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Abstract Text. Ferrocene-BODIPY (Fc-BDP) conjugates in which one or two ferrocene
entities are linked to the B-positions of the BODIPY core by an ethynyl bridge have been
developed. These derivatives were easily and efficiently grafted onto a dual-clickable fullerene
platform using CUAAC reactions, leading to a clickable Fc-BDP-Cego triad and a clickable [Fc]2-
BDP-Ceo tetrad which can be used for further derivatization with complex structures. Due to
the extended n-conjugation and the presence of an intramolecular charge transfer band from Fc
to BDP, all these conjugates display a broad absorption in the visible region, which is
bathochromically shifted when two Fc are appended to the BDP core. Ultrafast multistep
electron transfers leading to charge stabilization were demonstrated in the Fc-BDP-Ceo triad
and [Fc].-BDP-Ceo tetrad by femtosecond transient absorption studies.

Keywords: Fullerenes, Boron dipyrromethenes, Ferrocene, Donor-acceptor systems, CUAAC
reaction, electron transfer

Introduction

Since their discovery, fullerene Cso and its derivatives have led to many promising
applications in the fields of lifel*2% and material sciences.**®78 This scientific interest has
continued to increase in recent years. This can be associated firstly with the unique physical
and chemical properties displayed by fullerene Ceo and its derivatives. In addition, significant
progress has been made over the years in fullerene chemistry. Fullerene derivatives can be
synthesized either by a direct approachl®° or by a post-functionalization route.[** This latter
strategy, using in particular click chemistry, has allowed the synthesis of sophisticated
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structures that are difficult to access using the direct approach.*] Among the large number of
fullerene derivatives described in the literature, the class of Donor-Ceo conjugates has emerged
as one of the most important for applications related to solar energy conversion.[“® This can be
explained by considering the outstanding acceptor properties and low reorganization energy in
electron transfer processes displayed by fullerene Ceo.

Among the different donors, also displaying light-harvesting properties, that have been
linked to Ceo, BODIPYs (4,4’-difluoro-4-bora-3a,4a-diaza-s-indacenes) have recently gained
in importance. These chromophores have remarkable optical and chemical properties, including
strong absorption in the visible region with molar absorbance approaching 10° M*.cm™ and
fluorescence efficiencies close to 100%, with excellent photo-stability.[*?l In addition,
BODIPYSs can be easily derivatized leading to a modulation of their optical and electrochemical
properties.[*21% Their association with Ceo led to photo-induced energy and/or electron transfer
processes in a large number of BODIPY-Cgo conjugates, which have been exploited in various
applications including solar energy conversion (mainly in artificial photosynthetic
systems),[1415:16.17.18,192021,22.23]  triplet-triplet annihilation up-conversion(?4252627.281 ~ gng
photocatalysis.[?° Most of these reported conjugates were prepared by functionalization of Cgo
with BODIPY derivatives in the final step (direct approach). One of the main drawbacks of this
method remains the formation of undesired multi-adduct derivatives due to the multi-functional
nature of fullerene, resulting in the loss of part of the BODIPY precursors, and the formation
of the target assembly in only limited yields (up to 50%). Moreover, this strategy could be
limiting in certain cases, in particular when it comes to combining BODIPY and Ceo with more
complex molecular structures such as inorganic compounds, polymers, dendrimers, peptides
and biological systems.

For these reasons we have recently proposed a different strategy, based on a post-
functionalization pathway using clickable fullerene building blocks that bear two different
reactive centers. These derivatives were easily and efficiently functionalized with different
BODIPY derivatives in yields greater than 85% using click reactions (thiol-maleimide or
CUAAC).B03132 In addition, these BODIPY-Cso conjugates have an available chemical
functionality (free or protected alkyne) for further derivatisation with complex structures (vide
supra). In all BODIPY-Cgo dyads obtained by this method, a rapid photo-induced electron
transfer from BODIPY to Ceo Was clearly demonstrated in conformers, with close proximity of
the D and A moieties, and a short lifetime of the charge separated state. However, competitive
photo-induced energy transfer processes were also observed within these dyads.3!33l

In order to broaden the scope of the BODIPY-Cego conjugates using this strategy, we decided
to attach additional redox entities such as ferrocene (Fc) to the BODIPY core, which should
lead to a modification of the photophysical and photodynamic properties (vide infra) within the
resulting assemblies. Surprisingly, despite the interesting features that could result from the
association of these three entities, examples of Fc-BDP-Cgo conjugates are scarce.[3435361 The
main purpose of such assemblies, according to the authors, was to design efficient light-
harvesting systems that could undergo a cascade multistep electron transfer process, resulting
in the lengthening of the charge separated state lifetimes, as these properties are an important
requirement for solar energy conversion applications. For example, Fukuzumi and co-workers
reported the synthesis of two Fc-BDP-Ceo triads with visible light-absorbing properties that
could be extended to the NIR region for one of the triads.’*%! In both assemblies, a cascade
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PET (photoinduced electron transfer) process took place upon photoexcitation of the BODIPY
leading to charge stabilization, with radical ion-pair lifetimes of 416 ps and 500 ps,
respectively.l* 31 Finally, Nemykin and co-workers reported the synthesis and characterization
of NIR-absorbing Fc(s)-BDP-Ceo conjugates.*®! In this case, an inefficient cascade electron
transfer process was observed upon photoexcitation of the BODIPY of the assemblies.

In this article, we report the synthesis and characterization of a Fc-BODIPY-Cgo triad and a
[Fc]2-BDP-Ceo tetrad from a clickable fullerene core and azido-Fc-BODIPY derivatives. The
fullerene building block, which was recently reported, carries two different reactive centers: an
alkyne moiety on one side and a protected alkyne on the other.[*? For the azido-Fc-BODIPY
conjugates, we chose structures in which one or two Fc entities are linked to the -positions of
the BODIPY core by an ethynyl bridge, which promotes good electronic communication
between the redox centers. This type of assembly has already been reported”-* and displays
interesting features for solar energy conversion applications: 1) wide absorption in the visible
to the NIR region due to the increased n-conjugated system as well as the presence of a charge
transfer band; 2) severely quenched fluorescence emission which could be attributed to photo-
induced electron transfer from the Fc to the excited BODIPY upon irradiation. The occurrence
of this process is key to the electron transfer cascade expected in the Fc-BODIPY-Cego
conjugates presented in this article. These photo-induced electron transfer processes were
investigated in these conjugates by steady-state and time-resolved spectroscopy techniques.

This work
Post-functionalization Approach

Previous work
Direct Approach

Figure 1. Fc-BDP-Cs conjugates previously described in the literature and those presented in this work.
Results and Discussion
Synthesis and Characterization

In order to functionalize the B—positions with Fc units, the starting BDP building block 1
was prepared via a three step one-pot approach (condensation, oxidation, and complexation) by
reacting the commercially available hydroxyethoxybenzaldehyde and 2,4-dimethylpyrrole
derivatives in DCM according to a procedure reported in the literature.l*3! The resulting BDP
starting material 1 was obtained in 40% vyield in small scale reactions (~ 100 mg).
Unfortunately, yields dropped to 20% when we attempted to produce this compound on a larger
scale. Such reactions are known to be particularly low-yielding when using a B-unsubstituted
pyrrole substrate, resulting in the formation of many side-products (confirmed by TLC) during
the condensation reaction with the aldehyde derivative. Optimization of the reaction conditions
by increasing the solvent volume and the reaction time eventually afforded a 40% yield on a
gram scale (Scheme 1). lodination of 1 under mild conditions using 1 equiv. or an excess of N-
iodosuccinimide (NIS) in a mixture of DCM/DMF or DCM, led to the formation of the target
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-mono-iodo BDP 2 or -bis-iodo BDP 3 precursors in 66% and 90% yields respectively
(Scheme 1).[3%-40]

1eqNIS, 4h

DCM/DMF, r.t.

) TFA

1
2) chloranil
| A 3) DIPEA, BF; Et,0
- O .
+ 2 N
H DCM, 4h, r.t.
~

1(40%) 4 eqNIS, 4h

DCM, r.t.

3 (90%)

Scheme 1. Synthesis of the BDP 1 starting material and the B-iodo BDP precursors 2 and 3.

The desired B-mono-ethynyl-Ferrocene BODIPY (Fc-BDP) 4 and B-bis-ethynyl-Ferrocene
BODIPY ([Fc].-BDP) 6 were both obtained efficiently in 80% and 76% yields, by reacting the
precursors 2 and 3 respectively with an excess of ethynylferrocene under Sonogashira cross
coupling reaction conditions (Scheme 2).57-%1 Ferrocene-Bodipy azide derivatives 5 and 7 were
then prepared using a one-pot procedure recently described.l*? Briefly, reaction of Fc-BDP 4
with NBS and PPhz in DCE at 0°C for one hour resulted in the complete consumption of the
starting material 4, accompanied by the formation of a new compound (monitored by TLC),
namely the corresponding bromo-BDP intermediate. Then, the reaction of the latter derivative
with NaNz (25% in H20) and two drops of Aliquat 336 at 80°C afforded the desired azido-Fc-
BDP 5 in 50% vyield after purification by column chromatography (Scheme 2). Following the
same procedure, the target [Fc].-BDP azide conjugate 7 was successfully synthesized and
isolated in 47% vyield.

O/\/OH O/\/N3

1) NBS, PPh, DCE,

Pd(PPhg),, Cul, Base 0°C, 1h, Ar

- = .
4 eq. ethynylFc, THF/Et;N
overnight, 60°C, Ar

2) NaNj3 (25% wiv aq), Fe

B
Aliquat 336, 85°C, overnight @ F F

4 (80%) 5 (50%)

1) NBS, PPh;, DCE,
0°C, 1h, Ar

Pd(PPhj),, Cul, Base
—

8 2) NaNg (25% wiv aq),
4 e‘l‘ ?&VSK:FZUTSZ E'3N Fe Ay Fe  Aiquat 336, 85°C, overnight "€
vernight, , <<b> <d>> @

3 6 (76%)

Scheme 2. Synthetic strategies for the formation of Fc-BDP azide derivatives 5 and 7.

Finally, the azido-Fc-BDP precursors were grafted onto the clickable methanofullerene
platform 8, bearing on one side an alkyne and on the other a protected alkyne, under CUAAC
conditions.[*% 32 Reaction of the azido-Fc-BDP derivative 5 with 8 in the presence of CuBr and
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DIPEA in DCM yielded the target Fc-BDP-Ceo triad 9 in 91% yield after purification by column
chromatography (Scheme 3). Similarly, the reaction between 7 and 8 under the same conditions
afforded the target [Fc]o-BDP-Ceo tetrad 10 in 77% yield (Scheme 3).

CuBr, DIPEA, DCM,
rt., overnight, Ar

CudAC
click chemistry

Cgp platform 8

10 (77%)

Scheme 3. Synthesis of Fc-BDP-Ce triad 9 and tetrad 10.

All new compounds were fully characterized by NMR spectroscopy and by electrospray
mass spectrometry; the recorded data were in accordance with the depicted structures (see
supporting information). Examination of the *H NMR of the Fc-BDP-Cgo triad 9 indicates the
disappearance of the signal of the alkyne moiety while the peak of the TMS group remains
intact as previously observed.?l Furthermore, the typical singlet of the triazole unit appears as
well as signals that correspond to the protons of the BDP and ferrocene moieties (Figure 2).
The same features were observed for the [Fc]>-BDP-Ceo tetrad 10 (Figure S41).
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Figure 2. 'H NMR spectrum recorded (300 MHz, CDCls, 25°C) for top: methanofullerene platform 8;
bottom: Fc-BDP-Ceo triad 9.

Absorption and Emission Spectroscopy

Absorption spectra of Fc-BDP-Ceo triad 9 and [Fc].-BDP-Ceo tetrad 10 recorded in
benzonitrile along with their precursor conjugates (Fc-BDP 5 and [Fc]2-BDP 7) are shown in
Figure 3a. The steady-state photophysical data are summarized in Table 1. The absorption
spectrum of the dyad 5 with single conjugated ferrocene (Figure 3a) exhibits absorption bands
at 534 and 390 nm, typical of the BODIPY-centered n-n* So—S: and Se—S: transitions,
respectively.[*! However, the 534 nm band is broadened as compared to typical BODIPY
absorption due to the overlap of the intramolecular charge transfer (ICT) band from Fc to
BDP.["] In the triad 9, additional absorption features were observed: a strong band at 330 nm
and a small sharp band at 428 nm corresponding to the Ceo platform (Figure 3a, Figure S51).142
The absorption of the Fc moiety gives a negligible contribution due to its low molar absorption
coefficient (61 M cm™ at 322 nm).[]

Compared to Fc-BDP dyad 5, both So— Sz and Sp—S: transition bands of [Fc].-BDP triad 7
are bathochromically shifted (by 46 nm and 15 nm respectively) owing to the more significant
extended m-conjugation when the second ferrocene was introduced to the Fc-BDP core. In line
with this, the [Fc].-BDP-Cep tetrad 10 shows similar red-shifted So—S; transition bands as
compared to that of Fc-BDP-Ceg triad 9 (46 nm, Figure 3a). Moreover, the So—S: bands of
[Fc].-BDP triad 7 and [Fc]>-BDP-Ceo tetrad 10 are comparatively broader than in Fc-BDP 5
and Fc-BDP-Cego triad 9 compounds due to an additional ICT between the second Fc donor and
the BDP acceptor. These results demonstrate the robust electronic interaction between the BDP
and Fc entities, which is accentuated after the BDP core was modified to include the two
ferrocene donor units.

Compared to typical BODIPY fluorophores, similar emission spectra with the same maxima
at 555 nm were observed for the Fc-BDP 5 dyad and its corresponding fullerene triad (Fc-BDP-



Ceo 9), but the corresponding fluorescence quantum yields are very weak (2.2 and 1.4%,
respectively) (Figure 3b). This is attributed to the photoinduced processes taking place in the
excited state of BDP in the presence of the Fc and Ceo moieties. In the case of bis-ferrocene
substituted analogs [Fc].-BDP 7 and [Fc]>-BDP-Cep tetrad 10, emission quenching was so
strong that no emission band was detected.

140 —— Fc-BDP 5 104 Fc-BDP 5
a. —— Fc-BDP-Cg, 9 b. —Fc-BDP-Cy 9
>
120 R ; 2
[Fc],-BDP 7 G sl
[Fc],-BDP-Cg, 10 ]
T 100 - 2 60 £
c
H'U. % 0.6
S 80+ £
o [
S! 60 02) 0.4 H
40 x 024
20
0.0
T T T T T
0, T T : - 550 600 650 700 750 800
300 400 500 600 700 Wavelength (nm)

Wavelength (nm)

Figure 3. Steady-state (a) absorption spectra of Fc-BDP-Cg triad 9 and [Fc].-BDP-Ce tetrad 10
conjugates along with the references Fc-BDP 5 and [Fc].-BDP 7, and (b) emission spectra of Fc-BDP
dyad 5 and the corresponding Ceo triad 9 recorded in benzonitrile (Aexc = 500 nm).

Time-resolved emission

In order to gain more insight into the quenching of the BDP moiety by Fc and Ceo, time-
correlated single photon counting (TCSPC) measurements were performed in benzonitrile. The
fluorescence decays of the Fc-BDP dyad 5 and Fc-BDP-Ceo triad 9 are shown in Figure 4.
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Figure 4. Fluorescence decay of FCc-BDP dyad 5 (Aexc = 495 nm, Aem = 555 nm) and Fc-BDP-Ceg triad 9
(Aexc = 495 nm, Aem = 555 nm) in benzonitrile.
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A fluorescence lifetime of several nanoseconds was measured for a similar BODIPY in
benzonitrile.BY However, the decays of Fc-BDP dyad 5 and Fc-BDP-Ceo triad 9 were
satisfactorily fitted with three exponentials, yielding one very short principal time-constant of
several picoseconds (> 96%) which is below the instrumental response function. This short
component indicates some rapid electron and/or energy transfer events taking place in the
excited state of the BODIPY moiety. Further, the greater contribution of this short component
in the fluorescence decay of Fc-BDP-Ceo triad 9 as compared to that of Fc-BDP dyad 5, which
is in line with the lower fluorescence quantum vyield of the triad 9, indicates additional
deactivation pathways due to the added Cso moiety in the triad. Photoinduced processes will be
further elucidated by femtosecond transient absorption. Table 1 summarizes the time-constants
obtained by TCSPC.

Table 1 Absorption and emission characteristics of Fc-BDP 5 and [Fc]>-BDP 7 conjugates along with
Fc-BDP-Ce triad 9 and [Fc].-BDP-Cqgo tetrad 10 in benzonitrile.

Compound Aabs, NM Aem, NM ®F, % T, ns
(e, Mtcm?) (amplitude, wt.%0)
Fc-BDP 5 [ 390 (17 200), 555 2.2 0.013 (96%),
0.330 (3.04%),
534 (71 700) 3.0 (0.6%)
Fc-BDP-Ceg 9 [ 328 (80 200), 555 1.4 0.009 (99.8%),
534 (67 100 0.184 (0.18%),
( ) 3.0 (0.01%)
[Fcl-BDP 7 405 (26 500), - - -
580 (66 200)
[Fc]o-BDP-Cso 10 328 (108 400), - ~ -
580 (70 100)

Or: Fluorescence quantum yield with 10 % error, Fluorescence lifetimes (contribution in %) with an error of + 40
PS B dexe = 495 NM, dem= 555 nm, quantum yield measurement of the BODIPY moiety with Rhodamine 6G used
as standard (Aexc = 495 nm, ¢ = 95% in ethanol)

Electrochemical and Spectroelectrochemical studies
Electrochemical Studies

The electrochemical investigations on reference ethynylphenyl BODIPY compounds (11
and 12, see supporting information for their synthesis and characterization), Ferrocene-
BODIPY conjugates (4 and 6), methanofullerene platform (8) and Ferrocene-BODIPY-Ceo
assemblies (9 and 10) were conducted by cyclic voltammetry (CV). All experiments were
performed in a standard three-compartment electrochemical cell under argon atmosphere at
room temperature in anhydrous dichloromethane solutions using tetra-n-butylammonium
hexafluorophosphate (TBAPFg) as a supporting electrolyte, and ferrocene (Fc) as an internal
reference. The recorded cyclic voltammograms of all compounds are displayed in Figures 5 and



6. The half-wave potentials (V vs Fc*/Fc) of the reference and target compounds are shown in
Table 2.

Reference molecules 11 and 12 bearing either one or two ethynylphenyl appendages give an
irreversible oxidation process attributed to the formation of the BDP r-radical cation (BDP™),
at nearly identical potentials (+0.77 V vs Fc*/Fc for 11 and 12) in comparison with unsubstituted
BDP (+0.73 V vs Fc*/Fc).[*4 In the cathodic region, a reversible one-electron reduction at -1.46
V vs Fc*/Fc attributed to the formation of the BDP n-radical anion (BDP™") is observed for both
compounds. In addition, the presence of the ethynylphenyl moities resulted in the increase of
the potentials in comparison with the unsubstituted BDP (-1.70 V vs vs Fc*/Fc),* rendering
these reference derivatives more easily reduced.

The Fc-BDP 4 and [Fc].-BDP 6 each exhibit similar behavior in the cathodic region but to
a lesser extent with a reversible one-electron reduction process at -1.60 V and -1.55 V vs Fc*/Fc,
respectively, corresponding to the formation of the BDP* (Figure 5, Table 2). In the anodic
region, both compounds reveal a reversible as well as an irreversible one-electron oxidation
(E'ox = 0.06-0.08 V and E2x = 0.85-0.88 V vs Fc*/Fc) corresponding to the formation of the
ferrocenium cation Fc* and BDP** respectively. The anodically-shifted potential values of the
ferrocenyl entities within the conjugates 4 and 6, in comparison with free ferrocene (Eox= 0.00
V), can be assigned to the electronic communication between the Fc donor(s) and BDP acceptor
as previously reported.[*® The oxidation potentials of the BDP** species formed in compounds
4 and 6 are remarkably shifted to positive potential by 100 mV with respect to the reference
molecules (Figure 5, table 2). Such behavior can be explained by the strong coulombic repulsion
between the generated positive charge on the BDP backbone and the oxidized Fc* species.
These electrochemical findings are in accordance with those reported in the literature for very
similar structures.]

urrent (104

20 -5 -0 -5 00 05 10
E (V) vs Fc'iFc

Figure 5. Cyclic voltammograms of the B-substituted BDP assemblies 4 (purple), 6 (blue), 11 (green)
and 12 (red) in anhydrous and oxygen-free DCM, 0.1M of n-BusNPFs, pseudo-reference electrode: Ag
wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100mV.s™.

The CVs recorded for methanofullerene platform 8 and Ferrocene-BODIPY -Ceo assemblies
9 and 10 are displayed in Figure 6. The Fc-BDP-Cego triad 9 exhibited a reversible one-electron
oxidation at 0.18 V (vs Fc*/Fc) and an irreversible one-electron oxidation at 0.88 V (vs Fc*/Fc)
corresponding to the formation of Fc* and BDP** species, respectively. In the cathodic region,
the CV displays two reversible reductions waves at -1.03 and -1.41 V (vs Fc'/Fc). By
comparison with the reduction potentials of those of the platform 8, these two waves are
undoubtedly attributed to the formation of Ceo*~ and Ceo?~ Species, respectively. The reduction
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of the BDP was not further investigated due to the instability of the methanofullerene moiety
after several reduction processes, known as the retro Bingel-reaction.*?! Regarding the [Fc],-
BDP-Ceotetrad 10, the CV displayed reversible two-electron oxidation of the Fc units into (Fc*)2
in the anodic region, also at 0.14 V (vs Fc*/Fc), whereas the oxidation of the BDP entity into
the BDP* radical cation was not well-defined. In the cathodic region, two reduction waves
appeared at -1.01 and -1.43 V (vs Fc*/Fc). The first wave is attributed to the formation of
fullerene radical anion Ceo*~, while the second quasi-reversible signature could be assigned to
two overlapping reductions corresponding to the dianion Ceo?>~ and BDP*~ species.

Current (3 pA)

T T T
-20 1.5 1.0 0.5 0.0 0.5 1,0
E(V)vs. Fc*iFc

Figure 6. Cyclic voltammograms of the methanofullerene platform 8 (navy blue), Ferrocene-BODIPY -
Ceo assemblies 9 (blue) and 10 (purple) in anhydrous and oxygen-free DCM, 0.1M of n-BusNPFs,
pseudo-reference electrode: Ag wire, working electrode: Pt, auxiliary electrode: Pt, scanning rate: 100
mV.s™.

Table 2. Electrochemical Half-Wave Potentials (V vs Fc*/Fc) of ethynylphenyl BODIPY compounds
11 and 12, Ferrocene-BODIPY conjugates 4 and 6, methanofullerene platform 8 and Ferrocene-
BODIPY-Cg assemblies 9 and 10.

Potential (V vs. Fc*/Fc)
Compound BDPY+ Fco+ Ceo”~ Ceo * BDPY~

11 +0.77 - - - -1.46
12 +0.77 - - - -1.46
4 +0.85 +0.06 - - -1.60
6 +0.88 +0.08 - - -1.55
8 -1.06 -1.44

9 +0.88 +0.18 -1.03 -1.41 -
10 --[a] +0.14 -1.01 -1.43 -1.43

lalwave not well-defined

10



UV-vis-NIR Spectroelectrochemistry

The BDP radical anion signature in the UV-Visible region was obtained by recording the
spectral changes in the [Fc].-BDP triad 7 at varying reduction potentials (-0.7 to -1.2 V) leading
to one-electron reduction of the BDP unit. The differencial spectroelectrochemical (SEC)
spectra (Figure 7) show a sharp band at 550 nm accompanied by a small absorption band at 440
nm corresponding to the absorption of the reduced state while a negative band at 600 nm
corresponds to the depletion of the electronic ground state. Similar spectral changes with
positive absorption bands at 370 and 527 nm accompanied by a negative band at 570 nm were
obtained for the Fc-BDP 5 dyad (see supporting information, Figure S52).

AA

T T T T
400 500 600 700
Wavelength (nm)

Figure 7. Spectroelectrochemical differential spectra relative to the neutral state of one electron reduced
BDP in [Fc].-BDP triad 7 (10 uM) in the presence of 0.1 M TBAPFs in dichloromethane under different
potentials.

Transient Absorption Studies

Femtosecond TA spectra were recorded to investigate the relaxation pathway in the Fc-BDP
conjugates and their corresponding fullerene triad and tetrad in benzonitrile by selectively
exciting the BDP unit (Aexc = 580 nm).

i. [Fc].-BDP triad 7

Femtosecond transient absorption spectra in the UV-Vis-NIR region of [Fc]2-BDP triad 7
were recorded in argon-saturated benzonitrile and are shown in Figure 8. For clarity, the spectra
are presented in four different time windows. The first time window [-0.15 to 0.2 ps] depicts
the appearance of positive bands at ca. 350 and 440 nm in the UV-visible region and a broad
absorption band in the NIR, accompanied by a negative absorption band centered at ca. 600
nm. The positive bands are attributed to the absorption of !BDP* while the negative TA band
corresponds to the ground state depletion of BDP (inverted ground state absorption spectrum is
added in the first time panel for comparison, grey curve in Figure 8 a).1¥1 From 0.2 to 3 ps, the
IBDP* bands in the visible as well as the NIR regions decay in the same time as the appearance
of a new positive TA band at 550 nm, and a broad absorption band centered at about 1100 nm
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in the NIR. These spectral features can be attributed to an electron transfer from Fc to ‘BDP*
to form a charge separated state Fc-*-BDP-. The SEC spectrum provides a good overlap with
the femtosecond TA spectra of the triad (black curve in panel b. of Figure 8). In the 3-50 ps
time window, the TA bands corresponding to the BDP radical anion (440, 550 and 1100 nm)
decay to simultaneously form two new TA bands at 450 and 650 nm. These latter bands can be
attributed to the triplet excited state localized on BDP.* It implies that the Fc-*-BDP- ion pair
recombines to populate the triplet state of the triad 37*. It is worth noting that the charge
separated state Fc*-BDP- (1.68 eV) can populate BDP* (1.55 eV)%] 3Fc* (1.16 eV)[* or
decay to the ground state. In the last time window, the decay of the triplet state restores the
baseline and no transient signature was observed by complementary nanosecond transient
absorption measurements. This rapid decay of the triplet state of the triad 7 as compared to that
of a triplet state localized on a BODIPY s likely due to the presence of the conjugated
ferrocene moiety. This behavior was reported by Liu and coworkers for a similar ferrocene-
BODIPY dyad.l]

—— -0.30=—— -0.26=—— -0.18 o (. 2o (. fmeme 0.6
-0.07—— 0.02 0.13 —— 0.24 ps 1 2 25——3pS 150
. 'BDP* L o.01 1BDP*
0.05 BDP* 0.05 - * -0.01
. Fr\-’;é | =~
0 —
-0 0
< Lo
<
-0.05 —— Ground state abs -0.05 - —— BDP-" SEC
- -0.01 001
01 a. r -0.1 b
T T T T r T T
T T T T T T T r T T
450550 650 750 800 1000 1200 1400 450 550 650 750 800 1000 1200 1400
——50 =100 = 203 400
1522 26— 30——"50ps 1008 1518 250Gm==m= 2700 ps
0.05 — 0.01 0.05 +0.01
0 LA — w- 4
< 07 . 0 —Aﬁé- %——“
g 0 0
-0.05 -0.05
L 0.01 L-0.01
-0.1 - 01
C. 01 d.
— : : . . . .

. . r . : — . .
1000 1200 1400 450 550 650 750 800 1000 1200 1400

Wavelength (nm)

T r
450 550 650 750 800

Figure 8. Femtosecond transient absorption spectra of [Fc].-BDP triad 7 (8 uM) at specified delay
times: a — 0.3 to 0.24 ps; b 0.24 to 3 ps; ¢ 3 to 100 ps and d 100 to 2700 ps in benzonitrile. Aexc = 580
nm. The grey curve in panel (a) shows the inverted ground state absorption of 7 in benzonitrile and the
black curve in panel (b) shows the spectroelectrochemical signature of one-electron reduced BDP unit
in DCM.

Fitting of the TA Kinetic traces (Figure 9) at specific probe wavelengths of 440, 555 and 673
nm corresponding to the overlapping TA signals of ‘BDP*, BDP-, 3BDP* converged with a
multiexponential model, yielding 3 time constants of about 2 ps, 25 ps and 400 ps (Table 3).
The 2 ps component is related to the decay of the excited BDP to undergo charge separation
(Fc*-BDP-), which recombines in about 25 ps to populate the 37*. The latter then decays to the
ground state in about 400 ps. In the NIR region, the probe wavelength of 1150 nm is related to
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the overlapping absorption of !BDP* and BDP-, and the decay at this wavelength could be
satisfactorily fit with two time-constants. The first time-constant of about 2 ps is attributed to
the decay of 'BDP* while the second of 25 ps corresponds to recombination of the charge-
separated state (Fc*-BDP-).

0.05

k@&
0.00

@ 440 nm
555 nm

AA

673 nm

@ 1150 nm
-0.05

T T T T
1 10 100 1000

(ps)
Figure 9. Multi-exponential fit of femtosecond transient absorption (Aexc =580 nm) kinetic traces of the
[Fc]>-BDP triad 7 at specific wavelengths.

Table 3. Time constants obtained by multi-exponential fitting of kinetic traces of [Fc].-BDP triad 7 at
specific wavelengths. *Benzonitrile solvent has strong contributions within 2 ps time windows.

Wavelength IRF* | A; T1(ps) A; T2(ps) As T3 (ps)
(nm) (ps)

440 07 | 003 | 2.0+07 0.01 26+4 0.005 | 420+ 18
(*BDP*, BDP"~ (d) (‘BDP*¥) (d) (BDP") (d) (*BDP¥)
&3BDP*)

555 06 | -0.04 | 2.0+06 | 0.06 25+4 -0.2 380 + 26
(GSB & BDP~) (r) (BDP) (d) (BDP*) (r) (GSB)
673 03 | 001 | 1.0+05 | -0.005 26+2 0.005 | 370+7
(*BDP* & (d) (*BDP*) (r) (3BDP*) (d) (3BDP*)
3BDP*)

1150 nm 03 | 0001 | 2.0+03 | 0.001 25+2

(*BDP* & BDP") (d) (‘BDP¥) (d) (BDP™)

ii. Fc-BDP dyad 5

Similarly, the femtosecond TA spectra and fitting of the kinetic traces for Fc-BDP dyad 5
are presented in Figures S53 and S54 and the fitting parameters are presented in Table S1 (see
supporting information). The overlap of the kinetics of the Fc-BDP dyad 5 and [Fc].-BDP triad
7 at specific wavelengths corresponding to the !BDP* and BDP- radical anion, is presented in
Figure S55 (supporting information). The TA kinetic traces of Fc-BDP dyad 5 exhibit very
similar dynamic features as that of [Fc]>-BDP triad 7. It is worth noting that a very short lifetime
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below the IRF was obtained in the TCSPC decay of Fc-BDP 5 (Figure 4 and Table 1), which
can be related to the short component of about 3 ps obtained by femtosecond TA measurements.

These observations suggest that although the addition of two Fc units to the BDP moiety
leads to a broader absorption of visible light due to extended conjugation and enhances the
electronic coupling between Fc and BDP, it has no significant effect on the charge-separation
and relaxation dynamics. The relaxation pathway of the Fc-BDP dyad 5 and [Fc].-BDP triad 7
is summarized in Figure 10.

1 *
Fe-BDP™ 5 59 ev

A 2 ps

Fc*-BDP™”
2 1.68 eV
|
3[Fc-BDP]*
T 400ps

=580 nm

hexc

Figure 10. Energy level diagram presenting the photoinduced processes in the Fc-BDP dyad 5 and [Fc].-
BDP triad 7 in argon-saturated benzonitrile. Energies: ‘BDP* of 2.29 eV is calculated from the mid-
point of the absorption and emission spectra. The energy level of *[Fc-BDP]* lies between those of
3BDP*!*1 (1.55 eV) and 3Fc*[® (1.16 eV).

iii. [Fc]-BDP-Cgo tetrad 10

Femtosecond transient absorption spectra of [Fc].-BDP-Ceg tetrad 10 recorded in argon-
saturated benzonitrile are shown in Figure 11. Similarly to the corresponding [Fc].-BDP triad
7, the appearance of 'BDP* bands were observed at 350 and 440 nm in the UV-visible region
and broad absorption bands in the NIR, accompanied by a negative absorption band at about
550 nm. Additionally, a positive TA band appears at 1050 nm in the NIR region, which is
associated with the Cgo anion. The formation of the Cgo anion was confirmed by overlapping
the signature obtained by spectroelectrochemical (SEC) measurements (pink curve in panel (a)
of Figure 11).Y This is explained by an ultrafast electron transfer within the IRF from the
Franck-Condon zone of !BDP* to Ceo, forming Fc-BDP-*-Ceo~ in a folded conformer
(Conformer 1) with a short center-to-center distance between BDP and Ceo, Which is in line
with the ultrafast photoinduced electron transfer process observed in a similar BDP-Cso dyad.3

From 0.2 to 3 ps (Figure 11 in panel b), the 'BDP* bands in the visible as well as NIR regions
decay in the same time as the appearance of a new positive TA band at 550 nm attributed to the
BDP- radical anion. This spectral feature can be attributed to an electron transfer step from Fc
to BDP* leading to a Fc-*-BDP~-Cso ion pair in another conformer (Conformer 2) with a shorter
center-to-center distance between Fc and BDP as compared to that of BDP and Ceo. The
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formation of Fc-*-BDP--Ce is consistent with the observations for the corresponding [Fc].-BDP
triad 7 in the same time range (see Figure 8). Furthermore, a rapid electron transfer in the folded
conformer (Conformer 1) from Fc to BDP-* in the Fc-BDP-*-Ceo~ i0n pair can take place in this
time frame, resulting in the formation of a spatially distanced cation and anion radical pair (Fc*-
BDP-Ceso). However, the transient species cannot be detected due to the low absorption of Fc*.

In the third time window from 2 to 100 ps (panel c), the radical ion pair Fc*-BDP--Cego of
Conformer 2 recombines to populate the triplet excited state 3[Fc-BDP]*-Cgo localized on the
BDP-Fc moiety, similarly to the corresponding triad 7 (Figure 8). No signature of 3Cso was
observed at longer delay times and in nanosecond transient absorption measurements,?l
excluding the population of this state after the charge recombination. In addition, the NIR part
of this time window shows the decay of the transient bands corresponding to two processes: (i)
decay of Fc*-BDP--Ceo 0f Conformer 2, consistent with the decay of Fc-*-BDP- in the [Fc]2-
BDP triad 7, (See Figure 8) and (ii) decay of Fc*-BDP-Ceo~ ion pair of Conformer 1. However
the decay of Fc*-BDP-Ceo~ is not complete and continues in the last time panel (d), beyond 100
ps. Finally, the decay of the triplet excited state 3[Fc-BDP]*-Cso in the visible range is also
observed in this last time window as already described for the [Fc].-BDP triad 7.
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Figure 11. Femtosecond transient absorption spectra of [Fc].-BDP-Cg tetrad 10 (8 uM) at specified
delay times: (a) — 0.5 to 0.2 ps; (b) 0.2 to 3 ps; (¢) 3 to 100 ps and (d) 100 to 2700 ps in deaerated
benzonitrile. Aexc = 580 nm. The pink curve in panel (a) represents the SEC signature of Ceo anion in
DCM.
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The fitting of Kinetic traces at different probe wavelengths converged with a three
exponential function yielding the time constants of about 3 ps, 25 ps and 400 ps (Figure 12 and
Table 4). It is worth noting that the fitting did not yield the short component corresponding to
the rise of Ceo occurring within the IRF. The 3 ps time-constant is attributed to the charge
transfer from Fc to BDP* to form Fc-*-BDP--Cgo, (appearance of BDP-at 550 nm), which
further recombines to populate *[Fc-BDP]*-Ceo in about 25 ps (decay of BDP- at 550 and
appearance of 3[Fc-BDP]* at 673 nm). These time constants are in close agreement with those
of isolated Fc-BDP dyad 5 and [Fc].-BDP triad 7. The three-exponential fit of the 1050 nm
kinetic trace also give three similar time-constants, but the longest time-constant of about 420
ps, which was not observed in the case of Fc-BDP 5 and 7 conjugates, is attributed to the decay
of Fc*-BDP-Ceo~ forming in Conformer 1.

0,024
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Figure 12. Multi-exponential fit of femtosecond transient absorption (Aexc =580 nm) Kinetic traces of
the [Fc].-BDP-Ceo tetrad 10 at specific wavelengths.

Table 4. Time constants obtained by multi-exponential fitting of kinetic traces of [Fc].-BDP-Cg tetrad
10 at specific wavelengths. *Benzonitrile solvent has strong contributions within the 2 ps time windows.

Wavelength IRF* | A; T1(ps) A; T2 (ps) As T3 (ps)

(nm) (ps)

440 0.6 | 0.01 2.0£0.6 0.01 287 0.01 353 +60
(*BDP*, 3BDP* (d) (*BDP¥) (d) | (Fc*+BDP~-Cgo) | (d) (3BDP*)
& BDP")

550 0.4 | -0.02 3.0x04 0.03 2712 -0.002 455+ 4
(GSB & BDP-) (r) | (Fc*+BDP™-Ceo) | (d) | (Fc*+BDP--Ceo) (GSB)
673 0.4 | 0.01 3.0£0.5 - 201 0.01 335+9
(*BDP* & (d) (*BDP¥) 0.01 (3BDP*) (d) (3BDP¥)
3BDP*) (r)

1050 0.2 | -0.01 2.01£0.3 0.01 23+2ps 0.001 42015
(BDP & Cgo”) (r) (Fc*+BDP~-Cgo) (d) (Fc*+BDP~-Cqp) (d) (Fc*+BDP-Cgo7)
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iv. [Fc]-BDP-Cego triad 9

The dynamics of Fc-BDP-Ceo triad 9 presented in Figures S56, S57 and S58 (see supporting
information for details) shows the same behavior as that of the tetrad 10. The relaxation
pathways upon photoexcitation of Fc-BDP-Ceo triad 9 and [Fc].-BDP-Ceo tetrad 10 are
summarized schematically in Figure 13. Briefly, the excitation of the BDP unit in both
assemblies at 580 nm leads to competitive rapid electron transfers in two conformers with
varying distances between BODIPY and Ceo due to the flexible linker between the two units.?!
Conformer 1, with a relatively short BDP and Ceo distance, undergoes ultrafast electron transfer
(<1 ps) to form a charge-separated state Fc-BDP-*-Ceo, which further rapidly forms a longer
lived (~400 ps) Fc*-BDP-Ceo ion-pair. It is important to note that the lifetime of the Fc*-BDP-
Ceo is much longer than that of Fc*-BDP- (25 ps) and of BDP-*-Cso~ (40 ps) recently reported.
[331 These findings highlight the effect of the multistep electron transfer mechanism in the
Donor-Photosensitizer-Acceptor system resulting in a distant positioning of counter ions and
thus stabilizing the charge-separated state. On the other hand, in Conformer 2, with a longer
distance between BDP and Ceo, an electron transfer preferably occurs from Fc to BDP giving
rise to Fc*-BDP--Cgo, Which recombines in 25 ps to populate *[Fc-BDP]*-Cso. The latter
decays to the ground state with a time constant of about 400 ps, in a similar way as Fc-BDP 5
and 7 conjugates.

Conformer 1 Conformer 2
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Figure 13. Energy level diagram presenting the photoinduced processes in the Fc-BDP-Ceo triad 9 and
[Fc].-BDP-Cg tetrad 10 in argon-saturated benzonitrile. Conformer 1 connotes a shorter BDP-Cgo
distance that undergoes ultrafast electron transfer from ‘BDP* to Ceo. Conformer 2 with a shorter Fc and
BDP distance compared to that of BDP and Ceo, undergoes rapid electron transfer from Fc to ‘BDP*.
Energies: 'BDP* = 2.29 eV (calculated from the mid-point of the absorption and emission spectra of the
Fc-BDP dyad 5). The energy level of 3[Fc-BDP]* lies between those of SBDP*[°1 (1.55 eV) and Fc*[]
(1.16 eV). On left : Conformer 1 of triad 9 and tetrad 10 obtained by semi-empirical calculations (PM6)
; On right : Conformer 2 of triad 9 and tetrad 10 obtained by semi-empirical calculations (PM6).

Conclusions

In summary, azido ferrocene-BODIPY conjugates in which one or two ferrocene entities are
linked to the B-positions of the BODIPY core through an ethynyl bridge have been reported.
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These derivatives were grafted under CUAAC conditions to a dual clickable fullerene platform
bearing on one side an alkyne and on the other a protected alkyne. This post-functionalization
approach allowed the high yield synthesis of new clickable Fc-BDP-Cgo conjugates which have
a reactive moiety available for further derivatisation. It is worth noting that while these
assemblies could be prepared using classical fullerene chemistry (ie preforming ferrocene-
BODIPY malonates followed by grafting to Ceo) this method would have several drawbacks,
including the formation of undesired poly-adducts with the loss of the complex ferrocene-
BODIPY precursors, and recovery of the targets in low yields.

Photophysical investigations on the Fc-BDP-Ceo triad and [Fc].-BDP-Cep tetrad along with
the corresponding Fc-BDP and [Fc].-BDP conjugates were carried out by using steady-state
and time-resolved absorption and emission spectroscopies. All conjugates display strong
absorption in the visible region, which is bathochromically shifted when two ferrocenes are
appended to the BODIPY core. In addition, the presence of one or two ferrocenes on the
BODIPY broadens the absorption of these assemblies due to the extended conjugation and the
overlapping charge transfer band from ferrocene to BODIPY. Femtosecond transient absorption
studies revealed ultrafast multistep photoinduced electron transfers in the triad and tetrad
leading to the formation of a spatially separated radical ion-pair (Fc**-BDP-Ceso™). The latter
exhibits a lifetime of about 400 ps which is the same order of magnitude as those of Fc-BDP-
Ceo conjugates previously reported.l3*3 |t is also worth noting that the lifetime of Fc™*-BDP-
Ceo™ is much longer than those in the corresponding dyads (BDP-Cso and Fc-BDP). Thus, the
strategy of appending one or two additional donor units on the molecular dyad systems
prolonged the lifetime of the charge-separated state.

Finally, the Fc-BDP-Cgo conjugates developed in this work display the photophysical
features required for solar energy conversion applications. Moreover, the presence of an
available chemical functionality should allow the combination of these assemblies with
complex structures such as inorganic compounds. This could contribute to the design of a new
generation of multi-modular systems for artificial solar energy conversion.

Experimental Section
Materials and Methods

All organic reagents and solvents were purchased from commercial suppliers (Sigma-
Aldrich, TCI, and others) and were used as received. Fullerene Cgo (purity 99.5+%) was
purchased from MTR Ltd. DCM was dried on CaCl; and distilled over CaH prior to use. THF
was distilled over sodium and benzophenone prior to use. Column chromatography was
performed using silica gel 60 (0.040-0.063mm). Thin layer chromatography (TLC) was
performed on aluminium sheets coated with silica gel 60 F2ss. NMR spectra were performed in
CDClzat 25 °C on a Bruker Avance AM300 spectrometer. Chemical shifts were referenced to
this internal solvent (7.26 for *H and 77.16 ppm for *3C). Coupling constants (J values) are
given in hertz (Hz). Splitting patterns are designated as s (singlet), bs (broad signal), d (doublet),
t (triplet), g (quartet), and m (multiplet). High Resolution ESI-Mass spectra were recorded with
a Waters Xevo Q-Tof instrument.
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Methanofullerene platform 8 was prepared according to our previously reported
procedure.®? Parent BDP 1 has already been described in the literature and its synthesis and
characterization is given in the supporting information.[6]

Steady-state absorption and fluorescence spectroscopy. A UV-2600 Shimadzu
spectrophotometer was used to measure the ground state absorption spectra in the UV-visible
range. With the help of Scientific Fluoromax PLUS, emission spectra were measured (Horiba
Jobin-Yvon). The spectra were measured in quartz cells with an optical path of 1 cm, and the
concentrations of the samples used for absorption and emission studies were in the micro-molar
range.

Spectroelectrochemistry. A PalmSens4 potentiostat and an optically transparent thin layer
electrochemical cell (OTTLE) were used to accomplish the spectroelectrochemical
experiments. The cell uses a silver wire as a quasi-reference electrode, a platinum mesh as a
working electrode, and a platinum wire as a counter electrode. Tetrabutylammonium
hexafluorophosphate (TBAPFe, 0.1 M) was used as a supporting electrolyte in
dichloromethane. The spectra were measured in a Varian 5000 Cary spectrophotometer.
Compounds of concentration of 10 puM in dichloromethane was used.

Time-correlated single-photon counting. Time-resolved fluorescence measurements were
performed using the set-up previously described in the literature. #1 The BODIPY moieties in
the Fc-BDP dyad 5 and the Fc-BDP-Ceo triad 9 were excited at 495 nm. Using a Ti:sapphire
laser (Coherent Chameleon Ultra I1, 80 MHZz) coupled to a pulse picker (4 MHz) and a harmonic
generator (SHG/THG, APE), 495 nm femtosecond excitation pulses (<200 fs, FWHM, 4 MHz)
were employed to excite the samples. Fluorescence emission was recorded at 555 nm,
corresponding to the emission of BDP, using a FluoTime 200 spectrometer (4-nm bandpass)
with polarizers at a magic angle. Fluorescence decays were then collected until a maximum of
10000 counts using a PicoHarp 300 TCSPC system (bin time = 4ps). The analyses of emission
decay data were done with a weighted sum of exponential decays convolved by the IRF signal
measured in a light-scattering Ludox colloidal solution, using the FluoFit software (PicoQuant).
The full width at half maximum (FWHM) of IRF at 495 nm is 40 ps, which can be considered
as the time-resolution of the measurements. Solutions with an absorbance below 0.1 (1 cm path-
length) at excitation wavelengths were used. The quality of the fits was assessed by the value
of ¥ (<1.1), the weighted residuals and their autocorrelation function.

Femtosecond transient absorption. A commercial setup (Ultrafast Systems, Helios) was
used to record femtosecond UV-Vis-NIR spectra.[*®l The fundamental 800 nm beam was split
into two beams to generate (a) a pump (hexc = 580 nm) in the optical parametric amplifier and
(b) probe pulses, a white light continuum in the UV-Vis-NIR range (300 to 1400 nm) using
either a CaF plate (330-660 nm) or a sapphire plate (440-780 nm) or a YAG crystal (830-1400
nm). The pump energy was 2 pJ per pulse (beam size of 250 um FWHM). The spectra were
recorded in a 2 mm path length quartz cell under continuous stirring using a Teflon-coated bar.
All measurements were performed in argon saturated solutions at room temperature. All the
samples were scanned bi-directionally to ensure data reproducibility. The transient absorption
data were corrected for the chirp of the white-light continuum using the Surface Xplorer
program, supplied by the Ultrafast systems. The instrument response function (IRF) was around
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200 fs (FWHM) but due to the strong benzonitrile solvent contribution within 2 ps time
windows, a precise assignment of the shortest lifetime close to 1 ps could not be ascertained.

Synthetic Procedures

Synthesis of compound 2. To a 50 mL flask was added compound 1 (100 mg, 0.25 mmol) in
anhydrous DCM (15 mL). A solution of N-iodosuccinimide (64 mg, 0.28 mmol) in 5 mL DMF
was added drop wise at 0°C. The mixture was stirred overnight at room temperature. The
solvent mixture was evaporated. After purification by column chromatography on silica gel
(CHCI3/Et,0 5%), an orange solid was obtained (90 mg, 66%). *H NMR (300 MHz, CDCls): §
1.43 (s, 6H; -CH3), 2.14 (bs, 1H; -OH), 2.55 (s, 3H, -CHa), 2.62 (s, 3H, -CH3), 4.03 (bs, 2H; -
CH»>-OH), 4.15 (t, J = 6.4 Hz, 2H; -CH»>-0-), 6.04 (s, 1H; -CH), 7.04 (d, J = 8.6 Hz, 2H, Harom),
7.16 (d, J = 8.6 Hz, 2H; Harom); *C NMR (75 MHz, CDCls): § *C NMR (75 MHz, CDCls) &
14.9 (-CHa), 15.9 (-CHa), 16.9 (-CHz), 61.5 (-CH2-OH), 69.3 (-CH>-O-), 84.3 (C-I), 115.3
(CepP-arom), 122.3 (-CH), 127.4,129.27 ,131.4, 132.3, 141.5, 143.3, 145.2, 154.5, 157.8, 159.5
(Capp-arom); °F NMR (282 MHz, CDCls): & -145.90 (q, J = 34.4 Hz); 'B NMR (96 MHz,
CDCls): 6 2.21 (t, J = 34.5 Hz); HRMS (ESI+): m/z calcd for C21H22BF2IN2O2Na: 533.0685
[M + Na] *, found: 533.0685.

Synthesis of compound 3. To a 50 mL flask was added compound 1 (70 mg, 0.18 mmol) in
anhydrous DCM (12 mL), then N-iodosuccinimide (165 mg, 0.73 mmol) was added. The
mixture was stirred for 12 hours at room temperature under argon. The DCM was removed
under reduced pressure. After purification by column chromatography on silica gel (DCM/Et.O
95:5), a red solid was obtained (102 mg, 90%). *H NMR (300 MHz, CDCls): § 1.44 (s, 6H; -
CHs3), 2.05 (t, J=6.02 Hz, 1H; -OH), 2.64 (s, 6H; -CH3), 4.02-4.06 (m, 2H; -CH>-0OH), 4.17 (t,
J =6.4 Hz, 2H; -CH-0-), 7.06 (d, J = 8.6 Hz, 2H; Harom), 7.15 (d, J = 8.6 Hz, 2H; Harom); 3C
NMR (75 MHz, CDCls): 6 16.2 (-CH3), 17.3 (-CH3), 61.5 (-CH2-OH), 69.4 (-CH»-0O-), 85.8 (C-
), 1155, 127.3, 129.3 , 131.8, 141.8, 145.4, 156.7, 159.7 (Cspp-arom); *°F NMR (282 MHz,
CDCls): 6 -146.11 (g, J = 34.4 Hz); 1'B NMR (96 MHz, CDCls): § 2.21 (t, J= 34.5 Hz); HRMS
(ESI+): m/z calcd for C21H21BF212N202Na: 658.9651 [M + Na]*, found: 658.9663.

Synthesis of compound 4. To a 25 mL flask under argon was added Cul (6 mg, 0.031 mmol),
Pd(PPh3)s (18 mg, 0.016 mmol), and compound 2 (80 mg, 0.156 mmol) in THF (7 mL). Argon
was bubbled through the solution for 30 min. Ethynylferrocene (131 mg, 0.63 mmol) and
triethylamine (2 mL) were added. The mixture was heated overnight at 60°C under argon. The
mixture was cooled to room temperature and concentrated under reduced pressure. After
purification by column chromatography on silica gel (DCM/Et.0 5%), a mauve solid was
obtained (75 mg, 80%). *H NMR (300 MHz, CDCls): & 1.45 (s, 3H; -CHs), 1.51 (s, 3H; -CHs3),
2.03 (bs, 1H; -CH2-OH), 2.58 (s, 3H; -CHz3), 2.68 (s, 3H; -CHs3), 4.03 (bs, 2H; -CH,-OH), 4.16
(bs, 2H; -O-CH>-CH?>) 4.22-4.52 (m, 7H; Hegc), 4.63 (bs, 2H; Hr¢), 6.01 (s, 1H; -CH), 7.05 (d, J
=7.9 Hz, 2H; Harom), 7.18 (d, J = 7.9 Hz, 2H, Harom); *C NMR (75 MHz, CDCls): § 13.6, 13.7
(-CHs), 14.8, 14.9 (-CHs3), 61.6 (-CH2-OH), 69.4 (O-CH>), 72.1 (Crc), 72.4 (Ck), 78.3, 94.6,
115.3 (CHarom), 115.9, 122.0 (-CHgop), 127.4, 129.4 (CHarom), 131.0, 132.9, 141.7, 142.6, 144.3,
156.9, 157.2, 159.4 (Cgpp-arom); 1°F NMR (282 MHz, CDCls): § -146.33 (g, J = 32.3 Hz); !B
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NMR (96 MHz, CDCls): § 0.92 (t, J = 32.6 Hz). HRMS (ESI+): m/z calcd CasHaiBF2FeN20:
592.1796 [M*], Found 592.1797.

Synthesis of compound 5. To a 25 mL flask under argon was added triphenylphosphine (PPhz)
(106 mg, 0.4 mmol), N-bromosuccinimide (NBS) (71 mg, 0.4 mmol), and compound 4 (100
mg, 0.165 mmol) in dry 1,2-dichloroethane DCE (6 mL) at 0°C. The mixture was stirred at 0°C
under argon until complete consumption of the starting material. Then 2 mL of a solution of
sodium azide (25% aq) and 2 drops of Aliquat 336 were added, and the mixture was stirred
overnight at 85°C. The cooled mixture was washed with 20 mL of water, and the aqueous phase
extracted with DCM. The combined organic phases were dried with MgSOQsg, filtered and
concentrated under reduced pressure. After purification by column chromatography on silica
gel (DCM/Pentane 3/1), a mauve solid was obtained (50 mg, 50%). *H NMR (300 MHz,
CDCls): 6 1.45 (s, 3H; -CHg), 1.54 (s, 3H; -CHzs), 2.57 (s, 3H; -CHj3), 2.68 (s, 3H, -CHs3), 3.66
(t, J =4.8 Hz, 2H; -CH2-N3), 4.14-4.27 (m, 9H; Hrc, -CH2-0-), 4.42-4.48 (m, 2H; Hrc), 6.02 (s,
1H; -CH), 7.05 (d, J = 8.5 Hz, 2H; Harom), 7.19 (d, J = 8.5 Hz, 2H; Harom); *C NMR (75 MHz,
CDCls): 6 13.6, 13.7 (-CH3), 14.8, 14.9 (-CHs3), 50.3 (-CH2-N3), 65.6 (Crc), 67.1 (-CH2-O-),
68.9, 70.1, 70.2, 71.5 (Crc), 94.6 (Caikyne), 115.3 (CepP-arom), 116.2 (Caikyne), 121.9 (-CH), 127.6,
129.4, 130.8, 132.8, 141.8, 142.6, 143.3, 156.7, 157.1, 159.0 (Cepp-arom); *°F NMR (282 MHz,
CDCl3): § -146.27 (g, J = 32.1 Hz); *B NMR (96 MHz, CDCls): § 0.71 (t, J = 34.3 Hz); HRMS
(ESI+): m/z calcd for CasH3zoBF2FeNsO: 617.1861 [M™]; found: 617.1865.

Synthesis of compound 6. To a 25 mL flask under argon was added Cul (15 mg, 0.078 mmol),
Pd(PPhs)s (44 mg, 0.038 mmol), and compound 3 (80 mg, 0.126 mmol) in THF (10 mL).
Argon was bubbled through the solution for 30 min. Ethynylferrocene (108 mg, 0.51 mmol)
and triethylamine (4 mL) were added. The mixture was heated overnight at 60°C under argon.
The mixture was cooled to room temperature and concentrated under reduced pressure. After
purification by column chromatography on silica gel (DCM/Et20 5%), a mauve solid was
obtained (77 mg, 76%). *H RMN (300 MHz, CDCls): § 1.56 (s, 6H; -CHg), 2.07 (bs, 1H; -OH),
2.69 (s, 6H; -CH3),4.04 (bs, 2H; -CH,-OH), 4.16 — 4.22 (m, 16H; Hrc et -CH2-O-), 4.45 (m, 4H;
Hec), 7.07 (d, J = 8.5 Hz, 2H; Harom), 7.20 (d, J = 8.4 Hz, 2H; Hawom); *C NMR (75 MHz,
CDCls): 6 13.8 (CHa), 61.5 (-CH2-OH), 65.5, 69.0 (Crc), 69.4 (-CH2-0), 70.1, 71.6 (Crc), 95.2
(Caiyne), 115.4, 116.9, 127.2, 129.4, 131.7, 142.1, 143.5, 158.1, 159.6 (Cgpp-arom); °F NMR
(282 MHz, CDCls): & -146.38 (g, J = 32 Hz); !B NMR (96 MHz, CDClz): § 2.08 (t, J = 32.0
Hz). HRMS (ESI+): m/z calcd for CasHzeBF2Fe2N202: 800.1771 [M™], found 800.1783.

Synthesis of compound 7. To a 25 mL flask under argon was added PPhz (133 mg, 0.5 mmol),
NBS (90 mg, 0.5 mmol), and compound 6 (185 mg, 0.23 mmol) in dry DCE (10 mL) at 0°C.
The mixture was stirred at 0°C under argon until complete consumption of the starting material.
Then 3 mL of a solution of NaN3z (25% aq) and 2 drops of Aliquat 336 were added, and the
mixture was stirred overnight at 85 °C. The cooled mixture was washed with 20 mL of water,
and the aqueous phase extracted with DCM. The combined organic phases were dried with
MgSOs, filtered and concentrated under reduced pressure. After purification by column
chromatography on silica gel (DCM/Pentane 8/3), a mauve solid was obtained (90 mg, 47%).
'H NMR (300 MHz, CDCls): 8 1.56 (s, 6H; -CH3), 2.70 (s, 6H; -CH3), 3.67 (t, J = 4.4 Hz, 2H;
-CH2-N3), 4.15-4.28 (m, 16H; Hrc and -CH2-0O-), 4.41-4.52 (m, 4H; Hgc), 7.07 (d, J = 8.4 Hz,
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2H; Heor Hg), 7.21 (d, J = 8.4 Hz, 2H; He or He ); *C NMR (75 MHz, CDCls): § 13.8 (-CHs),
50.4 (-CH2-N3), 65.5 (-CH2-0-), 67.1, 69.0, 70.1, 71.7 (Crc), 95.2 (Caikyne), 115.4, 116.9, 127.5,
129.5, 131.6, 141.9, 143.5, 158.1, 159.1 (Cgpp-arom); °F NMR (282 MHz, CDCls): & -146.39
(9, J = 32.1 Hz); *B NMR (96 MHz, CDCls): 6 0.63 (t, J = 34.3 Hz); HRMS (ESI+): m/z calcd
for CasH3sBF2Fe2Ns0: 825.1836 [M*7] ; found: 825.1844.

Synthesis of Compound 9. To a 25 mL flask under argon was added compound 8 (125 mg,
0.122 mmol) in dry DCM (15 mL). Argon was bubbled through the solution for 30 minutes,
then compound 5 (60mg, 0.096 mmol), DIPEA (16 pL, 0.096 mmol), and CuBr (14 mg, 0.096
mmol) were added. The mixture was stirred overnight at room temperature under argon. The
solution was washed with an aqueous solution of EDTA (40 ml, 0.05 M), then 20 mL of water.
and the aqueous phases were extracted with DCM. The combined organic phases were dried
with MgSOy, filtered, and concentrated under reduced pressure. After purification by column
chromatography on silica gel (CHCI3/Et2O 100/7), a mauve solid was obtained (145 mg, 91%).
'H NMR (300 MHz, CDCls): § 0.16 (s, 9H; Hn), 1.42 (s, 3H; Hp), 1.49 (s, 3H; Hp), 1.95-2.16
(m, 2H; H;), 2.24-2.30 (m, 2H; Hq), 2.43 (t, J = 6.9 Hz, 2H; Hy), 2.55 (s, 3H, Ha), 2.66 (s, 3H;
Ha), 2.96 (t, J= 7.1 Hz, 2H; Hc), 4.18-4.21 (m, 7H; Hec), 4.39-4.48 (M, 4H; Hu, Hec), 4.51-4.65
(m, 4H; He, Hi), 4.73-4.84 (m, 2H; Hg), 6.00 (s, 1H; Hg), 7.01 (d, J = 8.5 Hz, 2H; He or Hg),
7.17 (d, J = 8.5 Hz, 2H; He or Hg), 7.61 (s, 1H, Ha); 3C NMR (75 MHz, CDCls): § 0.29 (Cn),
13.5 (Cp), 14.8 (Ca), 15.0 (Ca), 16.7 (Ck), 22.1 (Hc), 27.7, 28.2 (Cq, Cj), 49.5 (Ch), 52.1 (Cy),
65.6, 66.0 (Ce, Ci), 66.5 (Cg), 66.6, 68.9, 70.1, 71.7 (Ckc), 86.2 (Cm), 94.7 (Caikyne-8DP), 105.2
(Cy), 115.4 (Cgpp-arom), 122.05 (Cg), 122.6 (Cs), 128.1, 129.6, 132.6 (Carom-DP), 139.1, 139.2,
141.1, 141.2, 1415, 141.9, 142.0, 142.3, 1425, 143.1, 143.2, 143.3, 144.0, 144.7, 144.81,
144.84, 145.1, 145.2, 145.3, 145,36, 145.41, 145.44, 145.6, 145.6 (Cepp-arom and Ceo, Csp2),
156.8, 157.2, 158.6 (Cgpp-arom), 163.7 (Ct, Ch); 1°F NMR (282 MHz, CDCls): § -146.24 (g, J =
34.4 Hz); B NMR (96 MHz, CDCls): & 0.67 (t, J= 34.5 Hz); HRMS (ESI+): calcd for
C109H52BNsOsF2SiFe: 1642.3185 [M*]; found: 1642.3168.

Synthesis of compound 10. To a 25 mL flask under argon was added compound 8 (85 mg,
0.082 mmol) in dry DCM (15 mL). Argon was bubbled through the solution for 30 minutes,
then compound 7 (50 mg, 0.06 mmol), DIPEA (10 uL, 0.06 mmol), and CuBr (9 mg, 0.06
mmol) were added. The mixture was stirred overnight at room temperature under argon. The
solution was washed with an aqueous solution of EDTA (40 ml, 0.05 M), then 20 mL of water.
and the aqueous phases were extracted with DCM. The combined organic phases were dried
with MgSOs, filtered, and concentrated under reduced pressure. After purification by column
chromatography on silica gel (DCM/Et,O 100/6), a mauve solid was obtained (85 mg, 77%).
'HNMR (300 MHz, CDCls): &: 0.16 (s, 9H; Hy), 1.51 (s, 6H; Ca), 1.95-2.19 (m, 2H; H;), 2.20-
2.30 (m, 2H; Hq), 2.43 (t, J = 6.9 Hz, 2H; Hy), 2.67 (s, 6H; Hp) 2.96 (t, J = 7.2 Hz, 2H; Hc,),
4.13-4.16 (m, 16H; Hrc), 4.40.-4.47 (m, 6H; Hn, Hrc), 4.50-4.64 (M, 4H; He, Hi), 4.75-4.84 (m,
2H; Hg), 7.04 (d, J = 8.5 Hz, 2H; He or Hf), 7.17 (d, J = 8.5 Hz, 2H; He or HE), 7.63 (s, 1H;
Ha); 3C NMR (75 MHz, CDCls): 0.3 (Cn), 13.9 (Cp, Ca), 16.7 (Cx), 22.1 (Hc), 27.7, 28.2 (Cyq,
Cj), 49.7 (Cn), 52.3 (Cy), 65.6, 66.1 (Ce, Ci), 66.7 (Cg), 69.0, 70.1, 71.6 (Crc), 86.2 (Cm), 95.3
(Caikyne-8pP), 105.2 (Cy), 115.5 (Carom-OP), 122.7 (Ca), 128.1 (Carom-soP), 129.6, 131.5 (Carom-
Bop), 139.1,139.2, 141.1, 141.2, 141.6, 141.64, 141.9, 142.0, 142.3, 143.1, 143.2, 143.3, 144.1,
1447, 144.81, 144.84, 145.1, 145.2, 145.3, 145,4, 145.41, 145.43, (Carom-8pp and Ceo, Csp2),
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158.2, 158.7 (Carom-80p), 163.7 (Ct, Cr): °F NMR (282 MHz, CDCl3): &: -145.31 (q, J = 34.4
Hz); B NMR (96 MHz, CDCls): &: 0.59 (t, J = 34.5 Hz); HRMS (ESI+): calcd for
C121He1BNsOsF2SiFe; [M+H]™: 1851.3238, found: 1851.3208.
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