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Strain-Induced Photochemical Opening of
Ferrocene[6]cycloparaphenylene:
Uncaging of Fe?* with Green Light
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Chapter 3

Abstract

We present the synthesis, structural analysis and remarkable reactivity of the first carbon
nanohoop that fully incorporates ferrocene in the macrocyclic backbone. The high strain imposed
on the ferrocene by the curved nanohoop structure enables unprecedent photochemical reactivity
of this otherwise photochemically inert metallocene complex. Visible light activation triggers a
ring-opening of the nanohoop structure fully dissociating the Fe—cyclopentadienyl bonds in the
presence of 1,10-phenanthroline. This process uncages Fe2* ions captured in the form of
[Fe(phen)s]>* complex in high chemical yield and can operate efficiently in a water-rich solvent
with green light excitation. The measured quantum yields of [Fe(phen)s]?* formation show that
embedding ferrocene into a strained nanohoop boosts its photoreactivity by three orders of
magnitude compared to an unstrained ferrocene macrocycle or ferrocene itself. Our data suggest
that the dissociation occurs by intercepting the photoexcited triplet state of the nanohoop by the
nucleophilic solvent or external ligand. The strategy portrayed in this work proposes that new,
tunable reactivity of analogous metallamacrocycles can be achieved with spatial and temporal
control, which will aid and abet development of responsive materials for metal ions delivery and

supramolecular, organometallic, or polymer chemistry.

The content of this chapter has been published as: R. B. Krecijasz, J. Malin¢ik, S. Mathew, P.
Stacko, T. Solomek. Strain-Induced Photochemical Opening of Ferrocene[6]cycloparaphenylene:
Uncaging of Fe2+ with Green Light. J. Am. Chem. Soc. 2025, 147, 10231-10237.
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Chapter 3

3.1 Introduction

Iron is the single most important transition metal in the human body. While primarily renowned for
its role in oxygen transport and storage within hemoglobin and myoglobin, "l iron fulfils numerous
other critical roles in biological systems.? Iron is a crucial component of cytochromes involved in
the energy-providing electron transport chain in mitochondria.®! Ribonucleotide reductase—an
iron-dependent enzyme—is necessary in the synthesis of deoxyribonucleotides, the building
blocks of DNA that are crucial for cell division and repair./! Iron also acts as a co-factor for various
enzymes responsible for protection from oxidative stress®8l or in the synthesis/degradation of
hormones and neurotransmitters.’-°1 Nature has developed a sophisticated system to tightly
regulate iron’s uptake and homeostasis through proteins and hormones like transferrin,
ferroportin, ferritin and hepcidin.['® This system ensures a delicate balance between meeting
physiological iron needs and preventing the adverse effects of iron overload. For instance, iron
levels are reduced to restrict its availability to pathogens in response to inflammation, but this
action can also impair immune cell function.['™=13] Artificial systems that mimic these functions or
exert spatiotemporal control over iron levels are consequently attractive in the context of potential

biomedical applications.

Ferrocene (Fc) with its captivating sandwich structure featuring a central iron atom represents
one of the most studied organometallic compounds since its discovery in the early 1950s.['4! Its
popularity can be attributed to a unique combination of its redox chemistry, structural fluxionality,
and exceptional chemical and photochemical stability that parallels aromatic compounds. In fact,
the iron-cyclopentadienyl (Fe—Cp) bond dissociation energy (BDE) of ~90 kcal mol" is similar to
that of a typical covalent C—C bond.['8l As a result, the excellent redox properties and robustness
made this metallocene class of materials particularly attractive for diverse applications that span
polymer science,['®'7]  sensing,l'®']  catalysis,['®20  biochemistry,?l and molecular

electronics.l'822]

Imparting strain to Fc increases the propensity of this otherwise inert compound to undergo a
cleavage of the Fe—Cp bond. This has been successfully exploited in a light-induced ring-opening
polymerization (ROP) via Fe—Cp bond dissociation in strained [n]ferrocenophanes (Estrain = 14—
31 kcal mol~").['6:23-271 |n these molecules, the two Cp rings are bridged via a few atoms (n = 1-2,
Figure 3.1a) linked with single bonds. Although diverse polymers can be achieved via substitution
of the bridging atoms or the Fc core itself, the linkers must be short and they interrupt the -
conjugation in the polymer. Recently, polymers with Fc incorporated in their backbone were
shown to be susceptible to mechanically triggered Fe—Cp bond scission (Figure 3.1b), eventually
releasing Fe?* or Fe®* ions.[28-301 Here, [n]ferrocenophanes (n = 3, 5) were also used to tune the

mechanical sensitivity of the Fc mechanophore.30

83



Chapter 3

(a) Photo- and mechanoreactivity of [n]ferrocenophanes
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Figure 3.1. (a) Examples of photo-['823-21 and mechanoactivel?8-30 [niferrocenophanes, and (b)
conceptually new photoactive ferrocene-based m-conjugated macrocycle described in this work.
Achieving the iron release on demand using a benign light activation would represent a great tool
to control the concentration of available iron in a sample. However, such accomplishment would
require developing robust methods to tune the strain in the Fc unit to control its reactivity.
Cycloparaphenylenes (CPPs)B3':32 are a unique class of highly strained, curved m-conjugated
macrocycles consisting solely of phenylene rings connected through para positions. CPPs and
related carbon-rich molecular systems, so-called carbon nanohoops, can be modified to alter the
molecular strain and curvature by manipulating the number of para-phenylene units in the
macrocycle. Therefore, CPP scaffold offers an elegant way to control the structural strain of a unit
incorporated in the corresponding carbon nanohoop. We hypothesized that embedding Fc into a
highly-strained, fully m-conjugated macrocyclel®334 such as CPP via both Cp rings could
represent the robust strategy to impose the strain on Fc, enabling the control of Fc reactivity. The
resultant conjugated, shape-persistent metallocene carbon nanohoops could lead to new
applications demanding light- and force-sensitive materials. Although a handful of organometallic
compounds based on the CPP scaffold have been reported, the metal atom in these structures is
not an integral part of the macrocyclic backbone and it is therefore subject to a lower amount of
strain than what the curved CPP structures could provide.[33-38l

Here, we report the synthesis and properties of the first ferrocene-cycloparaphenylene Fc[n]CPP
(n = 6) with Fc enclosed in a loop of six para-phenylene rings. The considerable strain imparted
on the Fc unit in Fc[6]CPP enables its unprecedent photoreactivity that allows to open the
nanohoop structure and release Fe?* in high yield at ambient conditions using benign blue or

green light in polar solvents (Figure 3.1b). The nanohoop Fc[6]CPP thus serves as a
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photoactivatable molecular storage system of Fe?* ions, reminiscent of ferritine, but with a
deliberate spatiotemporal control.

3.2 Results and Discussion

Fc[6]CPP was prepared in four steps (Scheme 3.1) from the reported 1,1’-diiodoferrocene and
building block 1 following the methodology developed by Jasti.['! First, the Suzuki cross-coupling
of 1,1’-diiodoferrocene with 1 provided intermediate 2 in 52% yield. The chlorides in intermediate
2 were then replaced by Miyaura borylation forming diboronate 3 in 81% yield. Subsequently, the
intramolecular oxidative homocoupling® of 3 afforded the pro-aromatic macrocycle pro-
Fc[6]CPP in a very good 63% yield. The reductive aromatization of the two cyclohexa-2,5-dienyl
units in pro-Fc[6]CPP using SnClo/HCI®% proceeded smoothly and a pure sample of Fc[6]CPP
could be isolated avoiding column chromatography in 76% yield. The final nanohoop Fc[6]CPP
is soluble in dichloromethane and THF and displays high chemical stability when stored at
ambient conditions over a few months as a solid. The structures of both macrocycles pro-
Fc[6]CPP and Fc[6]CPP were confirmed by 1D and 2D NMR spectroscopy and high-resolution

mass spectrometry.

Single crystals were obtained by a vapor diffusion of n-hexane into a toluene solution (20 °C) of
pro-Fc[6]CPP and by a vapor diffusion of methanol into a THF solution (at 4 °C) of Fc[6]CPP.

Bpin
MeO O
@\| (a)
s ' w 52%
==4 MO O
Cl
1 2(R=Cl) (b)
3 (R=Bpin 81%
l (c)
63 %

Fe[6]CPP

Scheme 3.1. Synthesis of Fc[6]CPP. Reaction conditions: (a) 1 (3 equiv.), Pd(dppf)Cl2 (0.05
equiv.), NaOH (4 equiv.), DME/H20, 85 °C, 20 h (b) Bzpinz (4 equiv.), Pd2(dba)s (0.05 equiv.),
XPhos (0.2 equiv.), KOAc (8 equiv.), 1,4-dioxane, 110 °C, 16 h (c) Pd(dppf)Cl2 (0.1 equiv.), KF (1
eq.), B(OH)s (5 equiv.), THF/H20, air, 40 °C, 20 h (d) H2SnCl4 (3.6 equiv.), THF, RT, 2 h.
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The X-ray diffraction analysis unequivocally confirmed their macrocyclic structure (Figure 3.2).
Compound pro-Fc[6]CPP crystallized in triclinic P—1 space group and Fc fluxionality allowed it to
adopt a triangular shape. Both enantiomers with opposite helicity (Figures S3.2—S3.3) can be
clearly distinguished in the crystal. Nanohoop Fc[6]CPP crystallized in monoclinic P21 space
group. Here, the Fc flexibility allowed the macrocycle to adopt an oval shape (Figure 3.2b) typical
for meta-CPPs*l and related nanohoops.*243 The size of the elliptic cavity is 12.6 A in length
and 7.0 A in width. The connecting Cp carbon atoms in Fc moiety are nearly eclipsed. Further
analysis of the crystal structures revealed the effect of the strain imparted onto Fc by the curvature
of the macrocycles. The tilt angle a defined by the planes of the Cp rings and the Cp—Fe—Cp
angle 6—common descriptors describing ferrocenophanes (see Figure S3.1)—differ in pro-
Fc[6]CPP (Table S3.2) from the ideal values**l in unstrained Fc (a = 0°; & = 180°) only slightly.
On the other hand, the values determined for Fc[6]CPP (10.62°; 172.84°) clearly indicate that
part of the total strain in the macrocycle has been transferred to Fc. The deviation from the ideal
angles correlates with Estrain of 13.7 and 82.6 kcal mol~" calculated for both pro-Fc[6]CPP and
Fc[6]CPP, respectively, using homodesmotic reactions (Scheme S3.1). The DFT-calculated
geometries reproduce the crystal structures well and the calculated strain in Fc[6]CPP
approaches that of [7]CPP (Estrain = 84.0 kcal mol=").151 Despite the significant strain, the Fc in
Fc[6]CPP is markedly less distorted than less strained [1]- and [2]ferrocenophanes (14-31 kcal
mol~'; a = 19-31° and & = 156—167°).12546-48] Although, the strain energies in [n]ferrocenophanes

and Fc[6]CPP markedly differ, the strain calculated per atom is comparable, which highlights its

(a) (b)

l"‘\ o=1.85°
e 8§ =179.09°

a=10.62°
5=172.84°

Figure 3.2. X-ray crystal structures of (a) pro-Fc[6]CPP (selected conformer, see Appendix) and
(b) Fc[6]CPP (thermal ellipsoids shown at 50% probability; all hydrogen atoms and solvent were
omitted for clarity). Gray: C, red: O, orange: Fe. The carbon atoms of one phenyl group in (b) are
disordered over two sites with relative occupancies of 0.602:0.398.

86



Chapter 3

different distribution. The values of a and & suggest that Fc in Fc[6]CPP is less strained than the
known [n]ferrocenophanes. The large distortion of Fc moiety in the latter compounds is known to
weaken the Fe—Cp bond and to induce its cleavage upon irradiation. However, the Fc distortion
observed for Fc[6]CPP matches that found in Fe(n-CsH4)2(CHCHCHCH) (10.2°; 173.08°),14%1 a
compound known to be stable in air as a solid and in a solution,’® for which no photolytic

processes are reported in the literature.

We examined if embedding a Fc unit into a strained macrocyclic structure affected the optical and
redox properties. The latter were determined for CH2Cl2 solutions of Fc[6]CPP with 0.1 M [n-
BusN][PFs] as a supporting electrolyte using cyclic voltammetry (CV) and differential pulse
voltammetry (DPV). A single anodic wave could be observed for Fc[6]CPP (Figures S3.7-S3.8)
with only a minor shift in the half-wave oxidation potential (E12) by ca =50 mV with respect to the
Fc/Fc* couple. The Randles-Sevéik analysis revealed a full reversibility of the oxidation process
at the electrode (Figure S3.9). We then recorded the absorption spectra of Fc[6]CPP and pro-
Fc[6]CPP (Figure 3.3, Table 3.1). Nanohoop Fc[6]CPP exhibits a characteristic absorption profile
observed for [n]CPPs with an intense transition at 330 nm (¢ = 5.2 x 10* M~' cm™) and a distinct
band at ~400 nm, which corresponds to the So—S+ transition in CPPs. A weak solvatochromism
is observed for Fc[6]CPP (Figure S3.10). Comparison to the absorption spectrum of pro-
Fc[6]CPP, in which the conjugation in the macrocycle is interrupted by the pro-aromatic
cyclohexa-2,5-dienyls, suggests that an unresolved low-energy transition (>450 nm) may exist in
Fc[6]CPP. This is supported by TD-DFT calculations that predict that nearly-degenerate Fc-

centered transitions with a low oscillatory strength represent the lowest excited states in

0.6
330
—Fc x 100

0.54 pro-Fc[6]CPP x 10
‘TE —Fc[6]CPP
S 041
T
= 0.3
=}
— 0.2
W

0.1

0.0 T T T T T

300 350 400 450 500 550 600
Al nm

Figure 3.3. UV-vis absorption spectra of Fc, pro-Fc[6]CPP and Fc[6]CPP in PhCN. For the sake
of comparison, the spectra of Fc and pro-Fc[6]CPP were scaled by a factor of 100 and 10,
respectively.

87



Chapter 3

Fc[6]CPP. Indeed, such d—d transitions are clearly visible at 442 nm (¢ =90 M~" cm™") in F¢.[%"52
Their slight bathochromic shift with the corresponding increase of ¢ in Fc[6]CPP is the
consequence of extending the m-system of the Cp ligands and decreasing the overall symmetry
of the chromophore, partially allowing the d—d transitions as shown by the natural transition
orbitals analysis of the first seven transitions in Fc[6]CPP (see Appendix). Despite the presence
of the curved para-phenylene segment, Fc[6]CPP displays no luminescence. This confirms that
the lowest-energy excited state in both pro-Fc[6]CPP and Fc[6]CPP is localized on the Fc moiety,

a known luminescence quencher.

Interestingly, while the absorption spectrum of Fc[6]CPP in toluene (¢ = 20 uM) did not change
upon exposure to ambient light (96 hours, Figure S3.11), an equally concentrated sample of
Fc[6]CPP in polar PhCN displayed a notable change in color within dozens of minutes. The
photolysis rate is rapid when green light (ALep = 525 + 18 nm, >10 mW) is used as the light source
and the characteristic CPP band at 330 nm is no longer discernible after 30 min of irradiation
(Figure S3.12). Note that Fc[6]CPP remains stable in the dark for >24 h at room temperature
(Figure 3.4a). Similar experiments with samples of pro-Fc[6]CPP or Fc revealed a striking
difference among the compounds. Both pro-Fc[6]CPP and Fc in PhCN are stable over days when
exposed to daylight (Figures S3.13-S3.14). Based on the known cases of Fe—Cp bond
dissociation triggered by irradiation!'®23-27] or mechanical force,?®-3% we hypothesized that
Fc[6]CPP might undergo a macrocyclic ring opening, eventually releasing the Fe2* ion and the
substituted p-sexiphenyl (Figure 3.1b). To test this hypothesis, the solution of Fc[6]CPP was
exposed to ambient light in presence of 500 equiv. of 1,10-phenanthroline (phen), which is known
to bind Fe?* ion to form ferroin, [Fe(phen)s]** complex with a distinct absorption spectrum. After

24 h, the solution was filtered, and its absorption spectrum matched that of the independently

Table 3.3. Summary of photophysical, redox and structural properties.

Compd Aabs & Ej2 (mV) Estrain® (o (%)
(hm) (103 M-' cm™) (kcal mol-")
Fc 442 0.1 0.0 0.0 (1.5+0.3) x 108
pro- ] 3
Fc[6]CPP 463 0.9 13.7 (49+04)%x10
Fc[6]CPP 330 52;2.39 —42¢;, 571 82.6 6.0+0.5

a At maximum Aaps. ? At D3-B3LYP/6-31++g(d)/LanL2DZ(Fe) level of theory; see the Sl for
the computational details. ¢ Absolute quantum yield of [Fe(phen)s]?* formation in PhCN with
500 equiv. of phen * standard deviation of the mean. ¢ At Aas = 472 nm. ¢ Determined by
CV. fDetermined by DPV.
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prepared sample of [Fe(phen)s]?* (Figure 3.4b). The nature of the complex was also confirmed by
mass spectrometry (Figure S3.15). Besides the photoinduced release and subsequent catch of
Fe?* from the nanohoop, we observed formation of a precipitate that likely corresponds to the
released p-sexiphenyl derivative. However, we have not yet been able to unequivocally identify
the structure of the latter by mass spectrometry. We determined the yield of [Fe(phen)s]?*
formation by absorption spectroscopy (see Appendix) to be (80 £ 3.0) % and (67 + 5.2) % before
and after filtration of the photolyzed solution, respectively. The difference stems from the presence
of the precipitate, which leads to a slight scattering at the absorption band of [Fe(phen)s]?*. The
control experiments conducted at room temperature in dark with large excess of phen (500 equiv.)
showed a minor [Fe(phen)sJ?* formation (<10 % after 24 h, unfiltered, Figure S3.17). However,
increasing the temperature to 70 °C resulted in a markedly faster transformation (Figure S3.18),
although the reaction required a few days to reach a full conversion. These observations strongly
support our assumption that the strain perturbing the Fc structure markedly affects the reactivity
of Fcin Fc[6]CPP.

To quantify the reactivity of Fc[6]CPP, we compared its photochemical behaviour with the less
strained precursor pro-Fc[6]CPP as well as the unstrained Fc itself. For this purpose, we
measured the absolute quantum vyields of [Fe(phen)s]** formation in PhCN for all three
compounds (P, Table 3.1) under identical conditions (¢ = 40 uM, 500 equiv. of phen, ALep = 472
nm). The large excess of phen was necessary to detect appreciable amount of [Fe(phen)s]?*
formed from both pro-Fc[6]CPP and Fc within hours at the full intensity of our LED source (130
mW), while Fc[6]CPP could be converted in seconds. Comparison of the measured @’s reveals
the striking enhancement of the reactivity of FC[6]JCPP. While the determined @’s for Fc and pro-
Fc[6]CPP are (1.5+0.3) x 105 and (4.9 £ 0.4) x 1075, respectively, the ring-opening in Fc[6]CPP

(a)1.0 (b) 2.0
—o0h —0h
0.8 —dark24 h —24h
’ — -light24h 1.5- 24 h filtration
— [Fe(phen),]*
5 0.6 S
@ © 1.0
< 0.44 <
024 0.5
0.0 T T T 7 T T 0.0 r r T T T T :
300 350 400 450 500 550 600 650 700 300 350 400 450 500 550 600 650 700
Al nm Alnm

Figure 3.4. (a) Fc[6]CPP in PhCN (c = 20 pM) stirred in dark (solid line) or in ambient light (dashed
line) and (b) normalized absorption spectra of Fc[6]CPP in PhCN (c = 60 pM, phen: 500 equiv.)
stirred in ambient light for 24 h (red: unfiltered, light red: filtered) and independently prepared
[Fe(phen)s]?* (blue). The spectrum at 0 h (dark red) was scaled to match the ¢ of [Fe(phen)s]?*.
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is >1°000-fold more efficient. The value of @ reflects the Fc tilt angle and the strain energy in the
individual compounds (Table 3.1), but it also depends strongly on the concentration of the phen
ligand (Figure 3.5). The quantum yield for Fc[6]CPP grew from 1.6 x 103 to 0.06 with increasing
amount of phen. The @ levels off at large excess of phen and reaches a limiting value that
compares favourably to the intersystem crossing quantum yield reported for Fc (®isc = 0.085).[5
It suggests that the Fe—Cp bond dissociation occurs by intercepting the excited Fc unit by a ligand
molecule. This step may take place efficiently only in 3Fc that possesses sufficiently long excited
state lifetime (7 (3Fc) = 90 ns vs 7 ("Fc) = 10 ps).[%% A simulation of the expected @ of [Fe(phen)s]?*
formation via a triplet state, while accounting for the quenching of the oxygen present in the
solution matches the observed concentration dependence well (Figure 3.5). Comparison of the
@’s determined in the presence and the absence of oxygen with 10 equiv of phen in the solution
showed a statistically significant difference (£(6)=2.26, p < 0.05), confirming that the reaction
occurs via the triplet state of Fc[6]CPP. Indeed, the DFT-calculated spin density shows an
antibonding character of the Fe—Cp bond in triplet Fc[6]CPP and the presence of an electron hole
at the Fe centre (Figure S3.35). This increases iron electrophilicity*”4 promoting the bond
dissociation when attacked by a nucleophilic solvent or external ligand.!'8! Such polar transition
state is in agreement with our observation that the photolysis of Fc[6]CPP is facile in polar PhCN
(Figure 3.4a) and inefficient in toluene (Figure S3.11). It has also been reported that electron
donating solvents promote the Fe—Cp bond dissociation.?555-571 We thus expect that a half-
sandwich complex 7 (Scheme 3.2) is formed as the first reaction step with temporarily coordinated
solvent and the p-sexiphenyl ligand still attached to the Fe via the remaining Cp. Subsequently,
excess phen must rapidly replace the labile ligands because we do not observe formation of any

intermediates by UV-vis spectroscopy with 250 ms sampling. A complex such as 7 has been

0.084 =m Simulated
B Measured

o [ ]
@ 0.064 '
> ™ E
£
S 0.04-
*% [ ]
3 i | |
& 0.02
mn
0.00{ ®

0 1(IJO 260 360 4(IJO 560
[phen)/[Fc[6]CPP]
Figure 3.5. Measured (red, with standard deviation) and simulated (black, see the Sl for details)

quantum yields of [Fe(phen)s]?* formation from Fc[6]CPP in PhCN upon irradiation with 472 nm
LED as a function of phen concentration.
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Scheme 3.2. Proposed mechanism for dissociation in presence of phen of Fc[6]JCPP upon
irradiation.

often proposed[®®-6% as an intermediate in dissociation of [1]- and [2]ferrocenophanes, but it has
never been detected. Note that no free Fe?* forms directly from Fc[6]CPP, which we verified by
photolysis of the Fc[6]CPP before an addition of phen (500 equiv.) to the PhCN solution. Here,
we observed only a slow formation (>72 h) of [Fe(phen)s]** in dark. The process proceeded
somewhat faster under ambient light. However, complexation of Fe(OTf)2 in PhCN treated with

excess phen occurs rapidly (<10 min, compare Figures S3.29-3.31).

As shown above, Fc[6]CPP undergoes a remarkably clean ring opening reaction in polar
environment upon irradiation with benign light. The elevated strain energy of the nanohoop makes
the photochemical Fe—-Cp bond dissociation and subsequent Fe?* release and trapping
particularly efficient. Given the crucial role of iron in various biological processes, we decided to
probe the photoreactivity of Fc[6]CPP in mixed aqueous/organic medium due to negligible
solubility of the nanohoop in pure water. The irradiation of FE[6]CPP in a mixture of H2O/THF (v/v
= 1:1, 500 equiv. phen) with green light resulted in the formation of [Fe(phen)s]?*. Here,
[Fe(phen)s]?* formed cleanly in (81 + 1.1) % vyield after filtration (Figure S$3.33) with ~75%
efficiency compared to the experiment in neat PhCN. The iron release from Fc[6]CPP upon
irradiation is thus a highly effective process also in polar protic solvents, which creates exciting
opportunities for biological applications such as delivery and dosing of iron controlled by light. It
is important to note here that although the macrocyclic structure of Fc[6]CPP irreversibly opens
upon irradiation without phen, the presence of phen alters the iron release mechanism and

significantly enhances the overall release rate. The nature and the kinetic stability of the formed
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primary complex in water in the absence of phen requires detailed mechanistic scrutiny to reveal

how it might be decomposed to release iron using nucleophiles ubiquitous in biological system.

The tunability of strain in carbon nanohoops by precision synthesis may represent a great tool to
uncover and control the reactivity in similar type of metallamacrocycles as the one designed in
this work, which could aid the development of new redox-active or supramolecular systems that
are responsive to light or mechanical force. Work along these lines is currently ongoing in our

laboratories.

3.3 Conclusion

In summary, we synthesized a highly-strained m-conjugated macrocycle Fc[6]CPP that
incorporates ferrocene. Its structure was unequivocally characterized by the X-ray diffraction
analysis and quantum chemical calculations. The high strain in Fc[6]CPP transforms the reactivity
of photostable ferrocene into a photoactivatable carrier of iron that is released via iron—
cyclopentadienyl bond cleavage and easily trapped with phenanthroline to form ferroin complex.
The observed clean and high-yielding reaction is three orders of magnitude more efficient than
that for ferrocene and demonstrates the power of molecular strain to uncover and control reactivity
of an otherwise stable metallocene complex. Furthermore, we demonstrated that this system
efficiently releases iron in a mixed aqueous/organic environment, suggesting that its operation
can be translated to biological context. We believe that this work will thus motivate new
developments in the fields of responsive materials, photocages, or organometallic and host—guest

chemistry.

3.4 Appendix

All commercially available reagents and chemicals were purchased from Sigma Aldrich, TCl,
Fluorochem and Fisher Scientific and used as received without further purification, unless stated
otherwise. Anhydrous solvents were purchased from Acros and stored under molecular sieves (4
A). Technical solvents were bought from VWR International and Biosolve, and were used as
received. Unless otherwise stated, all glassware used to perform moisture-sensitive reactions
was oven-dried at 120 °C overnight, assembled hot and allowed to cool down to room temperature
under a stream of argon, or flame-dried under high vacuum and filled with argon. All reactions
that require heating were conducted in an oil bath and the indicated temperature corresponds to
the temperature of the oil bath. Flash column chromatography was performed using silica gel 60
A (230—400 mesh particle size) from Supelco®. Thin layer chromatography (TLC) was performed
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on silica gel plates F2s4 60 (aluminum supported) from Supelco® using UV (254 nm) visualization.
Recycling gel permeation chromatography (GPC) was performed on LaboAce 5060 preparative
HPLC from Japan Analytical Services using Chloroform as the solvent. 'H and '3C NMR spectra
were recorded on a Bruker Avance Il 400 or a Bruker Avance Ill HD 400 spectrometer ('H: 400
MHz, '3C: 101 MHz), or Bruker Avance Il HD 300 ('H: 300 MHz, '3C: 75 MHz). Chemical shifts
(d) were reported in parts per million (ppm) referenced to residual solvent peak ('H: 7.26 ppm for
CDCls, 5.32 ppm for CD2Clz; 3C: 77.16 ppm for CDCls, 53.84 ppm for CD2Cl2). Multiplicities are
given as s (singlet), d (doublet), t (triplet), q (quadruplet), m (multiplet), and br (broad). Coupling
constants (J) are reported in hertz (Hz). High resolution mass spectra (HRMS) were recorded on
ThermoScientific LTQ Orbitrap XL mass instrument using nanoelectrospray (NSI-MS) or electron
ionization (EI-MS) or on an AccuTOF LC, JMS-T100LP mass spectrometer (JEOL, Japan). UV—
vis spectra were recorded with a double beam spectrophotometer Shimadzu UV2700 equipped
with a deuterium lamp (190-350 nm), a halogen lamp (330-900 nm) and a photomultiplier
(Hamamatsu R928). Single—crystal X-ray diffraction data measured on a Bruker D8 Quest Eco
diffractometer using graphite-monochromated (Triumph) Mo Ka radiation (I = 0.71073 A) and a
CPAD Photon Ill C14 detector. The sample was cooled with N2 to 100 K with a Cryostream 700
(Oxford Cryosystems).

3.4.1 Experimental procedures

1,1’-diiodoferrocene!®'land 1162 were prepared according to reported protocols.

Preparation of compound 2

Compound 1 (3.10 g, 6.85 mmol, 3 equiv.) and NaOH (365 mg, 9.14 mmol, 4 equiv., CAS: 1310-
73-2) were introduced in a Schlenk flask. The flask was evacuated and refilled with argon three
times. Then, 1,1’-diiodoferrocene (1.00 g, 2.28 mmol, 1 equiv.) was added, followed by DME (30
mL) and water (6 mL). The mixture was purged with argon for 15 min, after which Pd(dppf)Cl2 (84
mg, 0.114 mmol, 0.05 equiv., CAS: 72287-26-4) was added. The reaction mixture was stirred at
85 °C for 20 h, then allowed to cool down to room temperature, diluted with EtOAc (20 mL) and
washed once with water (25 mL). The aqueous phase was extracted with EtOAc (3 x 15 mL). The
combined organic layers were washed with brine, dried over Na2SO4 and concentrated in vacuo
to afford a dark thick oil. The crude product was dissolved in a minimal amount of CH2Cl2 and an
excess of MeOH was slowly added without disturbing the CH2Cl2 phase. The next day, the
solution was filtered to give the pure product as the precipitate. Because the filtrate still contained
some product, the purification with CH2Cl2/MeOH was repeated two more times. The repeated

precipitations provided 2 as a brown solid (993 mg, 1.19 mmol, 52%).
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Brown solid; Rf= 0.42 (SiO2, EtOAc: n-pentane = 1:4).

H NMR (300 MHz, CD2Cl2): & = 7.45 — 7.10 (m, 16H), 6.14 (d, J = 10.3 Hz, 4H), 6.04 (d, J = 10.3
Hz, 4H), 4.44 (t, J = 1.9 Hz, 4H), 4.18 (t, J = 1.9 Hz, 4H), 3.42 (s, 12H).

3C NMR (75 MHz, CD2Cl2): & = 142.9, 141.4, 138.2, 134.3, 133.5, 133.3, 128.7, 128.0, 126.3,
126.3, 85.9, 75.0, 74.8, 71.3, 68.4, 52.2, 52.2.

HRMS (ESI+): m/z [M]* calcd for CsoHa4Cl204Fe: 834.1968; found: 834.1979.

Preparation of compound 3

Compound 2 (779 mg, 0.932 mmol, 1 equiv.), bis(pinacolato)diboron (947 mg, 3.73 mmol, 4
equiv., CAS: 73183-34-3), Pdz(dba)s (43 mg, 0.047 mmol, 0.05 equiv., CAS: 51364-51-3), XPhos
(89 mg, 0.186 mmol, 0.2 equiv., CAS: 564483-18-7) and dry potassium acetate (732 mg, 7.46
mmol, 8 equiv., CAS: 127-08-2) were introduced to a Schlenk flask and purged with argon for 15
min. Anhydrous 1,4-dioxane (20 mL) purged with argon for 15 min was then added via cannula.
The reaction mixture was stirred at 110 °C for 16 h. After the addition of water (25 mL), the reaction
was extracted with CH2Clz (3 x 25 mL). The combined organic layers were washed with brine,
dried over Na2SO4 and concentrated in vacuo to afford a brown solid. Crude product was washed

several times with n-hexanes to afford 3 as brown solid (769 mg, 0.755 mmol, 81%).

Brown solid; Rf= 0.33 (SiO2, EtOAc: n-pentane = 1:4).

"H NMR (300 MHz, CDCl3): 8 =7.78 (d, J = 7.8 Hz, 4H), 7.44 (d, J = 7.8 Hz, 4H), 7.35 - 7.20 (m,
8H), 6.23 — 6.00 (m, 8H), 4.48 (t, J = 1.9 Hz, 4H), 4.15 (t, J = 1.9 Hz, 4H), 3.45 (s, 12H), 1.34 (s,
24H).

3C NMR (75 MHz, CDCl3s): & = 146.7, 141.0, 138.1, 135.0, 133.6, 133.2, 126.2, 126.1, 125.5,
85.7,83.9,75.1,74.9,71.2,68.0, 52.1, 52.1, 25.0, C-B signal not observed.

HRMS (NSI): m/z [M]* calcd for Ce2HssOs B2Fe: 1018.4444; found: 1018.4418.

Preparation of pro-Fc[6]CPP

We modified a literature procedure:9 To the solution of compound 3 (299 mg, 0.294 mmol, 1
equiv.) in THF (300 mL) were added Pd(dppf)Cl2 (20 mg, 0.03 mmol, 0.1 equiv., CAS: 72287-26-
4) and boric acid (91 mg, 1.470 mmol, 5 equiv., 10043-35-3). The reaction mixture was heated to
40 °C and meanwhile it was purged with oxygen for 10 min. Potassium fluoride (17 mg, 0.294
mmol, 1 equiv., CAS: 7789-23-3) in water (30 mL) was added. The reaction was stirred at 40 °C
open to air for 20 h. The THF was removed in vacuo and the resulting solution was extracted with

CH2Cl2 (3 x 20 mL). The combined organic layers were washed with water (2 x 25 mL), dried
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over Na2SO4 and concentrated in vacuo to afford a brown solid. Crude product was purified by
flash chromatography (SiO2, EtOAc: n-pentane = 1:9 - EtOAc: n-pentane = 3:7) to afford pro-
Fc[6]CPP as orange solid (125 mg, 0.163 mmol, 56 %). The impure fractions were further purified
by GPC to afford the pure macrocycle (17 mg, 0.022 mmol, 7%, total yield = 63%).

Orange solid; Rr=0.26 (SiOz, EtOAc: n-pentane = 1:4).

H NMR (400 MHz, CDCla): 8 = 7.51 (d, J = 8.5 Hz, 4H), 7.37 (d, J = 8.5 Hz, 4H), 7.28 (d, J = 8.5
Hz, 4H), 7.01 (d, J = 8.5 Hz, 4H), 6.33 — 6.28 (m, 4H), 6.21 — 6.18 (m, 2H), 6.12 — 6.09 (m, 2H),
4.37 (s, 2H), 4.29 (s, 2H), 4.03 (s, 2H), 3.98 (s, 2H), 3.41 (s, 6H), 3.36 (s, 6H).

13C NMR (101 MHz, CDCls): 141.3, 140.4, 139.7, 138.2, 133.8, 133.6, 133.6, 133.3, 127.4, 127.1,
126.8, 125.6, 86.7, 76.0, 75.9, 71.0, 70.9, 70.5, 64.9, 52.4, 52.1.

HRMS (NSI): m/z [M]* calcd for CsoH44O4Fe: 764.2584; found: 764.2601.

Preparation of Fc[6]CPP

A 0.08 M H2SnCl4 solution was prepared by stirring SnCl2-2H20 (90.2 mg, 0.4 mmol, CAS: 10025-
69-1) and concentrated HCI (12 M) (67 pL, 0.8 mmol, CAS: 7647-01-0) in THF (5 mL) at room
temperature for 30 min. After this time, H2SnCls solution (0.08 M, 3.5 mL, 0.282 mmol, 3.6 equiv.)
was added to pro-Fc[6]CPP (60.0 mg, 0.079 mmol, 1 equiv.) and the reaction was stirred at room
temperature for 2 h. The reaction was quenched with 1 M NaOH (2 mL) and the aqueous layer
was extracted with CH2Cl2 (3 x 10 mL). The organic layers were washed with brine, dried over
Na2S04 and concentrated in vacuo to afford Fc[6]CPP as dark red solid (38.4 mg, 0.060 mmol,
76%).

Dark red solid; Rr= 0.38 (SiO2, EtOAc: n-pentane = 1:4).

"H NMR (300 MHz, CDCls): = 7.50 — 7.43 (m, 12), 7.40 (d, J = 8.8 Hz, 4H), 7.24 (d, J = 8.5 Hz,
4H), 7.18 (d, J = 8.4 Hz, 4H), 4.37 (t, J = 1.8 Hz, 4H), 4.20 (t, J = 1.9 Hz, 4H).

3C NMR (75 MHz, CDCl3): & = 138.8, 138.7, 138.3, 137.8, 137.4, 136.8, 128.7, 128.3, 127.9,
127.9,127.7,127.3, 90.4, 69.9, 68.0.

HRMS (NSI): m/z [M]* calcd for CasHs2Fe: 640.1848; found: 640.1868.

3.4.2 Single crystal X-ray diffraction

X-ray diffraction data of pro-Fc[6]CPP and Fc[6]CPP were measured on a Bruker D8 Quest Eco
diffractometer using graphite-monochromated (Triumph) Mo Ka radiation (I = 0.71073 A) and a
CPAD Photon Ill C14 detector. The sample was cooled with N2 to 100 K with a Cryostream 700
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(Oxford Cryosystems). Intensity data were integrated using the SAINT software.63 Absorption
correction and scaling was executed with SADABS.[64 The structures were solved using intrinsic
phasing with the program SHELXT 2018/2[%%1 against F2 of all reflections.

The crystal structure contained two voids (total solvent accessible volume = 144 A3), containing
THF solvent within the asymmetric unit could not be refined reliably. Thus, the SQUEEZEIS®!
procedure in PLATONI® (version 141123) was applied, accounting for 38 electrons per unit cell,

congruent with the presence of 1 THF molecule (40 e/molecule) in the unit cell (Z=2).

Least-squares refinement was performed with SHELXL-2018/3.1681 All non-hydrogen atoms were
refined with anisotropic displacement parameters. The hydrogen atoms were introduced at
calculated positions with a riding model. CheckCIF revealed no A- or B-level alerts. The X-ray
crystallographic data for pro-Fc[6]CPP (2373507) and Fc[6]CPP (2373508) was deposited at the
Cambridge Crystallographic Data Centre (CCDC).

Table S3.1. Crystallographic data and structure refinement details for pro-Fc[6]CPP and
Fc[6]CPP.

CCDC number 2373507 2373508

Empirical formula Cs4.56H50F €04 ~ CasH3sFeOoss0

Formula weight 825.51 676.62

Temperature [K] 100(2) - 100(2)

Crystal system triclinic monoclinic

Space group (number) P1(2) ‘ P2, (4)

a[Al 12.1840(9) 11.5096(6)

b [A] 20.5519(16) \ 10.3463(5)

c[A] 27.401(2) 14.0369(7)

al’] 75.872(3) 90

BI°] 85.312(3) 95.431(2)

v [l 73.239(3) 90

Volume [A3] 6370.7(8) 1664.04(14)

z 6 [ 2

Pcalc [gem™3] 1.291 1.350

u [mm™] 0.403 \ 0.490

F(000) 2612 708

Crystal size [mm?3] 0.417x0.320%0.145 \ 0.303x0.189%0.166

Crystal colour orange orange

Crystal shape block ' block

Radiation MoKq (A=0.71073 A) MoKy (A=0.71073 A)

20 range [°] 3.83 t0 66.34 (0.65 A) \ 5.30 to 55.11 (0.77 A)

Index ranges -18<h<18 -14<h<14
-31<ks<31 -13<k<13
-42<1<42 -18<1<18

Reflections collected 666505 \ 45540
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Independent reflections | 48544, Rint = 0.0583, Rsigma = 7574, Rint = 0.0376, Rsigma =
0.0235 0.0282

Completeness to 6 = 99.8 % 99.7 %

25.242°

Data / Restraints / 48544/130/1659 7574/7/462

Parameters

Goodness-of-fit on F2 1.056 - 1.045

Final R indexes [220(/)] | R1=0.0432, wR2=0.1116 R1=0.0350, wR2 = 0.0880

Final R indexes [all R1=0.0548, wR2 = 0.1207 R1=0.0387, wR2=0.0913

data]

Largest peak/hole 1.26/-1.12 1.18/-0.30

[eA™]

Flack X parameter - 0.079(17)

Figure S3.1. Definition of angles a and & used to characterize structural distortion in
ferrocenophanes.

1.86

Figure S3.2. Tilt angle a between Cp rings in pro-Fc[6]CPP (conformer 2, enantiomer 1) (thermal
ellipsoids shown at 50% probability; all hydrogen atoms and solvent were omitted for clarity).

1.86

Figure S3.3. Tilt angle a between Cp rings in pro-Fc[6]CPP (conformer 2, enantiomer 2) (thermal
ellipsoids shown at 50% probability; all hydrogen atoms and solvent were omitted for clarity).
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Table S3.2. Angles a and ¢ in different conformers of pro-Fc[6]CPP.

a(®) 5(°)
Conformer 1 0.67 179.75
Conformer 2 1.85 179.09
Conformer 3 4.59 176.81

Figure S3.4. Tilt angle a between Cp rings in Fc[6]CPP (thermal ellipsoids shown at 50%
probability; all hydrogen atoms and solvent were omitted for clarity).

Figure S3.5. Packing of pro-Fc[6]CPP (all hydrogen atoms and solvent were omitted for clarity).
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Figure $3.6. Packing of Fc[6]CPP (all hydrogen atoms and solvent were omitted for clarity).

3.4.3 Electrochemical measurements

Cyclic voltammetry (CV) and differential pulse voltammetry (DPV) experiments were conducted
using a Metrohm Autolab potentiostat running Nova 1.11 software. A glassy carbon working
electrode (diameter of electrode disk 2 mm +0.1 mm), a platinum counter electrode and a leakless
Ag/AgCl reference electrode were used. Measurements of CH2Cl2 solutions of a sample (1 mM)
were conducted at room temperature under a N2 atmosphere in the dark in the presence of a
supporting electrolyte (n-BusNPFe, 0.1 M). Degassed (3 x freeze-pump-thaw cycle) CH2Cl2 was
used. Supporting electrolyte n-BusNPFes was recrystallized from ethanol three times. After the
measurement, ferrocene (Fc) was added to the sample solution and the potentials were calibrated

with respect to the ferrocene/ferrocenium couple (Fc/Fc*) vs Ag/AgCl.

Current (pA)

-15 T T T T T T T T T
01 02 03 04 05 06 07 08 09 10 11
Potential vs Fc/Fc* (V)

Figure S3.7. Cyclic voltammetry of Fc[6]CPP recorded in 0.1 M n-BusNPFe/CH2Cl2 at different
scan rates (referenced against Fc/Fc*).

99



Chapter 3

T T \ T
01 02 03 04 05 06 07 08 09 10
Potential vs Fc/Fc* (V)

Figure $3.8. Differential pulse voltammetry of Fc[6]CPP recorded in 0.1 M n-BusNPFe/CH2Cl2 at
a scan rate of 100 mV s~ (referenced against Fc/Fc*).

Table S$3.3. E12 values of Fc[6]CPP obtained by CV and DPV and referenced against Fc/Fc*
(three independent samples).

Measurement Ei2vs FclFc* (mV) Ei2vs FclFc* (mV)
(from CV at v=100 mV s™) (from DPV at v=10 mV s™)
1 —49 -60
2 -34 -50
3 -40 —60
Average * STD? -41.0+£6.2 -56.7 £ 4.7

a8 STD = standard deviation of the mean.

The reversibility was assessed by plotting the square root of the scan rate (v) against the anodic
peak current (ip,a) from CV (Randles—Sevéik equation).

Anodic peak current ip,a (JA)

0 1‘0 20
Square root of v (mV s™)"2

Figure S3.9. Square root of the scan rate (v) against the anodic peak current (ip,a) showing the
reversibility of FC[6]CPP oxidation.
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3.4.4 Photophysical studies

3.4.4.1 Absorption spectra

1.0 4 I Renrere |
Benzene 0.8+ os2 Oh
—— Toluene 24h
Dichloromethane 081
0.8+ —— Chloroform 0.80- ——48h
Tetrahydrofuran 064 07e ——72h
Dimethylformamide 078 —_96h
- 064 Acetonitrile . )
© Benzonitrile = o
- © 076
= :
S < 044 075l |
310 315 320 325 330 335
021 02
0.0
T T T 00 -+ T T T
300 400 500 600 700 300 400 500 600 700

Alnm
Alnm

Figure $3.10 (left). Normalized absorption spectra of Fc[6]CPP (= 20 uM) in different solvents.

Figure S3.11 (right). Absorption spectra of Fc[6]CPP in toluene (= 20 uM) exposed to daylight
over 96 h. Inset shows the zoomed maxima.

1.0 1.0
—O0h
08 —1d
—11d
0.6
S 3
© ©
< <
< 0.4+
0.2
T 00 T T T T
600 700 300 400 500 600 700

Afnm Alnm

Figure S3.12 (left). Absorption spectra of Fc[6]CPP in PhCN (= 20 pM) irradiated with 525 nm
light.

Figure S3.13 (right). Absorption spectra of pro-Fc[6]CPP in PhCN (= 40 uM) exposed to daylight
over 11 days.
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0.8

0.6+

Alau

0.4

0.2

0.0 4 .
300 400 500 600 700

Alnm

Figure S3.14. Absorption spectra of Fc in PhCN (= 6.5 mM) exposed to daylight over 11 days.

3.4.4.2 HRMS spectra of photolyzed solution

Acq. Data Name: ZARK073500_FIA-ESI-Pos_1 Experiment Date/Time: 3/28/2024 1:03:07 PM
Creation Parameters: Average(MS[1] Time:0.42..0.55) lonization Mode: ESl+
Intensity (1069)
1000
~596.1259
200 }
e e e e e et e o e e st
580.0 580.0 600.0 610.0 620.0

mz
2+

Formula: C36H24Fe 1N6 Additior/Desorption lon: None

Mono Isotopic Mass: 596.1411858 Charge Number: -
Intensity (%)
100 596.1412
Chemical Formula: CasHasFeNe
Exact Mass: 536,14
e
580.0 580.0 600.0 610.0 620.0
m'z

Figure S3.15. HRMS spectrum of Fe(phen)s]** complex obtained after stirring a Fc[6]CPP
solution in PhCN (= 60 uM) with phen (500 equiv.) in ambient light at room temperature for 24 h
(top: obtained spectrum, bottom: simulated spectrum).

3.4.4.3 Chemical yields of [Fe(phen)s]** complex formation

The [Fe(phen)s]?* complex solution was prepared by reacting Fe(OTf)2 (20.00 mg, 0.057 mmol, 1
equiv.) with 1,10-phenanthroline (phen) (50.91 mg, 0.283 mmol, 5 equiv.) in 10.00 mL of PhCN (¢
=0.00565 M) over 24 h at room temperature. This solution was used to prepare five samples with

concentrations between 20-100 yM which were used to measure absorption spectra. The
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obtained value (513 nm) = 11 171 L mol~! cm~" is similar to values from literature: £ (510 nm) =

11 500 L mol~' cm~"in water(®® and £ (510 nm) = 11 100 L mol~' cm~" (solvent not indicated).l"

054

Absorbance at 513 nm (AU)

00+

T T T
0.00000 0.00005 0.00010
Concentration (M)

Figure $3.16. Determination of the molar extinction coefficient £ of [Fe(phen)s]?* complex in
PhCN.

General procedure for sample preparation

To a 60 yM sample of Fc[6]CPP in PhCN was added 500 equiv. of phen (180 pl, 0.5 M phen
solution in PhCN). The sample (total volume = 3.00 mL) was prepared in a quartz cuvette covered
in aluminum foil and then stirred in ambient light for 24 h. After this time, the sample was filtered
twice through a 0.22 ym PTFE syringe filter. The experiment was repeated four times (Table S3.4).
The same procedure was applied to calculate the yield in H2O/THF with €450 nm = 4 049 mol~" cm~
" for Fc[6]CPP and &511 nm = 10 734 mol~' cm~"for [Fe(phen)s]?* complex.

Example of calculation of yield of [Fe(phen)s]?* complex formation (before and after filtration):

concentration ([Fe(phen);]**) att = 24 h B

yield (before filtration) = concentration (Fc[6]CPP)att=0h

A[Fe(phen)3]2+ 0.5334
€513 nm 11171

= = 82.31%

Apcle]cpp 0.2731 ’

€450 nm 4708

concentration ([Fe(phen);]**) att =24 h _
concentration (Fc[6]CPP)att =0h

yield (after filtration) =
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AlFe@hen)s* 04211

€513 nm 11171
= = 64.99%
AFC[G]CPP 0.2731 0
€450 nm 4708

Table S3.4. Chemical yield of [Fe(phen)s]?* complex formation before and after filtration.

Experiment Yield before filtration (%) Yield after filtration (%)
1 82.31 64.99
2 75.91 60.40
3 83.77 66.64
4 79.32 74.70
Average + STD? 80.3 * 3.01 66.7 £ 5.16

a STD = standard deviation of the mean.

3.4.4.4 Control experiments w/o light

1.0 10
——O0h
0.8 0.8 —1h
24 h
064 0.6 -
5 =
© ©
< 044 <044
0.2 0.2
G 0 N T T T 00 1 T T T
300 400 500 600 700 300 400 500 600 700
Alnm Alnm

Figure S3.17 (left). Fc[6]CPP in PhCN (= 60 uM) with phen (500 equiv.) stirred in dark at room
temperature.

Figure S3.18 (right). Fc[6]CPP in PhCN (= 60 pM) with phen (500 equiv.) stirred in dark at 70
°C.

3.4.4.5 Quantum yields of [Fe(phen)s]?* complex formation
A solution of Fe, pro-Fc[6]CPP or Fc[6]CPP (see sample preparation below) in PhCN was stirred

and left to equilibrate for 2-3 min in the dark at 20 °C. Afterward, the sample was irradiated with

104



Chapter 3

a beam of collimated light at 472 nm (&=7 mm) using a FC1-LED 470CG light source (Figure
S$3.19) coupled to a polymer optical fibre from Prizmatix.’"l UV-vis spectra were recorded
periodically using diode-array spectrophotometer. The radiant power (flux; ®e) of the light source
was determined using calibrated Si-photodiode and optical power meter. The total irradiation time
was selected to reach <10% conversion and to obtain 6—10 experimental points. The procedure

was repeated 2—4 times. The quantum yield of formation @¢,,,,, was calculated according to the

equation:

where Anrm is the number of moles of [Fe(phen)s]?* complex formed, calculated from the
absorbance change at Amax (513 nm), and AnPass is the number of moles of photons absorbed by

the sample in the given time period calculated according to the equation:

t ro0 —
AP — Jo I (1= 107A@D) 15 g7 at
abs 6.022 x 1023

(Eq. 2)

where A(A,f) is the absorbance of the sample at the wavelength A in time ¢, and /,°™ is the photon
flux of the LED source at the wavelength A determined according to the equation:
‘pe

™ =q,(1) =m———— (q.3)
A Qn( )fo thn(/'L)d/'L q

where gn(A) is the emission spectrum of the LED source provided by manufacturer (counts vs.

wavelength) and @, is the radiant power (flux) measured by the optical power meter.

Peak Tool n

Peak 47177 Width 24.32 <
=
>

Centroid 473.89 PSD 91540.66
PwHM  24.32 Base 70.09

/
/f \\

T T T 1 T T T
300 350 400 450 500 550 600 650

Wavzlength in Nanometers

Figure S$3.19. Emission spectrum of the FC1-LED 470CG light source (obtained from
Prizmatix(""]).

105



Chapter 3

General procedure for sample preparation

Fc: to a 40 uM solution of Fc in PhCN was added 500 equiv. of phen (120 pL, 0.5 M phen solution
in PhCN). The sample (total volume = 3.00 mL) was prepared in a quartz cuvette covered in
aluminum foil and then irradiated (472 nm, @, = 130.2 mW) for ~1.5 h while stirring. The

experiment was repeated four times.

pro-Fc[6]CPP: to a 40 uM solution of pro-Fc[6]CPP in PhCN was added 500 equiv. of phen (120
uL, 0.5 M phen solution in PhCN). The sample (total volume = 3.00 mL) was prepared in a quartz
cuvette covered in aluminum foil and then irradiated (472 nm, &, = 130.2 mW) for 0.5 h while

stirring. The experiment was repeated four times.
Fc[6]CPP: to a 40 uM solution of Fc[6]CPP in PhCN was added phen:

was prepared in a quartz cuvette by adding 76 L (1 equiv.) of 1.56 mM Fc[6]CPP solution in
PhCN to phen solution in PhCN and PhCN (total volume = 3.00 mL):

e 5equiv. (20 uL, 0.0296 M solution in PhCN)

e 10 equiv. (40 pL, 0.0296 M solution in PhCN) (effect of oxygen)
e 25 equiv. (100 pL, 0.0296 M solution in PhCN)

e 100 equiv. (24 pL, 0.5 M solution in PhCN)

e 250 equiv. (60 pL, 0.5 M solution in PhCN)

e 500 equiv. (120 pL, 0.5 M solution in PhCN)

The sample (total volume = 3.00 mL) was prepared in a quartz cuvette covered in aluminum foil
and then irradiated (472 nm, ¢, = 9.86 — 46.4 mW) for 1 or 2 min while stirring. The experiment
was repeated two or four times. The same procedure was applied to calculate the quantum yield
in H2O/THF.
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Table S3.5. Quantum vyields of [Fe(phen)s]** complex formation from Fc, pro-Fc[6]CPP and
Fc[6]CPP in PhCN in the presence of phen upon irradiation with a 472 nm light source.

Compd. phen (equiv.) @, (mW) DProrm Average STD?
1.70 - 10
500 130.2 1.11-10°%
1.79 - 10
Fc 1.48 - 10
1.45 - 1056
500 130.2 2.42 - 105°
2.50 - 105°
1.71- 1050
5.39 - 10°
pro-Fc[6]CPP 500 130.2 5.20 - 10 4.91-10°% 3.99 - 10°
4.40 - 10°
4.66 - 10°
0.0017
5 46.4 0.00138
0.00155
0.00163
25 25.6 0.00781
33.2 0.0061
0.0357
100 9.86 0.0371
0.0347
0.0289

1.52-10° 2.62-10%

2.02-10%°% n.d.c

1.57 - 103 1.19 - 10+

6.96 - 10°  8.55-10%

3.41-102 3.12-10°%

Fc[6]CPP 250 9.86 0605‘5873 527102  4.35-10°

0.0601

500 9.86 0.0669

0.0531

0.0597

a STD = standard deviation of the mean. ® Calculated manually using the same datasets

measured for the samples of Fc, but assuming the lightsource was monochromatic (472 nm)

and the absorbed photons were obtained from Lambert-Beer law to verify the validity of the
used script, which employed equations 1-3. ¢ n.d. = not determined.

6.00- 102  4.88-10°3
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Representative examples of the obtained slopes (= quantum yields):

2.50E-08
@,,. SAMPLE
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Figure $3.20 (left). Fc + phen (500 equiv.).

Figure S$3.21 (right). Fc + phen (500 equiv.) assuming the lightsource was monochromatic (472
nm) and the absorbed photons calculated from Lambert-Beer law to verify the validity of the used
computer script based on equations 1-3.
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10609 .
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0.0E+00 5.0607 1.0E06 L5E-06 2.0£-06

Figure S3.22 (left). Pro-Fc[6]CPP + phen (500 equiv.). Note that the error is not reported
because a single dataset is displayed.

Figure S3.23 (right). Fc[6]CPP + phen (5 equiv.). Note that the error is not reported because a
single dataset is displayed.
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[0)] = 7.81E-03 * 0.0E+00
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Figure S3.24. Fc[6]CPP + phen (25 equiv.). Note that the error is not reported because a single
dataset is displayed.

Figure S3.25. Fc[6]CPP + phen (100 equiv.). Note that the error is not reported because a single
dataset is displayed.
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Figure S3.26 (left). Fc[6]CPP + phen (250 equiv.). Note that the error is not reported because a
single dataset is displayed.

Figure S3.27 (right). Fc[6]CPP + phen (500 equiv.). Note that the error is not reported because
a single dataset is displayed.
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3.4.4.6 Quantum yield simulations

Assuming that [Fe(phen)s]?* formation from Fc[6]CPP occurs via its triplet state, the quantum

yield of [Fe(phen)s]>* complex formation ®;,,., can be written as:

¢form = D¢ d)phen

where @5 (= 0.085)%% is the quantum yield of intersystem crossing reported for Fc (Et~ 40 kcal
mol~") and @, is the quantum yield of quenching of the excited T+ state by phen which can be

defined (in the presence of oxygen) as:

kdiff - [phen]

d)phen = 1
T + kairr - [phen] + kgirf - [0;]
1

where kqirr (=5 x 10" M~' s7) is the approximate diffusion rate constant in PhCN, 71 (= 9 x 10-

8 5)l53is the lifetime of the T+ state reported for Fc. Thus, @,,,, can be defined as:

kaifs - [phen]

d)form = d)ISC : 1
T + kairr - [phen] + kgirr - [0;]
1

This equation was used to calculate ®¢,,.,, from FC[6]CPP in the presence ([0,] = 2.5 x 103 M)
and the absence of oxygen ([0,] = 0 M) for concentrations of phenanthroline ranging from 2 x 10"

4Mto 2 x 102 M (corresponding to 5 to 500 equiv. in the experiments performed in section 5.6).

L |
0.08 - . "
|}
L
[ ]
% 0.06
2, . = Without oxygen
£ m  With oxygen
3
T 0.04 4 [ ]
o
3
]
0.02 4 "
[ ]
0.00 T T T T T T
0 100 200 300 400 500 600

[phen][Fc[B]CPP]

Figure $3.28. Simulations of quantum yields of [Fe(phen)s]** formation from Fc[6]CPP and
different equivalents of phen in the absence and the presence of oxygen.

The quantum yields of [Fe(phen)s]?* complex formation from Fc[6]JCPP with 10 or 25 equiv. of
phen in PhCN in the presence and the absence of oxygen were determined using the procedure

described in section 5.6. Prior to the measurement, the sample was either oxygenated by bubbling
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with oxygen or degassed by bubbling with nitrogen for 20 min. The sample was then irradiated
(472 nm) for 20 sec while stirring. Each experiment was repeated at least four times.

3.4.4.7 Mechanistic insights

4.0 30
—oh ——on
354 ——24n ——24h
24 h+1,10-phen 24 h 251 24 h +1,10-phen 24 h
3.0 ——24 h + 1,10-phen 24 h filtration ——24 h + 1,10-phen 24 h filtration
204
2.5
3 3
020+ 5 154
< <
1.5
T 1.01 500 550 800
550 600
1.0
054
054
0.0 . : = 7 0.0 T T ?
300 400 500 600 700 300 400 500 600 700
Afnm Alnm

Figure S3.29 (right). Fc[6]CPP in PhCN (= 60 uM) stirred in ambient light for 24 h, followed by
addition of phen (500 equiv.) and stirring in ambient light.

Figure S3.30 (left). Fc[6]CPP in PhCN (= 60 uM) stirred in ambient light for 24 h, followed by
addition of phen (500 equiv.) and stirring in dark.

10
——=0h
08+ —— 10 min
——24h
0.6
3
@
o4
02
OO 7 T T T
300 400 500 600 700

Alnm

Figure S3.31. Fe(OTf)2 + phen (500 equiv.) in PhCN (= 60 uM) stirred in ambient light for 24 h.
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3.4.4.8 Experiments in THF/H20

The experiments requiring irradiation with green light (ALED = 525 nm, FWHM = 35 nm) were
done using the PR160L-525 LED lamp (25 % intensity) purchased from Kessil.[’ The samples

were placed 20 cm away from the light source.

125000 20
——0h
100000 4 24 h filtration
15 ——24h
—— [Fe(phen),**

75000 4

50000 4

Radiance / pW nm""

25000 4

T T T T T
400 450 500 550 600 650 300 400 500 600 700
Alnm Alnm

Figure $3.32 (left). Emission spectrum of the PR160L-525 LED lamp (obtained from Kessil/”?).

Figure $3.33 (right). Normalized absorption spectra of Fc[6]CPP in H2O/THF (viv = 1:1, = 60
uM, phen: 500 equiv.) stirred in green light (ALepo = 525 nm) for 24 h (red: unfiltered, light red:
filtered) and independently prepared [Fe(phen)s]?* (blue). The spectrum of the solution at 0 h
(dark red) was scaled such that the absorbance at 400 nm matched the absorbance of
[Fe(phen)s]?* with equal concentration at its €max = 511 nm.

3.4.5 DFT calculations

3.4.5.1 General remarks

All calculations were performed with Gaussian 16[7% (release C.02) software. The crystal
structures of pro-Fc[6]CPP and Fc[6]CPP were used as a starting point and geometries were
optimized at D3-B3LYP/6-31+g(d)/LanL2DZ(Fe) level of theory. Effective core potential was used
for iron atoms. For triplet states, we needed to check and eventually reoptimize the triplet
wavefunction. The stable wavefunction was then used to optimize the geometries. The minima

on potential energy surface were confirmed by subsequent frequency calculations.
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Table S$3.6. Geometrical parameters of the studied species as compared to crystal structures.

Compd. Method Multiplicity a(°) 5 (°) d (A)e

X-ray - 0.67 179.75 10.961

- 1 0.91 179.73 11.097
pro-Fc[6]CPP D3-B3LYP

1.01 179.46 11.128

X-ray - 10.62 172.84 7.004

Fc[6]CPP 1 6.97 175.61 6.920
D3-B3LYP

3 12.05 173.43 7.236

@ Diameter of the cavity was determined as the distance between centroids of the
cyclohexadiene moieties for pro-Fc[6]CPP and corresponding phenylenes for
Fc[6]CPP.

3.4.5.2 Strain energy

3_»@/? +2Meo
IR Sep ¥ T

MeO

Q

L —0Zg C
Scheme S3.1. Homodesmotic reactions used to calculate strain energy of the pro-Fc[6]CPP

(top) and Fc[6]CPP (bottom).

Table S3.7. Strain energies in kcal mol~' calculated using 6-31++g(d)/LanL2DZ(Fe) basis sets

and the corresponding functional.

Compd. D3-B3LYP  wB97XD
pro-Fc[6]CPP 13.7 1.4
Fc[6]CPP 82.6 85.5
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3.4.5.3 Frontier molecular orbitals

LUMO

158 163
-6.067 -1.512

Figure S3.34. Frontier molecular orbitals of Fc[6]CPP (singlet) with orbital number and their
energy in eV at D3-B3LYP/6-31g(d)/LanL2DZ(Fe) level of theory. Note that the energies of the
virtual MOs are only approximate.
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3.4.5.4 Spin density plot

Spin density of triplet Fc[6]CPP was calculated at (U)-D3-B3LYP/6-31g(d)/LanL2DZ(Fe) level of
theory.

Figure $3.35. Spin density distribution in triplet Fc[6]CPP (isosurface value = 0.02).

3.4.5.5 Time dependent DFT calculations

Natural transition orbitals (NTOs) were plotted at the TD-CAM-B3LYP/6-31g(d)/LanL2DZ(Fe)
level of theory (isosurface value = 0.02).

Table S3.8. The first 10 transitions of Fc[6]CPP at TD-CAM-B3LYP/6-31g(d)/LanL2DZ(Fe) level
of theory.

Transition E (eV) A (nm) uf Orbital contributions?
1 1.93 643 0.0007 159->177 (14%)
159->172 (24%)
2 1.94 640 0.0008 160->177 (15%)
149->177 (12%)
3 2.46 503 0.0017 160->172 (26%)
149->172 (23%)
4 249 499 0 159->172 (20%)
149->177 (15%)
5 3.40 365 0.0001 160->172 (16%)
6 3.46 358 0.0007 149->172 (43%)
7 3.51 353 0.1661 162->163 (85%)
161->163 (19%)
8 4.29 289 1.2343 162->164 (38%)
162->166 (18%)
155->163 (11%)
161->163 (23%)
9 4.46 278 0.5605 162->166 (21%)
162->169 (10%)
_ 0,
10 4.52 274 0.411 161->164 (47%)

162->165 (13%)
@Only the contributions larger than 10% or the highest contributing transitions are listed.
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Transition 1

Virtual

T38%

- m

Figure $3.36. NTO of the So—S+ transition (E = 1.93 eV, f = 0.0007) of Fc[6]CPP.

Transition 2

b

Occupied

Figure $3.37. NTO of the So—S: transition (E = 1.94 eV, f = 0.0008) of Fc[6]CPP.

Transition 3

o m
<

139%

- m

Figure S3.38. NTO of the So—S3 transition (E = 2.46 eV, f = 0.0017) of Fc[6]CPP.

116



Chapter 3

Transition 4

Virtual

Occupied

Figure $3.39. NTO of the So—S4 transition (E = 2.49 eV, f = 0) of Fc[6]CPP.

Transition 5

Virtual

Occupied

Figure $3.40. NTO of the So—Ss transition (E = 3.40 eV, f = 0.0001) of Fc[6]CPP.

Transition 6

Virtual

Occupied

Figure S$3.41. NTO of the So—Ss transition (E = 3.46 eV, f = 0.0007) of Fc[6]CPP with their
occupancies.
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Transition 7

Virtual

Occupied

Figure S3.42. NTO of the So—S7 transition (E = 3.51 eV, f = 0.1661) of Fc[6]CPP with their
occupancies.

3.4.6 'H and "*NMR spectra
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