bodipy in a cassette type fashion.** The individual
emission spectra of the blue, the green and the red Bodipy
(Fig. S97), show that 423 nm excitation also leads to significant
direct excitation of the red Bodipy and consequently to red
cross-talk emission, while the excitation of the green Bodipy at
423 nm gives rise to a weak cross-talk fluorescence signal. This
blue-red cross-talk occurs because the red Bodipy displays
a significant absorbance in the 400-450 nm region. The only
visible spectral region in which the red Bodipy displays only
weak absorbance is between 480 - 530 nm but irradiation in
this spectral region leads to some direct excitation of the green
fluorophore, A solution of 22-dbu (¢ = 5.0 x 10"° mol L ') was
treated with one equivalent of [AuCl(NHC_red)] and irradiated
at 423 nm (Fig. 9). This leads to an instantaneous increase of
the red emission,” but it does not produce a significant
change in the green emission. Obviously, the 423 nm light
leads to the excitation of the blue Bodipy and the excitation
energy is then transferred to the green dye via FRET. However,

358 | Chem. Sci, 2023, 14, 350-361

since the green emission experiences only small changes after
addition of the first equivalent of 14, it can be concluded that
FRET to the red Bodipy does not occur to a significant extent.
Consequently, the addition of one equiv. of 14 does not lead to
the formation of the triad. The observed red fluorescence
originates from the direct excitation of the red Bodipy at
423 nm (cross-talk). Additional evidence for this interpretation
comes from the fact that this red fluorescence intensity is

1.04423 nm excitation

g 0.8 535 nm
g —e— 487 nm
80.6 —+— 652 nm
5
8
© 0.4+
S Il

0.2-

0.0

T T T T T 1

0 5 10 15 20 25
time / min

Fig. 9 Plot of the time-dependent fluorescence intensities for the
blue Bodipy (Aem,max = 487 nm), green Bodipy (Aem max = 535 nm) and
red Bodipy (Aem max = 652 NM) at Aexc = 423 nm within the blue-green-
red acetylide triad with addition of n equiv. (n = 1, 2) of 14
[Au(NTf,)(NHC_red)] leading finally to the formation of 23. Initial
concentration of complexes in 1,2-dichloroethane ¢ = 5.0 x
10~% mol L~* (uncorrected data, red fluorescence renormalized to 1.0).

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 10 Plot of the time-dependent fluorescence intensities for the
blue Bodipy (Aem,max = 487 nm), green Bodipy (em,max = 535 nm) and
red Bodipy (Aem,max = 652 NmM) at Aexc = 500 nm within the blue-green-
red acetylide triad with addition of n equiv. (n = 1,2) of 14 [Au(NTf,)(-
NHC_red)] leading finally to the formation of 23. Initial concentration
of complexes is (c = 5.0 x 107% mol L™ in 1,2-dichloroethane (green
fluorescence renormalized to 1.0).

virtually the same as the one produced by a ¢ = 5.0 X
10~° mol L™ solution of 14 in 1,2-dichloroethane.” Conse-
quently, in the cross-talk and self-absorbance corrected data
set, the red emission is almost unchanged (Fig. S281). To
better understand the absence of triad formation after addi-
tion of one equiv. of 14, the reaction of [Au(NTf,)(IPr)] with
a single equivalent of dbu was probed by 'H-NMR spectros-
copy. Upon addition of one equivalent of dbu to a solution of
[Au(NTf,)(IPr)] in CDCI; several "H and *C-NMR signals of the
dbu experience significant shifts. Based on this, it is
concluded that dbu forms a complex with the cationic gold,
which explains why the triad is not formed after addition one
equivalent of complex 14.

Addition of a second equivalent of 14 (resulting in ¢ = 10.0
x 10~ ° mol L™ of the red fluorophore) leads to a pronounced,
but slow change in the fluorescence during the following
minutes both upon 423 nm excitation (Fig. 9) and upon
500 nm excitation (Fig. 10). The slow change in the red fluo-
rescence indicates a chemical reaction with a corresponding
reaction rate. This is in contrast to the immediate change in
fluorescence after addition of the first equivalent of 14. The
addition of the second equivalent of 14 now also leads to a very
pronounced drop in the green fluorescence. Obviously, the
triad is formed and the 423 nm excitation energy is predomi-
nantly (supporting p. 56) transferred from the blue to the
green and finally to the red Bodipy. The formation of the triad
can also be followed, by switching to 500 nm excitation of the
green fluorophore. As shown before, 500 nm light does not
lead to a significant cross-talk with the red fluorophore.
Therefore, the observation of red fluorescence upon 500 nm
excitation is primarily the result of resonance energy transfer

© 2023 The Author(s). Published by the Royal Society of Chemistry
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from the green to the red Bodipy (Fig. 10) providing additional
evidence for triad formation.

Conclusions

FRET pairs of fluorescent dyes are useful for establishing
connectivities in small molecule chemistry. Three types of
Bodipy-based fluorescent dyes for this purpose have been
established for applications in organometallic complexes. The
dyes reported here are conveniently synthesized, are chemically
and photochemically stable, characterized by the absence of
Lewis basic heteroatoms and are equipped with convenient
functional groups for conjugation. Two different FRET pairs
involving NHC-metal complexes based on blue-green and green-
red dyads, respectively, are demonstrated in binuclear Widen-
hoefer type gold complexes, in sulfur bridged digold complexes
and in an organometallic ion pair. A molecule composed of
three different subunits, each tagged with different dyes (blue,
green, red) was synthesized. The excitation of the blue dye
initiates energy transfer blue — green — red proving the
assembly of the three different tagged subunits in a single
molecule as well as a minor blue-red pathway.

Based on highly sensitive fluorescence spectroscopy FRET
pairs are shown to be a powerful tool to establish connectivities.
This will also be useful for the detection of dinuclear interme-
diates or dinuclear decomposition products in homogeneous
catalysis, which likely occur in several very important transition
metal catalyzed reactions: For the copper-catalyzed click reac-
tions Fokin et al.”® demonstrated the intermediate formation of
dinuclear copper complexes. In olefin metathesis Grubbs et al.””
were able to identify a dinuclear ruthenium complex as a cata-
lyst decomposition product and bimolecular decomposition
appears to be a major catalyst decomposition pathway in olefin
metathesis.”®”® In Pd-catalyzed cross coupling reactions di- and
polynuclear precatalysts and intermediates appear to be highly
significant.®® The small amount of catalyst used in such reac-
tions and/or the small amount of binuclear species formed,
renders their direct observation difficult — especially in the
absence of a unique spectroscopic signature of such bimetallic
species. The methodology presented here, should enable the
direct observation of such intermediates via FRET and should
facilitate the determination of the respective kinetics.

This methodology complements the extensive applications
of fluorescent dyes in cell biology, biochemistry and medicine
and opens the doors for a better understanding of dynamic
interactions in solution organometallic chemistry - in
a concentration range less easily available to many other spec-
troscopic techniques.

Data availability

All experimental procedures, characterization data, experi-
mental spectra (UV/vis, fluorescence, mass spectrometry, NMR).
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