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Abstract

The synthetic methodology to covalently link donors to form cyclophane-based thermally activated
delayed fluorescence (TADF) molecules is presented. These are the first reported examples of TADF
cyclophanes with ‘electronically innocent’ bridges between the donor units. Using a phenothiazine-
dibenzothiophene-S,S-dioxide donor—acceptor—donor (D-A-D) system, the two phenothiazine (PTZ)
donor units were linked by three different strategies: (i) ester condensation, (ii) ether synthesis, and (iii)
ring closing metathesis. Detailed X-ray crystallographic, photophysical and computational analysis
shows that the cyclophane molecular architecture alters the conformational distribution of the PTZ units,
while retaining a certain degree of rotational freedom of the intersegmental D—A axes that is crucial for
efficient TADF. Despite their different structures, the cyclophanes and their non-bridged precursors
have similar photophysical properties since they emit through similar excited states resulting from the
presence of the equatorial conformation of their PTZ donor segments. In particular, the axial-axial
conformations, known to be detrimental to the TADF process, are suppressed by linking the PTZ units
to form a cyclophane. The work establishes a versatile linking strategy that could be used in further

functionalization while retaining the excellent photophysical properties of the parent D-A-D system.

Introduction

The concept of mechanically tethering molecular segments in materials chemistry has led to a broad
variety of macrocyclic structures (e.g. cyclophanes,® catenanes,®’ rotaxanes®®) in which
intramolecular movements can be controlled to influence the resulting material properties and

functions.™

Intramolecular motions and segmental orientations can have a strong impact on the properties of light-
emitting organic materials.!?1* State-of-the-art emitter molecules, which are based on the thermally
activated delayed fluorescence (TADF) principle can exploit up to 100% of the excitons formed under

optical or electrical excitation.’>! Here, triplet excited states are converted to singlet states through a



harvesting mechanism known as reverse intersystem crossing (RI1SC).?22° Molecules exhibiting TADF
are generally comprised of donor (D) and acceptor (A) segments, which are electronically decoupled,
inducing a high degree of twist between the D-A segments.®® This results in the formation of
intramolecular charge transfer (CT) states, which by interacting with energetically close or degenerate
local excited (LE) states facilitate the spin-flip from triplet state to singlet state. Attempts to explain the
efficiency of this interconversion mechanism solely by the energy gap between singlet and triplet states
did not lead to a conclusive explanation, and second order (vibrational) coupling between the excited
states has now been shown to be fundamental to this process.:** Conformations of the molecular
segments can severely alter the ladder of electronic states within the system. Breaking or extending the
n-conjugation length by molecular distortions, thereby shifting excited state energy levels, can
completely change the emission mechanism and efficiency.®234% Therefore, structural dynamic
considerations of the molecular segments are important when designing high performance light-emitting

organic molecules.

In this respect, it was reported that in a series of phenothiazine-based (PTZ) materials, the donor
segments can adopt two different conformations, axial (ax) and equatorial (eq), with respect to the
dibenzothiophene-S,S-dioxide (DBTO.)% and other acceptor units such as DPTZ-DBTO; in Figure 1.3”
39 PTZ derivatives show a small energy barrier between these conformations in solution.®® Different
properties resulting from the different conformations can be observed when selected PTZ-based
molecules are embedded in a rigid, solid-state matrix.*® The equatorial (eq) arrangement of the donor
segments gives well aligned 'CT and 3LE states, resulting in efficient triplet harvesting by RISC and
strong emission by TADF. In contrast, the axial (ax) conformer of the donor segments results in higher
energy CT states and often leads to materials with large singlet-triplet energy gaps (AEst). Axial
conformers therefore favor room temperature phosphorescence (RTP) in rigid, nonpolar zeonex

matrices, with negligible TADF contributions.*23
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Figure 1. Schematic representation of the parent DPTZ-DBTO, donor-acceptor compound 1a (left) and
the respective cyclophanes 2a—c of this work (right, red line represents a covalent link between the
donor units).



Utilizing these distinct photophysical behaviors induced by conformational heterogeneity, a series of
PTZ-DBTO-, molecules with sterically demanding substituents at various positions was synthesized in
previous works.?24 Methyl groups in the 1-position of the PTZ units reduce the conformational
flexibility of the unsubstituted parent compound and predominantly lead to the axial arrangement of the
donor segments within the materials, which strongly emit RTP in zeonex matrix. In contrast, introducing
methyl and isopropyl substituents at the DBTO, acceptor site gives only equatorial arrangement of the
donor units.®® Substitution at the acceptor positions changes the emission mechanism to TADF without
RTP.

Taking these insights into account, a series of TADF cyclophanes 2a—c are herein presented, which
reduce the conformational flexibility of the parent compound 1a (Figure 1). Covalently tethering the
donor segments into a macrocycle with an ‘innocent’ bridge leads to a new structural design of TADF
molecules. This design differs from literature macrocyclic TADF molecules**#? where all parts of the
macrocycle are involved in the photophysics, whereas here the linker can be described as ‘innocent’. In
other examples,**** the cyclophane acts as a double covalent linker between donor and acceptor, whereas
in the present work the two donors are tethered together to form the macrocycle. All-aliphatic
cyclophanes have been ‘bolted’ on to ‘remote sites’ of TADF molecules as a substituent,* but the donor
units have not been previously linked to form a cyclophane as presented herein. The macrocyclization
was achieved through three different chemical linkages using either (i) ester formation, (ii) ether
condensation, or (iii) alkene ring closing metathesis reaction. These modifications have introduced
molecular handles of various polarity while retaining the excellent photophysical performance of the

parent compound 1a.

Results and discussion
Molecular design and synthesis

The syntheses of the cyclophanes were based on a derivatization approach of the key intermediate 1b,
which can be obtained in a six-step synthetic sequence starting from 2-cyanophenothiazine (Scheme 1).
In the first step of this sequence, 2-cyanophenothiazine 3 was hydrolysed using a mixture of HCI and
AcOH to obtain the corresponding carboxylic acid 4. It was found that this reaction needs to be
conducted in the absence of oxygen, since prior attempts in the presence of oxygen led to the formation
of a chlorinated side-product (GC-MS analysis) which could not be separated from the resulting reaction
mixture. Compound 4 was transformed into the methyl ester 5, which was then reduced using LiAIH,4
to obtain the phenothiazine alcohol 6. Here, it was observed that the reduction reaction of compound 5
proceeded with higher overall yield over two steps, than in the case of directly reducing the carboxylic
acid 4 with LiAlH.to obtain the corresponding alcohol 6. The benzyl alcohol 6 was protected using tert-

butyldimethylsilyl chloride (TBDMS-CI), and was subsequently used in a twofold Buchwald-Hartwig
3



cross-coupling reaction with 2,8-dibromodibenzothiophene-S,S-dioxide. Finally, the precursor molecule
1b of the derivatization approach was obtained by deprotection of compound 8 using
tetrabutylammonium fluoride (TBAF).
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Scheme 1. Reaction sequence towards key intermediate 1b.

The cyclophane ester structure 2a was synthesized by the twofold esterification reaction of the diol 1b
with isophthaloyl chloride under high dilution, while the cyclophane ether 2b was obtained by a twofold
Williamson ether synthesis reaction using dibromo-m-xylene 10. The synthesis of the alkene-based
cyclophane 2c followed a two-step reaction sequence. Initially, the diol 1b was transformed into the bis-
allyl substituted compound 1c, which subsequently was converted into the cyclophane 2c¢ by a ring-
closing metathesis (RCM) reaction. The (E)-configuration of the resulting alkene was confirmed by *H-

NMR spectroscopy, as well as single crystal X-ray analysis.
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Scheme 2. Synthetic overview of the open derivative 1c and the closed TADF cyclophane structures
2a-2c.

X-Ray Crystallographic Analysis

The structures of the cyclophanes (2a—c) and the ‘open’ (non-bridged) disubstituted precursor
compounds (1b-c) were determined by single crystal X-ray diffraction (Figure 2, Table 1). The
asymmetric unit of 1b-%Me,CO comprises two molecules (A and B). In both, the PTZ units adopt syn-
axial orientations with respect to the DBT plane and are folded outward along the N...S vectors by ca.
140°. The torsion angles (1) about the N-Cpgt bonds are negligible and these bonds are shorter than the
N-Cprz, i.e. the N lone pair is conjugated mainly with the acceptor unit. The intramolecular cavity in
molecule A is filled by an acetone molecule of crystallization, which causes significant conformational
changes: the transannular S...S distance (8.12 A in B vs. 9.27 A in A), the angle between N...S vectors
(9.1° vs 31.4°), the interplanar angle between the inward-looking PTZ arene rings (61.4° vs 73.0°), and
the S...N—Cper angles (Table 1) are all widened, the deviations (3) of the N atoms from planarity are
smaller and the N-Cpgt bonds are stronger in molecule A. All OH-groups form strong (O...0 2.659(3)
to 2.804(3) A) hydrogen bonds with one another: each molecule participates in two R4 (8) rings*
(Figure S33b), each ring involves OH-groups of molecules A, B and their equivalents generated by the
glide plane, resulting in a continuous double-ribbon in the [1 0 1] direction. Remarkably, in molecule A

both C—OH bonds are oriented roughly perpendicular to the PTZ arene planes, looking into its (wider)
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transannular cavity, while in molecule B, both are nearly coplanar with their arenes. Thus, both
molecules conform to the same (approximate) mirror plane passing through their SO groups. The latter,
as in other structures (vide infra), only accept weak C-H---O bonds. Molecule 1c has crystallographic
twofold (C;) symmetry and the anti-axial orientation of the PTZ units. Several open D-A-D
phenothiazine derivatives have been shown to exhibit the axial conformation as their minimum energy
conformation by photophysical analysis and supporting DFT calculations.**#” Compared to 1b, 1c has
more folded PTZ, wider S...N-Cpgr angles, more planarized N atoms and shorter N-Cpgr bonds (Table
1). Due to close intramolecular contacts between the (partly disordered) side-chains and the substituted

PTZ arene rings, there is no intramolecular cavity and no solvent of crystallization in the structure of 1c.

In contrast, cyclophanes 2a (ester), 2b (benzyl ether) and 2c (allyl ether) all have an equatorial
arrangement of both PTZ units, with near-perpendicular twists around the N-Cpgr bonds, near-linear
S...N—Cper angles and less folded PTZ systems (Table 1). The N lone pair is conjugated with the PTZ,
rather than DBT-S,S-dioxide, n-system, as indicated by the bond distances N-Cpgr > N-Cprz. The
common features of all three cyclophane structures are a rigid intramolecular cavity which hosts a
solvent molecule of crystallization, and intense disorder of the bridge, revealing their conformational
flexibility (Figures S35—-S37). In 2a-1.5CH.Cl,, one PTZ unit and the entire bridge except one
methylene group, are disordered between two conformations, with occupancies 0.729(4):0.271(4). The
intramolecular cavity (and an adjacent intermolecular void) is filled with disordered CH.Cl, of
crystallization. In the structure of 2b-Me,CO there are two crystallographically non-equivalent host
molecules, each enclosing an acetone molecule in its cavity. Both 2b molecules (as well as the solvent
molecules) possess crystallographic mirror symmetry and have the bridge disordered equally between
two (overlapping) positions related by the mirror plane. In both 2a and 2b, the arene ring of the bridge
is disordered between two coplanar positions. Molecule 2c has no crystallographic symmetry; the central
ethylene moiety of the bridge shows a pedal-motion type disorder in a 0.87(1):0.13(1) ratio. In 2a and
2c, the PTZ units are folded outward, and in both donor of 2b, inward.

Table 1. Selected geometrical parameters

1b, A 1b, B 1c 2a 2b 2c
PTZ fold, ° 139.5 140.1 125.3 152.6 147.1,158.8 | 157.6

140.1 140.5 155.2 150.6 159.3
S...N-Cpsr, ° 113.9 100.0 125.5 171.7 166.4 173.1

120.2 106.7 173.1 169.1 173.6
7(N-Cpsr), ° 1.2,0.7 | 4.1,7.7 0.0 83.9,89.9 | 82.2,85.3 81.0,87.7
S(N), A 0.19 0.30 0.08 0.17 0.16 0.11
N-Coper, A 1.405(2) | 1.418(2) | 1.397(4) | 1.441(4) | 1.438(13) 1.446(6)
N-Cprz, A 1.436(3) | 1.436(3) | 1.427(4) | 1.417(4) | 1.417(13) 1.420(6)
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Figure 2. X-ray molecular structures of 1b—c and 2a—c with guest solvent molecules. Atomic
displacement ellipsoids are drawn at the 50% probability level. Primed atoms are symmetrically related
by 2-fold axis (1c) or mirror plane (2b). Disorder in 1c, 2a and 2b is omitted (Figures S34-36).

Photophysical properties
Photophysics in Solution

Figure 3a shows the absorption spectra of open compounds 1b—c and cyclophanes 2a—c in DCM
solution, together with the absorption of the individual D and A units (PTZ and DBTO; respectively)
and the absorption of parent compound DPTZ-DBTO, 1a,%? used for comparison. Three main bands are
observed which clearly match the absorption of the individual D and A units, indicating vestigial
conjugation across the D and A fragments. This indicates that the phenothiazine donor units are
electronically decoupled from the acceptor due to their highly twisted orientation relative to the plane
of the acceptor unit (Figure 2). The bands peaking at 270 nm and 340 nm are mainly identified with the
PTZ unit, whereas the band peaking at 290 nm is mostly due to the absorption of DBTO.. Interestingly,
the relative individual contributions of the D and A units to the absorption spectra changes between open
(1a—c) and closed (2a—c) forms. In the molecules with open structures la—c, the two bands peaking at
longer wavelengths are more intense than in the closed forms 2a—c. Similar trends have been observed
previously in the absorption of related compounds, where the presence of mixed equatorial and axial
conformers leads to the observation of absorption spectra similar to the spectra of compounds with open
structures. In contrast compounds where the equatorial form dominates show absorption spectra that
resemble the spectra of compounds with closed structures.® It is therefore suggested that compounds

1b and 1c with an open structure may adopt mixed equatorial/axial forms whereas compounds 2a—c are
7



predominantly in an equatorial form in solution. This is consistent with similar electrochemical behavior
of the materials which was investigated using cyclic voltammetry in DMF solution (Table S1). These
data indicate the presence of the lower bandgap equatorial conformer in all open and closed derivatives
of the set.
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Figure 3. a) Normalized absorption spectra of the open compounds 1a—c cyclophane structures 2a-c
and unsubstituted D and A units obtained in DCM at RT. b) Normalized emission spectra of 1a—c and
2a—c in toluene at RT (excited at 355 nm).

The emission of the D-A-D compounds in methylcyclohexane (MCH) is given in Figure S20. All
compounds measured show red-shifted emission relative to the emission of the D and A single units.
Moreover, the emission spectra in toluene (Figure 3b) are red-shifted compared in less polar MCH (see
Table 2 and Figure S20). This is consistent with the charge transfer (CT) character of the excited state
in these compounds. However, no significant differences were observed among the emissions of the
different compounds in toluene, and all compounds show pronounced solvatochromism when the

spectra are collected in solvents of increasing polarity (Figure S21).

The luminescence of all the compounds 1a—c and 2a—c significantly increased in solution (Table S3)
upon the removal of oxygen with no observable change in the profile of the spectra (Figure S22). This
gives strong indication that the delayed fluorescence (DF) is a result of harvesting triplet states and is

responsible for the increasing emission intensity in degassed samples.

The dependence of DF on the laser excitation dose was investigated in toluene. Compounds 1b—c and
2a—c all displayed a strong linear fit (gradient =~ 1) of the DF integral as a function of power in a log-log
plot (Figure S23) which is consistent with the reported data for 1a.%? This shows that the DF originates
via an intramolecular mechanism, rather than bimolecular triplet-triplet annihilation (TTA) which would
give a DF quadratic dependence with excitation dose. Introduction of the bridging unit between the two
donor units in 2a—c does not affect the emission mechanism, despite the different functionality on this

bridge.



Time-resolved fluorescence decays of la—c and 2a—c were also measured in toluene. All the decays
show two separate single-exponential regimes, with a fast component decaying in tens of nanoseconds,
followed by a longer decay component in the sub-microsecond region (Figure S24). Molecule 1b shows
the fastest prompt fluorescence (PF) decay of only 12.1 ns although because the PLQY for 1b is very
low, some of the decay for this compound could drop below the sensitivity of the instrument. For the
other derivatives, the PF decays were measured with a time constant of around 25 ns, consistent with
the emission behavior observed for the parent compound 1a.%> The DF decay is also faster in molecule
1b, with a time-constant of 485 ns, while the others show DF decays between 658 ns and 825 ns. The
clear mono-exponential trend observed in the DF decay and the relatively similar decay constants,
combined with the similar DF/PF ratios, suggests all these compounds are able to access the equatorial
conformation in solution, as this conformation is known for exhibiting efficient TADF.*213 Due to a low
energy barrier between axial and equatorial forms, interconversion between conformers is fully
accessible for the open derivatives 1a—c. This is consistent with previous observations in related
compounds.*?*® For the cyclophane structures 2a—c, the equatorial arrangement of the PTZ segments is
a result of the specific structural features of the molecules. Here, there is no significant effect of the
polarity and rigidity of the bridging unit (aryl ester, benzyl ether, or allyl ether) on the emission
properties. Therefore, in solution the intersegmental bridging of compounds 2a—c appears to have no
significant effect on the DF properties of these molecules. Using the solution data (Table 2) the RISC
rate constant (Krisc) is estimated to be =~ 10%s™%, with no significant variations among all molecules,
including the parent compound 1a.

Table 2. DF/PF ratio with prompt and delayed fluorescence lifetimes (in absence of oxygen) for all
compounds in toluene.

Emission Amax (nm)

Compound Toluene MCH DF/PF ratio  1pr (NS) Tor (NS) dem (%0)°
la 608 5402 2.05 31.8? 6902 10
1b 618 562 1.16 121+ 05 484.8+24.8 4
1c 609 544 2.24 27.0+23 787.1+£27.9 7
2a 601 571 2.24 27.2+0.8 825+21 7
2b 605 -b 1.47 25.4+2.6 753+37 7
2c 606 538 2.46 20.7£2.7 658 + 60 10

aData from reference®, ° Data absent due to lack of solubility, ¢ measured in the absence of oxygen

Photophysics in Solid State

The steady state emission spectra of compounds 1b—c and 2a—c in a solvent-free rigid matrix (zeonex
film) are presented in Figure 4: all the compounds display blue-shifted emission maxima when
compared to the measurements obtained in toluene solution. This shift is expected, due to the reduced

polarity of zeonex compared to toluene. The emission of compounds 1c and 2a—c (Figure 4) peak
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between 542 — 546 nm, 1a peaks at 532 nm, while dihydroxy substituted compound 1b is red shifted to
584 nm, maintaining an emission profile similar to that observed in solution. The zeonex films of 1b
also exhibited a cloudy white hue, suggesting the formation of aggregates large enough to scatter visible
light. Films of 1b were made at lower concentrations to reduce the effects of aggregation, however,
despite reducing the concentration to 0.01 wt.% it was not possible to prevent aggregation. The
phenomenon is likely to be due to the hydroxyl groups of 1b raising the polarity significantly compared
to the other molecules in the series. This increased polarity of the environment around the molecule red-

shifts the charge transfer-based emission.
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Figure 4. Normalized emission spectra of compounds 1a-c and cyclophanes 2a-c in zeonex (excited
at 355 nm). A small section of the spectra was removed due to the second harmonic of the laser at 710
nm

The triplet harvesting properties of molecules 1a—c, 2a—c are also observed in zeonex films. Moderate
dependence of the 'CT fluorescence intensity on oxygen is observed for all compounds, suggesting
triplet states are part of the pathway in the photophysical emission mechanism. However, when
compared to the DF/PF ratio of 1a in zeonex (Table 3), there appears to be no major macrocyclization
effect on the photophysics, although subtle changes are observed. Upon degassing, a blue shift on the
emission peak in zeonex is observed, up to 8-16 nm for the open structures 1a—c, and only 2—4 nm for
the closed structures 2a—c (Figure S25). This shift in 1a and was previously attributed to *LE
phosphorescence.’>®* The reduced blue-shift in the closed structures (2a—c) attributed to
phosphorescence further suggests that the presence of axial PTZ conformers (which favor

phosphorescence) is reduced by the cyclophane structure.

10
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Figure 5. Time-resolved spectra obtained at different delay times for compound 2c dispersed in
zeonex at RT (excited at 355 nm).

Time-resolved emission spectra were measured for open compounds la—c and cyclophanes 2a—c

(Figures 5 and S27-S31) and Figure 6 shows the relative shifts of the emission maxima for compounds

la, 1c and 2a—c. The initial emission maxima values at 1.5 ns correspond to a mixture of local and

charge transfer fluorescence emissions. The local fluorescence emissions present at the 370-470 nm

range in the steady state emission spectra, on the picosecond timescale (Figures 5 and S24) are not

recorded in the time-resolved measurements. The final emission maximum for 2c at 518 nm (Figure 5)
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is from room temperature phosphorescence (RTP) emissions. Charge transfer emissions (prompt and
TADF) are those with the longest emission wavelengths in these time-resolved measurements. No
apparent discernible pattern is observed between the two sets of compounds, with compounds 2a—c
(closed) and 1c (open) displaying relative shifts in energy over the decay lifetime with a similar trend,
however, with slightly smaller amplitude for the open structures. Therefore, we can conclude the
analysis of temporal spectral shifts cannot in this case distinguish between open and closed structures.
The analysis of the steady-state emission with and without oxygen is far more conclusive regarding the

suppression of the axial conformer in the cyclophane structures 2a—c.
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Figure 6. Relative shifts of the emission maxima over time for compounds 1a, 1c¢ and cyclophanes

2a—C in zeonex at RT. 1b is omitted from this data as the low signal:noise ratio precludes accurate
tracking of the wavelength.

Time dependent fluorescence decays were also recorded for 1b—c and 2a—c in zeonex (Figure S26). The
decays were significantly more complex than those obtained in solution. This is due to multiple
contributions from LE states at early times, *LE phosphorescence and the presence of 'CT fluorescence.
Compounds 1b and 2a-b show very similar PF decays, around 9.0 ns, whereas compounds 1c and 2c
give shorter PF lifetimes, around 5.0 ns. For the delayed fluorescence, compound 1b shows a short DF
lifetime of 1.1 ps and significantly lower PLQY, while compounds 1c and 2a—c have two exponential
DF lifetimes of 2.0 us - 4.7 s for 11, and 18.6 ps to 30.8 us for 1, (Table 3) indicating an overall slower

RISC rate in the solid state compared to in toluene.
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Table 3. Prompt and delayed emission lifetimes for all compounds in zeonex matrix.

Compound  DF/PF ratio Ter (NS) T1oF (ps)? TooF (Us)? PLQY+5%"
la 6.10 30.5 15 - 32%
1b 1.30 9.2 1.1 - 12%
1c 0.95 9.0 2.0 18.6 42%
2a 4.00 8.9 3.0 19.9 42%
2b 1.79 5.4 4.7 29.5 43%
2c 2.02 5.0 4.4 30.8 33%

@ Shorter component of dual exponential fitting listed first as t1, longer component listed as 2
b Measured in the absence of oxygen
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Figure 7 shows the fluorescence decay curves for compounds la—c and cyclophanes 2a—c collected
between 180 K and 320 K (for 1a) and between 80 K and 290 K (for 1b-c and 2a-c). No significant

effect on the decay of PF is observed in the temperature range studied for all compounds. However, as

expected, the delayed fluorescence shows marked temperature dependence. In all TADF compounds the

DF is more intense at higher temperatures;'® the exception in the present series is compound 1b which
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shows little DF contribution. This is expected due to the low PLQY, suggesting that the triplet excited
state in 1b is more affected by the non-radiative decay at longer lifetimes. In compounds 1c and 2a—c
there is a significant change in intensity with an increase in temperature; this is additional evidence that
the DF originates from a thermally activated mechanism (TADF). In compounds 2a and 2b, there is
little (or no) change in DF intensity above 245 K, suggesting a small AEst barrier. In all compounds
la—1c and 2a—2c¢ phosphorescence is observed at low temperatures appearing as a longer decay

component in the ms time range.
Computations

Detailed hybrid density functional theory (DFT) and time dependent DFT (TD-DFT) computations were
performed on all six compounds 1a—c and 2a—c to support the interpretations of their photophysical data.
The parent molecule 1a, examined by hybrid-DFT in many studies elsewhere!?133248 shows that the
seven distinct conformers of 1a in the ground states (So) are very close in energies with three major
classes, axial-axial (ax-ax), axial-equatorial (ax-eq) and equatorial-equatorial (eg-eq) related to the
donor—acceptor orientations: the most stable conformer in each class is shown in Figure 8. The relative
Gibbs free energies for these conformers are presented in Table 4 with an energy difference of only
0.03 eV between the three forms. It is important to note that crystal structures of ax-ax and eg-eq
conformers for 1a and rotational barriers of only 0.12 eV between ax and eq orientations have been
reported.'?# Thus all these conformers are expected to be present in solutions of 1a and may all exist in
the solid state as powder forms and in films.

ax-ax ax-eq

Figure 8. The lowest energy minima of the three main conformers, ax-ax, ax-eq and eg-eq, for 1a at So

ground states.
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Table 4. Relative Gibbs free energies (in eV) of most stable minima of ax-ax, ax-eq and eg-eq

conformers of 1a-c and 2a-c at optimized So ground states.

ax-ax ax-eq eqg-eq
la 0.02 0.00 0.03
1b 0.00 0.03 0.01
1c 0.00 0.00 0.01
2a 0.76 0.07 0.00
2b 0.26 0.04 0.00
2C 0.17 0.11 0.00

Compounds 1b and 1c contain a substituent at each donor unit which resulted in 20 distinct conformers
located from geometry optimizations based on the seven possible conformers of 1la (Figures S39, S40
and S42). The number of conformers multiplies further when the different orientations of the -CH,OR
groups are also considered. There are favorable intramolecular hydrogen bond O-H...O interactions in
1b which lower the energy by ca. 0.07 eV compared to conformers without such interactions. It is not
surprising that 1b has low solubility and issues of poor-quality film formation due to the discussed
hydrogen bond interactions. The crystal structure of 1b also contains intermolecular hydrogen bond
interactions between two molecules. The relative energies of the most stable conformers of each class
of 1b and 1c in Table 4 are similar, thus all conformers are also expected to exist in solutions and in the

solid state as powder forms and in films.

The three classes of ax-ax, ax-eq and eg-eq conformers for cyclophanes 2a—c were also located with
their relative energies listed in Table 4 (Figures S43-S45). The bridges between the two donor units
clearly result in the eg-eq conformers being the most stable of the three classes in contrast to 1a—c, but
the ax-eq conformers are only 0.04 (2b), 0.07 (2¢) and 0.11 eV (2a) higher in energies. Such conformers
may be present as minor components in solutions. The high relative energies of the ax-ax conformers

rule out their presence in the conformational mixtures of the cyclophanes, 2a—c.

Absorption spectra generated from ground states of the compounds in solutions show the distinct
differences in the spectra of la—c compared with 2a—c are very likely due to the ax-ax conformers
present in 1la—c and the absence of ax-ax conformers in 2a—c based on their relative energies (Table 4).
The simulated absorption spectra for the three conformers (ax-ax, ax-eq and eg-eq) of 1a and 2a show
bands present between 270 and 450 nm for ax-ax conformers (Figure S38). The predicted spectra are

in accord with the absence of ax-ax conformers in the observed spectra for 2a-c (Figure 3).

Unlike absorption spectra and optimized ground state geometries, emission spectra are from excited
states and therefore are best modeled from optimized excited state geometries. The lowest singlet excited
15



state S; optimized geometries of 1a at CAM-B3LYP/6-31G(d) were determined previously'? for ax-ax
and ax-eq conformers but not for eg-eq conformers. The phenothiazine remains folded in the ax
orientation but becomes planar in the eq orientation at these optimized S; geometries. Here, all three
most stable conformers of 1a at S; states have very different relative energies with the eg-eq optimized
geometry the most likely geometry in the excited state (Table 5, Figure S46). One phenothiazine unit
is planar and the second phenothiazine unit is folded in the eq-eq optimized S; geometry. The ax-eq and
ax-ax S; geometries at CAM-B3LYP/6-31G(d) are higher in energies than the eq-eq Si geometry by
0.24 eV and 0.81 eV, respectively. This energy pattern for the S; states of 1a is repeated for the five new
compounds 1b—c and 2a—c (Table 5 and Figures S47-S52).

Table 5. Relative energies (in eV) of most stable minima of ax-ax, ax-eq and eg-eq conformers of 1a—

¢ and 2a-c at optimized S; excited states.

ax-ax ax-eq eqg-eq
la 0.81 0.24 0.00
1b 1.03 0.43 0.00
1c 0.80 0.23 0.00
2a 0.73 0.30 0.00
2b 0.75 0.20 0.00
2C 0.73 0.12 0.00

From the relative energies of the S; geometries in Table 5, it is not surprising to find that the observed
emission data in toluene and zeonex for all six compounds are remarkably similar. The simple emission
spectra in toluene along with TADF suggest all emissions are from the eq-eq S: excited state geometries.
The complex emission spectra in zeonex with early prompt (local) fluorescence, charge-transfer/TADF
and phosphorescence imply that more excited states are involved in these emissions due to constrained
geometries in zeonex. It is noted elsewhere that crystals containing ax-ax conformers of l1a give early
prompt (local) fluorescence and phosphorescence emissions, whereas crystals containing eg-eq

conformers of 1a generate charge transfer/TADF emissions on excitation.*®

Thermally activated delayed fluorescence (TADF) is considered to be present when the S; and T,
energies are sufficiently close together to promote reverse intersystem crossing (RISC) along with
favorable spin-orbit coupling (SOC) between the charge transfer (*CT) singlet excited state and the local
excitation (°LE) triplet state when these states are close in energies. Figures 9-10 and S53-S55 show
the excited states with natural transition orbitals (NTOs) involved in the TADF processes in la—c and

2a—c by TD-DFT computations. Table 6 lists the nature and energies of these relevant excited states for
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all six compounds where the nature of the excited states is similar in order, except for 1b, and all states

are relatively close in energies.

2.60eV m — 13
Sl AES

:
248eV T

6eV
\J 2.44 eV

RISC
PF DF

Particle NTO = purple Hole NTO = yellow

Figure 9. Energy diagrams illustrating TADF in 1a and 2c with natural transition orbitals (NTOs) for

each state on optimized eg-eq S: excited state geometries from TD-DFT computations. PF = prompt

fluorescence, DF = (thermally activated) delayed fluorescence, ISC = intersystem crossing, RISC =

reverse intersystem crossing, AEst = Si energy — T1 energy, !CT = singlet charge transfer state, 3CT =
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triplet charge transfer state, °D = local triplet excitation state at the donor unit, A = local triplet excitation
state at the acceptor unit. 3D/2CT and 3CT/°D are mixed states where the former state is dominant.
Contours in NTOs are drawn at +0.04 (e/bohr®)*2,

Table 6. Energies and nature of the excited states from TD-DFT computations on optimized eg-eq S:
geometries of 1la—c and 2a—c. %CT values are listed in parentheses. AEst = S1 energy — T1 energy and
AE+T = T2 energy — Tz energy.

T T, S Ts AEst AETT
DIECT A IcT CTIPD

la  243(47)  250(11)  256(97)  2.64 (59) 0.13 0.07
1o 228(64)  245(23)  234(73)  2.53(26) 0.06 0.17
lc  242(40)  250(10)  258(97) 264 (67) 0.16 0.08
2a  240(28)  2.49(8) 250(96)  2.60 (77) 0.10 0.09
ob  241(58)  251(18)  253(97)  2.63 (56) 0.12 0.10
oc  244(34)  248(22)  260(97) 264 (77) 0.16 0.04

The singlet states (Si) in 1a, 1c and 2a—c from the calculated NTOs have essentially pure charge
transfer character (96-97%) which is expected from the pronounced solvatochromism observed in the
emission spectra (Figure S21). The three lowest energy triplet states, T1, T2 and Ts, in all compounds
do not include a pure charge transfer triplet state (3CT). Mixtures between local donor (D) and charge
transfer (3CT) states are apparent in Ty and T3 states, whereas T states are local acceptor (3A) states.
These local triplet states ((LE) being close in energies (AEst 0.10-0.16 eV) with the S; charge transfer
states facilitate TADF as spin orbit couplings (SOCs) with SOC matrix elements (SOCME) at 0.22—
0.58 cm™ occur between singlet and triplet states of different orbital characters (Table S3). Spin orbit
couplings between a singlet charge transfer state and a triplet charge transfer state are formally forbidden
(SOCME = 0.00 cm™?). The vibronic couplings between close low energy triplet states (AE+t 0.04-0.10
eV) are also assumed to aid the RISC process for TADF. The NTOs of the pertinent excited states in
2a—c are located at the donor (phenothiazine, PTZ) and/or acceptor (dibenzothiophene-S,S-dioxide,
DBTO,) units so the linkers between the two PTZ units can be regarded as ‘electronically innocent’.

The eg-eq S: optimized geometry for diol 1b differs from other eg-eq S: geometries (1a, 1c and
2a-C) due to the intramolecular hydrogen bond interaction between two phenothiazine units, and thus
the energies of the excited states and order of the nature of the triplet states in 1b change somewhat from
those in 1a, 1c and 2a-c (Figure 10). The energy of the S; transition state is substantially lower
compared to la, 1c and 2a—c in accord with lower emission energies observed experimentally in 1b

compared to 1a, 1c and 2a-—c.
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Figure 10. Energy diagram illustrating TADF with natural transition orbitals (NTOs) for each state on
the optimized eg-eq S; excited state geometry for 1b involving an intramolecular O—H...O interaction
from TD-DFT computations. Contours in NTOs are drawn at +0.04 (e/bohr®)*2,

The ax-ax and ax-eq conformers optimized at the S; excited states of 1a—c and 2a—c were shown by TD-
DFT computations to have large singlet-triplet gaps (AEst) at 0.27-1.30 eV (Figures S56-57, Table
S4). These geometries do not contribute to the TADF processes in 1a-c and 2a-c but they may contribute
to the prompt local fluorescence (*LE) and local phosphorescence at room temperature observed in

zeonex, where ax-ax and ax-eq conformers could be constrained after excitation to their excited states.

Conclusions

Efficient synthetic methodology has been developed to obtain cyclophanes 2a—c which show TADF
properties. Detailed photophysical and computational analysis shows that the cyclophane molecular
architecture alters the conformational distribution of the phenothiazine donor units. Despite their
different structures, 1a—c and 2a—c presented in this work have similar photophysical properties since
they emit through similar excited states resulting from the presence of the equatorial conformation of

their PTZ donor segments.

Due to the novel cyclophane structural design presented in this study, the axial arrangement of the PTZ
units is suppressed, while a certain degree of rotational freedom of the intersegmental C—N axes, which
is essential for efficient TADF, is retained. Despite the different polarity and rigidity of the linking
elements, the basic photophysical properties and efficient TADF performance of the uncyclized parent

compound 1a can be preserved when linking the triad segments into a macrocycle.
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The concept of building cyclophanes as TADF-active structures therefore offers multiple possibilities
for controlling the intersegmental arrangement of donor-acceptor compounds. This is a valuable
methodology for controlling the conformations of PTZ-based materials, and presents a synthetic
platform for future work to introduce non-innocent functionality in close proximity to the TADF-active
structure as part of the link between donor systems. In the present study the linker functionality does not
significantly alter the excellent photophysical properties of the TADF systems and therefore the linker
would be an ideal chemical position to tether the emitter for biological conjugation, sensing and other
applications. This strategy offers an attractive avenue for using TADF-active structures as functional
elements in more complex settings, i.e. TADF-emitting tags/labels, or future covalently bound

hyperfluorescence systems.*
General Experimental Details

Solvents and reagents: Solvents were dried using an Innovative Technology solvent purification
system and were stored in ampules under argon. Reagents were obtained from commercial sources and
were used without further purification. Moisture and/or air sensitive experiments were conducted using
thoroughly dried glassware under argon atmosphere.

NMR Spectra: 'H-NMR spectra were recorded on Bruker AV400, Varian VNMRS 600 and 700
spectrometers operating at 400, 600 and 700 MHz, respectively. 3 C-NMR spectra were recorded on the
same instruments at 100, 150 and 175 MHz respectively. Chemical shifts (&) in *H-NMR and BC{*H}-
NMR spectra are reported in ppm and were referenced against the residual solvent signal as reported in
the literature.>

Flash chromatography was carried out on silica gel 60 (40-63 pum) purchased from Fluorochem.

Mass spectra: High resolution mass spectrometry was carried out on a Waters LCT Premier XE using
ASAP ionization with TOF detection. Samples were analyzed directly as solids.

Melting points were carried out on a Stuart SMP40 machine with a ramping rate of 4 °C min. Videos

were replayed manually to determine the melting point or melting range.

Cyclic voltammetry (CV) measurements were performed using a BAS CV50W electrochemical
analyzer fitted with a three-electrode system consisting of a glassy carbon (¢ = 3 mm) working electrode,
and Pt wire counter and quasi reference electrodes. Experiments were conducted at a scan rate of
100mV st All experiments were conducted in dry deoxygenated DMF with 0.1 M
tetrabutylammonium hexafluorophosphate as the supporting electrolyte. All voltammograms presented
were referenced using separate voltammograms with internal ferrocene (Fc = (CsHs).Fe). The HOMO
and LUMO levels in Table S1 were obtained from the onsets of the redox waves using the equations
HOMO ~ ionization potential (IP) = |e|(Eox(nsenyt5.1) €V and LUMO ~ electron affinity (EA) = (HOMO
+ Eg). The +5.1 V value is the ferrocene/ferrocenium couple potential, Ey representing the

electrochemical potential difference between the first oxidation and reduction wave onsets.
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Spectroscopic measurements in solution were carried out using dilute solutions with optical density =
0.2 at the excitation wavelength. The solvents were super purity grade and used as supplied. Thin films
in zeonex were prepared by drop casting with a guest:zeonex ratio of (1:20 w/w) from toluene solutions.
Absorption and emission spectra were collected using a UV-3600 double beam spectrophotometer
(Shimadzu) and a Fluorolog fluorescence spectrometer (Jobin Yvon). The extinction coefficient
determination was performed in CH.Cl, solution. Phosphorescence, prompt fluorescence (PF) and
delayed fluorescence (DF) spectra and decays were recorded using nanosecond gated luminescence and
lifetime measurements (from 800 ps to 1 s) with either a high energy pulsed Nd:YAG laser emitting at
355 nm (EKSPLA) or a N laser emitting at 337 nm with pulse width 170 ps. Emission was focused
onto a spectrograph and detected on a sensitive gated iCCD camera (Stanford Computer Optics) between
350 and 700 nm with sub-nanosecond resolution. Time-dependent spectroscopy measurements were
performed by exponentially increasing the gate and delay times. The curve obtained directly from this
process does not represent the real luminescence decay. However, this is easily corrected for by
integrating the measured spectra and dividing the integral by the corresponding integration time. In this
way, each experimental point represents a snapshot of the number of photons emitted per second at a
time t = delay + (integration time)/2. The luminescence decay is then obtained by plotting each
experimental point against time and fitting with the sum of exponentials. When required, in this way,
we are able to collect luminescence decaying over 8 decades in time and in a single experiment,
providing true kinetic data. For initial development and other applications of these methods; see

literature studies.'135152 PLQY measurements were obtained using quinine sulphate as the standard.

Single-crystal X-ray diffraction experiments for 1c, 2a-c were carried out on a Bruker D8 Venture 3-
circle diffractometer, equipped with PHOTON 100 CMOS area detector, using Mo-Ka (1c, 2b) or Cu-
Ka (2a, 2c) radiation from Incoatec IpuS microsources with focussing mirrors. The crystals were cooled
using a Cryostream 700 open-flow N gas cryostat (Oxford Cryosystems). The data were collected in
shutterless mode by narrow frame « scans covering full sphere of reciprocal space, using APEX3
v.2016.1-0 software, reflection intensities integrated using SAINT v. 8.37A or 8.38A software (Bruker
AXS, 2016-2017). Data were corrected for absorption by semi-empirical method based on Laue
equivalents and multiple scans (1c, 2b) or by numerical integration based on crystal face-indexing (2a,
2c), using SADABS software.* For 1b the X-ray experiment was performed at Beamline 119 (EH1) of
Diamond Light Source (RAL) on a dual air-bearing fixed-y diffractometer with pixel-array photon-
counting Dectris Pilatus 2M detector,*® using undulator radiation monochromated with double-crystal
Si(111). The crystal was cryo-mounted using remote-controlled BART robot * and cooled to 100 K
using a Cryostream cryostat. Full sphere of reciprocal space was nominally covered by one run of 900
thin-slice @-scans and 3 runs of 850 thin-slice w-scans each (scan width 0.2°, 0.2 s exposure). The
computations were carried out using Diamond 119 EH1 GDA% and DIALS software.>” The diffraction

images were merged pairwise and converted to Bruker format using cbf to_sfrm.py program ¢ and
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further processed with APEX3 and SAINT software. The crystal was a 2-component twin, by a 176.8°
rotation about the real axis [0.025 1 -0.032]. The diffraction pattern was deconvoluted using
CELL_NOW v. 2008/4 program and integrated with two orientation matrices, yielding 108623
reflections (19944 unique) from the 1%t domain, 108429 reflections (19965 unique) from the 2" domain,
and 1905 overlapping reflections (1046 unique) involving both domains. The data were scaled and
merged by TWINABS program, which gave the domain ratio of 0.64:0.36. Alternatively, optimization

of the domain contributions during structure refinement converged at 0.6515(7):0.3485(7).

Structure 2a was solved by direct methods, using SHELXS 2013/1 program,*® other structures by dual-
space intrinsic phasing, using SHELXT 2018/2 program.>® All structures were refined by full-matrix
least squares using SHEL XL software® on Olex2 platform.®! Crystal data and other experimental details
are listed in Table S2.

Geometry optimizations were carried out with the Gaussian 16 package.®? Ground state (So) geometries
were fully optimized from different starting geometries without symmetry constraints at B3LYP5364
with the 6-31(d) basis set.55%¢ All fully optimized S, geometries were found to be true minima based on
no imaginary frequencies found and their Gibbs free energies determined from frequency calculations.
The predicted absorption spectra were produced visually from 100 lowest singlet states determined by
TD-DFT at B3LYP/6-31G(d). No oscillator strengths could be obtained for triplet state transitions
within the TD-DFT setup.

The popular B3LYP functional (and indeed many other pure/hybrid density functional theory (DFT)
methods with zero/low Hartree-Fock (HF) wave contributions) is known to significantly underestimate
charge transfer (CT) energies with respect to local excitation (LE) energies.®” Singlet excited state (S:)
geometries were optimized using the td opt command (TD-DFT) from fully optimized So geometries as
starting geometries at CAM-B3LYP'6-31G(d).®® The larger HF contribution in CAM-B3LYP means
that all computed transition energies are generally overestimated in time-dependent density functional
theory (TD-DFT) calculations at CAM-B3LYP. The parameter u in CAM-B3LYP determines the
balance of DFT to HF exchange at the intermediate point in the long-range exchange interaction.®® If
=0, the long-range-corrected (LC) DFT calculation corresponds to the pure (non-LC) DFT calculation,
and conversely p = oo corresponds to the standard HF calculation.®® The parameter u in CAM-B3LYP
is 0.33 and, to lower the HF contribution, this parameter is adjusted to 0.27 for single point TD-DFT
computations here and elsewhere for direct comparison with experimental emission data.’®’> The CAM-

B3LYP functional has been successfully applied to similar TADF molecules elsewhere.”

The six lowest singlet and six lowest triplet transitions were predicted from single point TD-DFT
computations on the optimized S: geometries. Natural transition orbital (NTO) calculations were

performed on the optimized S; geometries to visualize the hole and particle orbitals. The NTO figures
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were generated using the Gabedit package.” The %CT values were derived by i) defining the atoms for
donor and acceptor units, ii) calculating the %donor and %acceptor values in each molecular orbital
using electronic structure calculations and iii) calculating the %CT from NTO orbitals using the single
point TD-DFT generated data and the %donor and %acceptor values with GaussSum software.” Spin-
orbit coupling matrix elements (SOCME) were obtained from TD-DFT computations at CAM-B3LYP
with def2/J TZVP as basis set for the five lowest singlet and five lowest triplet transitions using the Orca

package.’
Synthesis and Characterization
10H-Phenothiazine-2-carboxylic acid (4)

2-Cyanophenothiazine (5.33 g, 23.76 mmol, 1 eq.) was mixed with glacial acetic acid (140 mL) and
conc. HCI (140 mL). The suspension was purged with argon for 15 minutes and was subsequently heated
to 117 °C for 18 h using a dry block heater. The resulting brown mixture was cooled to room temperature
and the solvent was removed under reduced pressure. The remaining residue was dissolved in ethyl
acetate (150 mL) and was washed with H>O (3 x 150 mL). The organic phase was dried using MgSO.
and was filtered through a plug of silica. The solvent was removed under reduced pressure giving
product as a yellow solid (5.58 g of 4, = 92% yield of 4), which contained ~ 5% starting material. The

material was used in the next reaction step without further purification.
The analytical data is in agreement with the data reported in the literature.””

'H-NMR (DMSO-ds, 400 MHz, 300 K) & (ppm) = 12.83 (s, 1H), 8.76 (s, 1H), 7.29 (dd, J = 7.9, 1.7 Hz,
1H), 7.24 (d, J = 1.7 Hz, 1H), 6.98-7.04 (m, 2H), 6.92 (dd, J = 7.7, 1.5 Hz, 1H), 6.77 (td, J = 7.5, 1.2 Hz,
1H), 6.66 (dd, J = 7.9, 1.2 Hz, 1H).

Methyl 10H-phenothiazine-2-carboxylate (5)

10H-Phenothiazine-2-carboxylic acid 4 (5.49 g, 22.57 mmol, 1 eq.) was suspended in acetone (80 mL).
The mixture was purged with argon for 15 minutes, after which potassium carbonate (3.34 g,
24.82 mmol, 1.1 eq.) was added. After stirring the mixture for five minutes at room temperature, methyl
iodide (1.83 mL/4.16 g, 29.34 mmol, 1.3 eq.) was added dropwise. The resulting mixture was stirred for
43 h at room temperature and was subsequently concentrated under reduced pressure. The resulting
residue was mixed with water (100 mL) and was extracted with DCM (2 x 100 mL). The organic layer
was dried over MgSQO, and was filtered. Removal of solvent under reduced pressure gave product which
was subsequently dissolve in n-hexane (20 mL). The mixture was filtered through a plug of silica and

was concentrated under reduced pressure, giving the product as a yellow solid (4.08 g, 70%).

The analytical data is in agreement with those reported in the literature.’
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'H-NMR (DMSO-ds, 400 MHz, 295 K) & (ppm): 8.79 (s, 1H), 7.30 (dd, J = 8.0, 2.7 Hz, 1H), 7.25 (d,
J=1.8Hz, 1H), 7.03 - 6.97 (m, 2H), 6.91 (dd, J = 7.7, 1.5 Hz, 1H), 6.77 (td, J = 7.5, 1.3 Hz, 1H), 6.65
(dd, J = 8.0, 1.2 Hz, 1H), 3.81 (s, 3H).

(10H-Phenothiazin-2-yl)methanol (6)

Under an argon atmosphere, to methyl 10H-phenothiazine-2-carboxylate 5 (3.10 g, 12.05 mmol, 1 eq.)
was added dry Et.0. (250 mL). In a separate flask, to LiAIH4 (1.37 g, 36.14 mmol, 3 eq.) was added
dry Et,O (60 mL). The solution of 5 was slowly transferred to the LiAlHs mixture via cannula, and the
resulting mixture was stirred for 4 h at room temperature. Carefully, 10% HClq) (30 mL) was added,
and the resulting colorless solution was stirred for 20 min. The mixture was filtered through a plug of
Celite™, dried using MgSOs, filtered, and subsequently was concentrated under reduced pressure,
giving product as a grey solid (2.13 g, 77%). The material was used without further purification.

This compound was previously reported in the literature.”

'H-NMR (DMSO-ds, 400 MHz, 296 K) § (ppm): 8.57 (s, 1H), 6.99 (td, J = 7.6, 1.5 Hz, 1H), 6.91 (dd,
J=7.6, 1.4 Hz, 1H), 6.85 (d, J = 7.6 Hz, 1H), 6.75 (td, J = 7.5, 1.3 Hz, 1H), 6.72-6.66 (m, 3H), 5.15 (t,
J=5.7 Hz,1H), 4.35 (d, J = 5.7 Hz, 2H). m.p.; 204.3-206.0 °C.

2-(((Tert-butyldimethylsilyl)oxy)methyl)-10H-phenothiazine (7)

(10H-Phenothiazin-2-yl)methanol 6 (2.10 g, 9.16 mmol, 1 eq.) was suspended in anhydrous DCM
(60 mL) under argon atmosphere and was mixed with imidazole (0.623 g, 9.16 mmol , 1 eq.), and tert-
butyldimethylsilyl chloride (1.55 g, 10.28 mmol, 1.12 eq.). The mixture was stirred for 2.5 h at room
temperature and was subsequently diluted with NaClq (100 mL). The resulting phases were separated,
and the organic layer was dried using MgSO.. The solution was filtered through a plug of silica. The
solvent was removed under reduced pressure, yielding an off-white solid which was purified by column
chromatography on silica (gradient n-Hexane/DCM, v/v, 5:1—3:1). The product was obtained as an off-
white solid (3.08 g, 98%).

IH-NMR (700 MHz, Acetone-ds, 298 K) & (ppm): 7.86 (s, 1H), 6.97 (t, J = 7.5 Hz, 1H), 6.93 (d, J= 7.5
Hz, 1H), 6.89 (d, J = 7.7 Hz, 1H), 6.80 — 6.74 (m, 3H), 6.70 (d, J = 7.9 Hz, 1H), 4.62 (s, 2H), 0.93 (s,
9H), 0.10 (s, 6H). BC{*H}-NMR (176 MHz, Acetone-ds, 298 K) & (ppm): 143.4, 143.3, 142.3, 128.2,
127.2,126.9, 122.8, 120.6, 118.5, 116.6, 115.4, 113.3, 65.1, 26.3, 18.9, -5.1. HRMS-ASAP-TOF" m/z
calculated for C19H26NOSSi [MH]*"344.1499, found: 344.1501. m.p. 169.5 -171.0 °C
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Under an argon atmosphere, the TBDMS-protected (10H-phenothiazin-2-yl)methanol 7 (2.84 g,
8.27 mmol, 2 eq.) was mixed with 2,8-dibromodibenzothiophene-S,S-dioxide* (1.55 g, 4.13 mmol, 1
eq.) and HP'BusBF, (120 mg, 0.41 mmol, 0.10 eq.). The mixture was dissolved in dry toluene (100 mL)
and the solution was bubbled with argon for 30 minutes. Pd,(dba)s-CHCIs (214 mg, 0.21 mmol, 0.05 eq.)
was added and the mixture was bubbled with argon for 15 minutes. NaO'Bu (1.19 g, 12.40 mmol,
3.00 eq.) was then added and the mixture was heated to 107 °C using a dry block heater, with stirring
for 21 h. The mixture was cooled to room temperature and filtered through plugs of Celite™ and silica.
The solvent was removed under reduced pressure and the remaining residue was purified by column
chromatography on silica (DCM/Hex, v/v, 7:3). Removal of solvent under reduced pressure gave the
product was obtained as a yellow solid (2.83 g, 76%).

'H-NMR (700 MHz, CD.Cly, 298 K) & (ppm): 7.74 (d, J = 8.4 Hz, 2H), 7.33 — 7.30 (m, 4H), 7.28 (dd,
J=8.4,21Hz 2H), 7.26 (d, J = 7.9 Hz, 2H), 7.17 (td, J = 7.8, 1.5 Hz, 2H), 7.10 (td, J = 7.6, 1.1 Hz,
2H), 7.05 (d, J = 8.0 Hz, 2H), 6.96 — 6.93 (m, 4H), 4.63 (s, 4H), 0.84 (s, 18H), 0.02 (s, 12H). ¥C{*H}-
NMR (176 MHz, CD:Cl,, 298 K) & (ppm): 149.4, 142.22, 142.16, 142.1, 134.1, 133.5, 129.5, 128.6,
128.3,127.7,127.4, 125.6, 123.8, 123.6, 123.2, 120.7, 114.2, 64.5, 26.0, 18.5, -5.2. Note: There is one
less carbon signal than expected, *H-*C HSQC NMR experiments show there are two different carbon
environments overlapping with the same chemical shift at 123.2 ppm (Figure S4). HRMS-ASAP-TOF*
m/z calculated for CsoHs4N204Si2Ss [MH]*898.2779, found: 898.2780. m.p. 263.9-266.5 °C

1b

Under an argon atmosphere, TBDMS-protected compound 8 (3.27 g, 3.63 mmol, 1 eg.) was dissolved
in dry THF (55 mL). To the yellow solution was added tetrabutylammonium fluoride in THF (7.26 mL,
1 M soln. in THF, 7.26 mmol, 2.00 eq.,) dropwise. The orange mixture was stirred for 4 h at room
temperature and was subsequently added NaClsq) sat. (50 mL). The mixture was diluted with EtOAc
(50 mL) and the phases were separated, and the organic phase was dried using MgSQO. which was
subsequently filtered. The solvent was removed under reduced pressure and the remaining yellow solid
was purified by column chromatography on silica, initially using DCM as mobile phase and
subsequently eluting the target compound using a solvent mixture of n-hexane/acetone (v/v, 1:9). The
residue of the combined fractions containing the desired product was triturated four times using boiling
Et,O. Removal of solvent under reduced pressure gave the product as an off-white solid (2.28 g, 94%).
Note: There is one less carbon signal in the *C NMR than expected due to long relaxation times of

quaternary carbons adjacent to nitrogen.

IH-NMR (DMSO-ds, 400 MHz, 294 K) & (ppm): 7.98 (d, J = 8.45 Hz, 2H), 7.62 (s, 2H), 7.41 (d,
J=7.66 Hz, 2H), 7.36 (d, J = 7.90 Hz, 2H), 7.32 (d, J = 8.45 Hz, 2H), 7.26 (t, J = 7.78 Hz, 2H), 7.18 (¢,
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J=7.47 Hz, 2H), 7.12 (d, J = 7.90 Hz, 2H), 7.07 (d, J = 7.96 Hz, 2H), 7.01 (s, 2H), 5.27 (t, J = 5.61 Hz,
2H), 4.43 (d, J = 5.16 Hz, 4H). BC{*H}-NMR (DMSO-ds, 100 MHz, 294 K) & (ppm) = 206.8, 148.8,
142.9, 141.4, 141.3, 133.0, 132.4, 128.2, 127.9, 127.9, 125.8, 125.6, 124.0, 123.6, 123.4, 123.3, 120.8,
114.3, 62.2. HRMS-ASAP-TOF* m/z calculated for CssH2sN203S3 [M+H-H:0]" 653.1022, found:
653.1020. m.p. 295 °C (decomp.). Note: The benzylic alcohols in 1b are prone to cleavage following
protonation during the ASAP analysis. As a result the [M+H*]ion is very low in intensity and cannot be
used for accurate mass. The ion resulting from water loss from 1b following initial protonation
dominates the signal and is within acceptable ppm ranges. The presence of both OH groups is confirmed
by *H NMR and X-ray crystallography.

2a

Toasolution of 1b (117 mg, 0.174 mmol, 1 eq.) and isophthaloy! chloride (58 mg, 0.284 mmol, 1.64 eq.)
in dry CH2Cl, (275 mL) under argon was slowly added dry pyridine (0.28 mL, 3.48 mmol, 20 eq.). The
reaction mixture was stirred at ambient temperature for 21.5 h. TLC analysis indicated complete
conversion to product and the solvent was then removed under reduced pressure to yield a crude mixture.
The crude mixture was purified by silica gel column chromatography with the following solvent
mixtures: 20% acetone:hexane (v/v), 40% acetone: hexane, 100% CH.Cl, and finally 1%
acetone:CH.Cl.. Solvent was removed under reduced pressure to give compound 2a as a yellow solid
(87 mg, 62%). Crystals suitable for X-ray diffraction were grown by vapor diffusion of 2,2,4-

trimethylpentane into a solution of 2a in CH.Cl..

'H-NMR (400 MHz, DMSO-dg 295 K) & (ppm): 8.31 (d, J = 8.2 Hz, 2H), 8.29 (d, J = 1.8 Hz, 2H), 8.19
(t, J = 1.6 Hz, 1H), 8.03 (dd, J = 7.8, 1.6 Hz, 2H), 7.75 (dd, J = 8.2, 1.8 Hz, 2H), 7.63 (t, J = 7.8 Hz,
1H), 7.11 (d, J = 7.9 Hz, 2H), 7.07 (dd, J = 7.4, 1.7 Hz, 2H), 6.96 (dd, J = 7.9, 1.5 Hz, 2H), 6.95 — 6.90
(m, 2H), 6.86 (td, J = 7.4, 1.3 Hz, 2H), 6.24 (dd, J = 8.2, 1.3 Hz, 2H), 6.11 (d, J = 1.5 Hz, 2H), 5.24 (s,
4H). BC{*H}-NMR (151 MHz, DMSO-ds, 298 K) & (ppm): 164.2, 146.1, 143.1, 142.0, 136.5, 136.0,
133.9, 133.8, 133.6, 130.1, 129.4, 129.0, 127.6, 126.7, 125.0, 124.7, 123.3, 122.7, 119.6, 119.4, 116.4,
114.8, 65.0. HRMS-ASAP-TOF* m/z calculated for CssH2906SsN2. [MH]*801.1182, found: 801.1168.
m.p. 328 °C (decomp.)

2b

Under an argon atmosphere, to sodium hydride (65 mg, 2.71 mmol, 6.06 eq.) as added anhydrous THF
(200 mL) which was then heated to 65 °C. An anhydrous premixed solution of diol 1b (300 mg,
0.45 mmol, 1 eq.) and a,0’-dibromo-m-xylene (118 mg, 0.45 mmol, 1 eq.) in THF (50 mL) was added
dropwise over 48 h using a syringe pump. The reaction mixture was kept stirring at 65 °C for another
48 h using a dry block heater and was subsequently quenched by the addition of H,O (10 mL). The
solvent was removed under reduced pressure and the remaining residue was redissolved in DCM (50
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mL) and NaClpq sat. (50 mL). The organic phase was separated, dried using MgSOs, and filtered
through a plug of silica. The solvent was removed under reduced pressure a yellow solid which was
recrystallized by dissolving in hot DCM, mixing with acetone and subsequently removing the DCM
under elevated temperature. Combining the recrystallization crops resulted in pure product as a yellow
solid (49 mg, 14%). Crystals suitable for X-ray diffraction were grown by dissolving the compound in
DCM and overlaying the resulting solution with acetone. The DCM was subsequently allowed to

gvaporate over time.

'H-NMR (CD.Cl,, 600 MHz, 298 K) &§ (ppm): 7.98 (d, J = 8.2 Hz, 2H), 7.60 (s, J = 1.8 Hz, 2H), 7.51
(dt, J=8.2, 1.8 Hz, 2H), 7.245 (t, J = 7.5 Hz, 1H), 7.09-7.17 (m, 7H), 6.98 (dt, J = 7.6, 1.6 Hz, 2H),
6.90-6.96 (m, 4H), 6.52 (dd, J = 8.1, 1.1 Hz, 2H), 6.39 (s, J = 1.3 Hz, 2H), 4.45 (s, 4H), 4.291 (s, 4H).
BC{*H}-NMR (CD:Cl,, 150 MHz, 298 K) & (ppm): 148.1, 143.2, 142.9, 138.7, 138.6, 136.2, 134.2,
130.1, 128.7, 127.9, 127.7, 127.6, 127.5, 127.5, 124.9, 124.3, 124.2, 123.8, 123.4, 121.5, 119.1, 118.5,
72.7, 71.7. HRMS-ASAP-TOF* m/z calculated for CssH32N204Ss [M]* 772.1524, found [M]* 772.1540.
m.p. 320 °C (decomp.).

1c

Under an argon atmosphere, diol 1b (700 mg, 1.04 mmol, 1 eq.) was mixed with anhydrous THF
(20 mL) and sodium hydride (100 mg, 4.0 eq., 4.17 mmol). The mixture was stirred for 30 min at room
temperature and subsequently allyl bromide (0.71 mL, 4.17 mmol, 4 eq.) was added. The mixture was
heated to 60 °C for 20 h using a dry block heater and was cooled to room temperature. The reaction was
guenched with ethanol (5 mL) and was concentrated under reduced pressure. The resulting residue was
purified by column chromatography on silica, initially using DCM as mobile phase and subsequently

eluting the material using pure THF. The product was obtained as a yellow solid (765 mg, 98%).

'H-NMR (DMSO-ds, 600 MHz, 298 K) & (ppm) = 8.04 (d, J = 8.4 Hz, 2H), 7.77 (s, J = 2.0 Hz, 2H),
7.42(d,J =8.4,2.0 Hz, 2H), 7.35 (d, J = 7.6, 1.5 Hz, 2H), 7.33 (d, J = 7.8 Hz, 2H), 7.21-7.17 (m, 2H),
7.12 (t, J = 7.6, 1.3 Hz, 2H), 7.067 (d, J = 8.0, 1.5 Hz, 2H), 6.92 (d, J = 8.1, 1.1 Hz, 2H), 6.85 (d, J =
1.3 Hz, 2H), 5.78 (m, 2H), 5.13 (dd, J = 17.3, 3.6 Hz, 2H), 5.01 (dd, J = 10.5, 3.3 Hz, 2H), 4.37 (s, 4H),
3.888 (M, 4H). BC{'H}-NMR (DMSO-ds, 150 MHz, 298 K) & (ppm) = 148.1, 1415, 141.5, 138.5,
134.9, 134.8, 133.2, 133.1, 127.9, 127.7, 126.4, 125.2, 125.2, 125.0, 124.1, 123.8, 121.8, 120.2, 116.4,
116.2, 116.2, 70.3, 70.2. HRMS-ASAP-TOF* m/z calculated for CasHasN204Ss [M]* 750.1681, found
[M+H]* 750.1683. m.p. 119-122°C.

2C

Under an argon atmosphere, bis-allyl substituted compound 1b (308 mg, 0.41 mmol,1 eq.) was dissolved

in DCM (260 mL) and was purged by argon bubbling for 30 min. In a separate flask, Grubbs-Hoveyda

27



2" generation catalyst (15 mg, 0.024 mmol, 0.058 eq.) was dissolved in anhydrous DCM (10 mL). The
solution of the catalyst was rapidly added to the solution of 1b and the resulting mixture was stirred for
72 h at room temperature. A solution of potassium cyanoacetate (26 mg, 0.21 mmol, 0.51 eq.) in MeOH
(2 mL) was added to the reaction and the resulting mixture was stirred for 30 min at room temperature.
The solvent was removed under reduced pressure, and the resulting residue was purified by column
chromatography on silica (toluene/EtOAc, v/v, 10:1). Removal of solvent under reduced pressure gave
the product as a yellow solid (85 mg, 29%). Crystals suitable for X-ray crystallography were grown by

dissolving 2c¢ in hot DMSO-ds and allowing cooling to ambient temperature.

'H-NMR (DMSO-ds, 700 MHz, 298 K) § (ppm) = 8.48 (d, J = 1.8 Hz, 2H), 8.30 (d, J = 8.1 Hz, 2H),
7.68(d,J =8.1,1.8 Hz, 2H), 7.01 (t, J = 7.8 Hz, 2H), 6.94 (t, J = 7.5 Hz, 2H), 6.88 (d, J = 7.9 Hz, 2H),
6.45 (d, J=8.25 Hz, 2H), 6.30 (s, 2H), 5.55 (m, 2H), 4.21 (s, 4H), 3.85 (m, 4H). *C{*H}-NMR (DMSO-
de, 175 MHz, 294 K) & (ppm) = 146.8, 142.7, 142.3, 138.2, 136.0, 133.4, 132.0, 128.9, 127.6, 126.9,
126.7, 125.2, 124.9, 123.4, 1228, 120.9, 120.0, 117.42 116.3, 70.3, 69.2. HRMS-ASAP-TOF* m/z
calculated for Cs2H30N204Ss [M]*722.1368, found [M]* 722.1351. m.p. 288-290°C.
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