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ABSTRACT

Perfluoroalkylation is an effective strategy for lowering the valence orbital energies of arenes and is therefore used for the design of new n-type semiconductors. Here
we present a strategy for the efficient reaction of the diazaarene phenazine (PHNZ) with 1,4-C4Fgly, which finally leads to the cyclization products 1,2- and 2,3-PHNZ
(c-C4Fg) (c- = cyclo-substituent). It turns out that the synthesis of these compounds can be attained with equal efficiacy by thermal reactions (in the presence of
copper) or photochemical reactions (in the presence of photocatalysts, PC). While under the photochemical conditions, the reaction either stops after formation of a
1:1 mixture of cyclo-products with the mono-substituted compounds 1- and 2-PHNZ(w-C4Fgl) (w- = chain with terminal substitution, PC: Ru(bpy)sClz) or even be-
comes reverted (PC: Rose Bengal), the thermal reaction is limited by the formation of the reduction products 1- and 2-PHNZ(w-C4FgH). Attempts to cyclize 1- and 2-
PHNZ(w-C4Fgl) thermally led to a new cyclic compound, 5-H-1,10-PHNZ(c-C3FsC(=0)), a cyclic amide derivative of 5,10-dihydrophenazine. Nevertheless, under
photochemical conditions, the purified 1- and 2-PHNZ(w-C4Fgl) could be cyclized cleanly to 1,2- and 2,3-PHNZ(c-C4Fg). The cyclo-compounds could be reductively
defluorinated under formation of a new aromatic ring, thus extending the n-systems to 1,2- and 2,3-PHNZ(c-C4F4), which are derivatives of benzo[a]phenazine and
5,12-diazatetracene, respectively. All these compounds could be isolated and were characterized by all or a subset of the following physicochemical techniques: 'H
and '°F NMR; GCMS; cyclic voltammetry; UV/VIS spectroscopy, high-resolution mass spectrometry, and powder or single-crystal X-ray diffraction. The pronounced
electron-withdrawing effect of the perfluoroalkyl groups could be verified, while the introduction of the (c-C4F4) annelation led to a significant lowering of the band
gaps. The diazatetracene derivative exposed a tendency for the [4+4] cyclodimerization to [2,3-PHNZ(c-C4F4)]2, which was also isolated and structurally

characterized.

1. Introduction

The fluorination, polyfluoroalkylation, and perfluoroalkylation of
aromatic compounds is a vibrant field of synthetic fluorine chemistry
driven by the needs of the pharmaceutical, agrochemical, and organic
electronic industries [1-10]. The aromatic compounds that have been
the focus of our research since 2013 are polycyclic aromatic hydrocar-
bons (PAHs), including those with one or more N atoms in their aromatic
cores (azaPAHs) [11-19]. The preparation of most fluorinated/-
fluoroalkylated PAHs and azaPAHs typically involves multi-step "bot-
tom-up" syntheses starting with monocyclic aromatic substrates
containing fluorinated functional groups. A typical example is the
five-step reaction sequence for the synthesis of hexabenzocoronene with
polyfluoroalkyl chains [20]. Several examples of fluorinated and per-
fluoroalkylated azaPAH derivatives made by the bottom-up approach
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are compounds A-D in Fig. 1 [21-26].

In contrast, direct attachments of C,F), substituents onto PAHs, aza-
PAHs, or their halogenated derivatives are relatively rare. It has been
demonstrated that aromatic ketones can be converted to per-
fluoroalkylated systems by the treatment with the Ruppert-Prakash re-
agent CF3SiMes and its higher homologues, e.g. in the three-step
sequence of reactions for the conversion of 6,13-pentacenequinone to
6,13-pentacene(Rp), derivatives (Rg=per- or polyfluoroalkyl chain)
[24,27]. Sun and coworkers used perfluoroalkyl iodides (Rgl) to sub-
stitute Br atoms by Rg groups in the respective anthracene (ANTH),
pyrene (PYRN), 1,10-phenanthroline, and dibenzo[a,c]phenazine de-
rivatives by copper-mediated cross-coupling reactions [28,29]. Analo-
gously, Chen and coworkers introduced a single w-C4FgCl group to
phenanthrene (PHAN) by heating 1,4-C4FgClI, 9-iodo-PHAN, and Cu
powder in DMSO at 80 °C [30]. Vicic and coworkers added a single
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Fig. 1. Highly fluorinated phenazines and related compounds reported in the literature before this work: A, ref. [21].; B, ref. [22].; C and D, ref. [23].; E-H,

ref. [24].; I-L, ref. [14].; M-P, ref. [24].; Q, ref. [26]..

w-C4FgBr group to 7-Cl-quinoline and naphthalene by heating the cor-
responding iodo compounds, Cul, and (1,10-phenanthroline)Ag
(w-C4FgBr) in acetonitrile at 50 °C (similarly, these authors also devel-
oped an elegant approach for the synthesis of arene(c-C4Fg) derivatives
by reaction of o-diiodoarenes (e.g. 2,3-diiodopyridine) with the organ-
ometallic complex (CH3CN)2Zn(1,4-C4Fg)2Zn(NCCH3), in DMF at 100
°C) [31-33]. Direct exchange reactions of H atoms at arenes have also
been reported, e.g. by Qu, Wang, and coworkers, who introduced a
single n-CgF;7 group into the unsubstituted PAHs PYRN and perylene
(PERY) by reacting them with n-CgF;7I and Cu powder in DMSO at 120
°C [34]. San and coworkers introduced a single perfluorobenzyl group
(Bng) to unsubstituted corannulene (CORA) by heating it with Bngl and
Cu powder in DMSO at 160 °C [18]. Pibiri and coworkers prepared
PYRN(Rp) derivatives photochemically by irradiating solutions of Ryl
and PYRN in CH3OH [35], and lizuka and Yoshida prepared 1-naph-
thalene(n-CgF;3) photochemically in CH3CN in the presence of TiO as a
photocatalyst [36]. Ono, Hisaeda, and coworkers prepared arene de-
rivatives with annelated cyclo-C4Fg substituents (hereinafter c-C4Fg,
such as e.g., 1-methylindole-2,3-c-C4Fg) electrochemically using 1,
4-C4Fgl, (hereinafter C4Fgly) in the presence of a catalytic amount of a
vitamin B;5 derivative [37].

We previously developed a direct method for the perfluoroalkylation
of unsubstituted PAHs and azaPAHs in the gas phase that afforded li-
braries of PAH(CyF)), and azaPAH(C,F)), derivatives with strong elec-
tron acceptor properties [11-19]. When C4Fgl, was used as the C,F,
reagent in high-temperature reactions with CORA, intramolecular
cyclization to produce c-C4Fg derivatives was observed [12,16,17]. The
CORA(c-C4Fg),, derivatives with six- and seven-membered rings con-
taining C4Fg moieties were found to have gas-phase electron affinities
(EAs) up to 2.3 eV higher than the 0.5 eV EA of unsubstituted CORA
[12]. One compound, CORA(c-C4Fg)3, is a stronger electron acceptor

than the fullerene Cgp [12]. Reactions of C4Fgl, with triphenylene
(TRPH) at 300 °C also afforded derivatives with up to three c-C4Fg
substituents [16,17]. When the reactions were performed at 360 °C in
the presence of activated Cu powder, reductive defluorination/aroma-
tization (RDF/A) of one or more of the aliphatic six-membered rings
with C4Fg moieties to aromatic six-membered rings with C4F4 moieties
was observed [16,17]. Although the yield and selectivity were low in
this case [17], the conversion of c-C4Fg substituents to c-C4F4 sub-
stituents by RDF/A, in general, would be a valuable and convenient
method to expand the aromatic core of a PAH with fluorinated aromatic
rings if yields and selectivities could be improved.

Examples of PHNZ derivatives with CF3, ¢-C4Fg, and c-C4F4 sub-
stituents, which we prepared in previous work by gas-phase high-tem-
perature reactions, are compounds E-L in Fig. 1 [14,24]. In this work,
several new methods with significantly milder reaction conditions were
developed for the substitution of c-C4Fg groups onto PHNZ. These
include moderate heating of reaction mixtures in suitable organic sol-
vents as well as room-temperature photochemical reactions. In addition,
we report the RDF/A of PHNZ(c-C4Fg) with Zn powder at 200 °C to
quantitatively produce PHNZ(c-C4F4).

2. Results and Discussion
2.1. Synthesis

In this work, thermal and photochemical reactions of PHNZ with
C4Fgl, in organic solvents were studied at temperatures ranging from 25
°C to 200 °C. The ten fluorinated phenazine derivatives obtained are
shown in Fig. 2. First, we will discuss the results of the thermal reactions
(Section 2.1.1.), followed by those obtained with photochemistry (Sec-
tion 2.1.2.). In a third section, we will report on the cyclization reaction



M. Zeplichal et al.

1,2-PHNZ(C-C4F8)

F
FIF
L
~
N

1,2-PHNZ(c-C4F )
FFEF

CLy 7w

2-PHNZ(0-C,Fgl)

FFFF

CLOr 7’ O

2-PHNZ(o-C4FgH)

2,3-PHNZ(c-C4F3)

m, )\:\

1-PHNZ(-C4Fl)

Journal of Fluorine Chemistry 257-258 (2022) 109960

2,3-PHNZ(c-C4F4)

D g B

[2,3-PHNZ(c-C4F4)l, F

1-PHNZ(-C4FgH)

Fig. 2. The fluorinated phenazines synthesized and characterized in this work. Their abbreviations are also shown. A drawing of unsubstituted phenazine (PHNZ)

showing IUPAC locants is at the upper left.

of the w-C4Fgl derivatives, before we discuss the reductive defluorina-
tion of the c-C4Fg derivatives to the aromatic c-C4F4 systems (Section
2.1.4.). In Section 2.1.5., finally some alternative approaches and their
results will be presented. In these sections, reaction conditions and
yields are discussed, while additional details can be found in the ESI.

2.1.1. Thermal reactions in Organic Solvents

2.1.1.1. Background. Previous work by Boltalina and coworkers, which
yielded dozens of new PAH(R§), and azaPAH(Rg),, compounds, involved
heating the unsubstituted PAH or azaPAH with gaseous Ryl reagents in
sealed glass ampoules or corrosion-resistant autoclaves at 300-360 °C
[11-19]. The elevated temperatures caused homolytic C-I bond cleav-
age, attachment of the Rg® radical to the substrate, and removal of an H
atom by a second Rg® radical. In one reaction with CF3l, CHF3 was
identified as one of the products along with I and the PAH(CF3), de-
rivatives [13]. Interestingly, the attack of a Rg® radical at one of the f
positions of tetraarylporphyrins was not followed by H atom abstraction,
and perfluoroalkyl chlorins [i.e., perfluoroalkyl dihydroporphyrins]
were isolated [38]. In some of the high-temperature reactions, Cu
powder was added to the reaction mixture to promote C-I bond cleavage
(presumably with concomitant Cul formation).

The goal of the previous work was to prepare and characterize as
many isomers with the general composition of PAH(Rg), as possible in
order to study differences in their electronic properties as a function of n
and isomer structure, rather than to prepare any particular product with
high selectivity. Nevertheless, in some cases particular compounds were
preferentially formed and could be isolated in yields up to 60% [13,17].
However, many organic substrates cannot withstand such high tem-
peratures, and lower temperature reactions of PAHs, Rgl reagents, and
Cu powder in an organic solvent have been used with some success in
the past. For instance, the compound 9-PHAN(w-C4FgCl) was prepared
in 53% yield in DMSO at 80 °C [30]. Similarly, the compounds 1-PERY
(CgF17) and 1-PYRN(CgF17) could be obtained in 65% and 70% yield,
respectively, in DMSO at 120 °C [34]. The compound 1-CORA(Bng) was
prepared in 29% yield in DMSO at 160 °C [18]. However, there was no
reaction between bromopentacenes, Rgl, and Cu powder in DMSO at
110 °C [39].

2.1.1.2. Results obtained by Thermal Reactions. The reaction of PHNZ,
C4Fgl,, and activated Cu powder in 1,2-dichlorobenzene (DCB) has been
reported before [14,24]. In our hands, this reaction either at 120 °C or
160 °C resulted only in minor amounts (< 2%) of the desired products
1- and 2-PHNZ(w-C4Fgl) (these two compounds are hereinafter
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Table 1
Experimental conditions and products of anaerobic thermal reactions of PHNZ with C4F8I2 and Cu powder in organic solvents.®?
conditions reagents products
rxn.  solvent time, temp., PHNZ, mmol 1,4-C4Fgly, mmol  Cu powder, mmol  major products (% by GCMS)® minor products (< 2% by
h °C (mg) (equiv.) (equiv.) GCMS)*©

T1 DCB 6 160 0.277 (50.0) 1.1 (4.0) 15.3 (55.2) 3-DCB(w-C4FsD) (8), 4-DCB(w-C4Fgl) (83) PHNZ(C,4Fg), PHNZ(C,Fsl),
PHNZ(C4F4_H,)

T2 DCB 12 120 0.277 (50.0) 1.1 (4.0) 15.2 (54.9) 3-DCB(w-C4Fgl) (8), 4-DCB(w-C4Fgl) (83) PHNZ(C4Fg), PHNZ(C4Fsgl),
PHNZ(C4F4_.H,)

T3 TCB 6 160 0.277 (50.0) 1.1 (4.0) 15.0 (54.2) no major products PHNZ(c-C4Fg), PHNZ
(w-C4FgD)

T4 HFB? 6 110 0.0832 0.33 (4.0) 4.70 (56,5) no major products PHNZ(c-C4Fg), PHNZ(c-

(15.0) C4Fsg)2

T5 MES 6 160 0.282 (50.8) 1.13 (4.0) 16.0 (56.7) none (no reaction) none (no reaction)

T6 DMSO 12 120 0.277 (50.0) 1.1 (4.0) 11.8 (42.6) no major products PHNZ(c-C4Fg), PHNZ
(0-C4FgH)

T7 DMF 6 160 0.277 (50.0) 1.1 (4.0) 15.3 (55.2) PHNZ(c-C4Fg) (18), PHNZ(w-C4FgH) (22) PHNZ(w-C4Fgl)

T8 DMF 8 160 0.277 (50.0) 1.1 (4.0) 15.2 (54.9) PHNZ(c-C4Fg) (32), PHNZ(w-C4FgH) (35) PHNZ(w-C4Fgl)

T9 DMF 10 160 0.277 (50.0) 1.1 (4.0) 15.0 (54.2) PHNZ(c-C4Fg) (45), PHNZ(w-C4FgH) (50) PHNZ(w-C4Fgl)

T10 DMF 12 160 0.277 (50.0) 1.1 (4.0) 15.0 (54.2) PHNZ(c-C4Fs) (45), PHNZ(w-C4FgH) (50) PHNZ(w-C4Fgl)

T11 DMF* 0.3 200 0.0832 0.090 (1.1) none PHNZ(c-C4Fg) (28), PHNZ(w-C4FgH) (18), 5- none observed

(15.0) H-1,10-PHNZ(c-C3F¢C(=0)) (23)

T12 DMA 6 160 0.280 (50.5) 0.31 (1.1) 16.2 (57.9) PHNZ(c-C4F3) (12), PHNZ(w-C4FgH) (9) 5-H-1,10-PHNZ(c-C3FsC
(=0))

T13 TFDMA 6 160 0.280 (50.5) 0.31 (1.1) 15.7 (56.1) PHNZ(c-C4Fg) (18), PHNZ(w-C4FgD) (11) none observed

#Abbreviations: PHNZ, phenazine; DCB, 1,2-dichlorobenzene; TCB, 1,2,4-trichlorobenzene; MES, mesitylene (1,3,5-C¢H3(CH3)3); HFB, hexafluorobenzene; DMSO,
dimethyl-sulfoxide; DMF, N,N-dimethylformamide; DMA, N,N-dimethylacetamide; TFDMA, 2,2,2-trifluoro-N,N-dimethylacetamide; PHNZ(c-C4Fg), mixture of 1,2-
and 2,3-PHNZ(c-C4Fg). PReactions were carried out in Schlenk flasks unless otherwise indicated. The reaction volume was 5.0 mL except reactions T4 (1.5 mL) and T11
(1.0 mL) € PHNZ(w-C4Fgl) and PHNZ(w-C4FgH) products consisted of both 1- and 2- isomers. 4 This reaction was carried out in a sealed glass ampoule (see Supporting
Information). ¢ This reaction was carried out in a microwave reactor (see Supporting Information). The microwave power was adjusted, via feedback from a probe, to

keep the reaction mixture from exceeding 200 °C.

collectively referred to as PHNZ(w-C4Fgl)), and 1,2- and 2,3-PHNZ
(c-C4Fg) (hereinafter collectively referred to as PHNZ(c-C4Fg)). Instead,
the main reaction products were identified as 3- and 4-DCB(w-C4Fgl) in a
total yield of 90% yield based on C4Fgly. As 4-DCB(w-C4Fgl) is reported
here for the first time, its characterization is detailed in the ESI. To
suppress the participation of the solvent in the reaction, alternatively
1,2,4-trichlorobenzene (TCB), hexafluorobenzene (HFB), mesitylene
(MES), N,N-dimethylacetamide (DMA), 2,2,2-trifluoro-N,N-dimethyla-
cetamide (TFDMA), DMSO, and DMF were employed at reaction tem-
peratures of 110-160 °C (benzene and xylenes were not used, because
they had previously been shown to undergo perfluoroalkylation [40,41],
processes that would also compete with the perfluoroalkylation of
PHNZ). The results are listed in Table 1 (more details are given in Tables
S1 and S2 and the experimental part in the ESI). None of the three
alternative aromatic solvents gave acceptable results. The reaction in
DMSO at 120 °C also produced only minor amounts of the desired
products, even after 12 h. This is in contrast to the reported preparation
of 1-PERY(CgF;7) and 1-PYRN(CgF77) in satisfactorily yields in DMSO at
120 °C [34].

Reactions in DMF at 160 °C produced a mixture of 1,2-PHNZ(c-C4Fg)
and 2,3-PHNZ(c-C4Fg) in up to 45% yield based on PHNZ. The yield
increased as a function of reaction time, from 18% after 6 h, to 32% after
8 h, to 45% after 10 h, but stayed at this level at 12 h. Only minor
amounts of 1-PHNZ(w-C4Fgl) and 2-PHNZ(w-C4Fgl) were observed.
However, the compounds 1-PHNZ(w-C4FgH) and 2-PHNZ(w-C4FgH),
which cannot undergo ring closure, were formed in amounts equal to or
exceeding the ones of the PHNZ(c-C4Fg) isomers. Since the combined
yields of the PHNZ(c-C4Fg) and PHNZ(w-C4FgH) derivatives are 95%
after 10 or 12 h, the H atoms in the latter products cannot originate from
unreacted PHNZ, but rather from the solvent, DMF, or products of its
degradation. It has been reported that other aromatic compounds with
w-C4FgH substituents have been produced in reactions with 1,4-C4FgBry
as well as with C4Fgly [37].

Similar reactions were also carried out in DMA. Only 1.1 equiv. of
C4Fgly was used as compared to 4.0 equiv. in the DMF reactions. After 6
h at 160 °C, the yield of PHNZ(c-C4Fg) was 12% (cf. 18% in DMF) and
the yield of PHNZ(w-C4FgH) was 9% (cf. 22% in DMF). Using TFDMA

under the same conditions, the products obtained after 6 h (reaction T13
in Table 1) differed significantly from the ones obtained in DMF and
DMA. While the amount of PHNZ(c-C4Fg) was similar to the one formed
in DMF (18%), the PHNZ(w-C4Fgl) isomers were also major products
(with a combined yield of 11% yield), and no PHNZ(w-C4FsH) were
found. From this observation, we deduce that the H atom abstraction
from the CH3 groups on the N atoms in DMF, DMA, and TFDMA is much
slower than H atom abstraction from the CHO and the CH3CO group in
DMF and DMA, respectively, what might be explained by the literature-
known effect that the abstraction of H atoms does not only depend on
the C-H bond energy, but also on the nature of the attacking radical as
well (in the condensed phase) and on solvent polarity [42,43].

A reaction in DMF without Cu powder was carried out using mi-
crowave radiation. After heating the reaction mixture to 200 °C for 18
min (Reaction T11 in Table 1), three major products, PHNZ(c-C4Fg)
(28%), PHNZ(w-C4FgH) (18%), and 5-H-1,10-PHNZ(c-C3FsC(=0))
(23%), were produced. The latter compound, shown in Fig. 2, is reported
for the first time. Whether the oxygen atom in the molecules stems from
the solvent, its decomposition products or adventitious water is not clear
at this time. This compound is formally a tricyclic amide derivative of
5,10-dihydrophenazine, with the carbonyl C atom attached to the
proximate N atom. The structure of this unusual product, determined by
single-crystal X-ray diffraction, will be discussed below, in Section 3.

2.1.2. Photochemical Reactions in Organic Solvents

2.1.2.1. Background. Photochemical perfluoroalkylation of organic
substrates has been actively developed as an alternative to thermal re-
actions [3,35,36,44-48]. Several examples relevant to this work, the
photochemical preparation of PYRN(R) [35] and naphthalene(Rg) [36],
were already mentioned in the Introduction. In a reaction, that is
particularly relevant to this work, Postigo and coworkers used C4Fsly to
introduce an w-C4Fgl group to aniline photochemically in CH3CN in the
presence of CspCO3 as a base and Rose Bengal as a non-metal photo-
catalyst (PC) [46]. Significantly, the 65% yield mixture of ortho- and
para-aniline(w-C4Fgl) did not undergo cyclization to aniline(c-C4Fg)
under the photochemical reaction conditions [46].
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Table 2
Experimental conditions and products of batch photo-reactions in dry acetonitrile.?
conditions reagents products
rxn. time  vol., PHNZ, mmol 1,4-C4Fgl,, mmol PC, umol base, mmol major constituents of product mixture minor products (< 2% by
mL (mg) (equiv) (equiv.)b (equiv.)* (% by GcMs)? GCMS)*

P1Af 18h 3.0 0.600 (108) 1.8 (3.0) none 0.9 (1.5) PHNZ (89), PHNZ(w-C4Fgl) (10) PHNZ(c-C4Fg)

p1Bf 15d 3.0 0.600 (108) 1.8 (3.0) none 0.9 (1.5) PHNZ (49), PHNZ(w-C4Fgl) (23), PHNZ PHNZ(Rg)2
(c-C4Fg) (27)

paf 7d 1.5 0.277 (50.0) 1.6 (6.0) 14 (0.05) 0.8(3) PHNZ (50); PHNZ(w-C4Fgl) (27), PHNZ PHNZ(c-C4Fg)
(c-C4Fg) (23)

P38 48 h 2.5 0.544 (100) 0.555 (1.0) 28 (0.05) 0.83 (1.5) PHNZ (50), PHNZ(w-C4Fsgl) (25), PHNZ PHNZ(Rg)2
(c-C4Fg) (25)

P4A" 12h 2.5 0.544 (100) 0.555 (1.0) 28 (0.05) 0.83 (1.5) PHNZ (2); PHNZ(w-C4FgI) (70), PHNZ PHNZ(Rg)»
(c-C4Fg) (28)

4Bh 24 h 2.5 0.544 (100) 0.555 (1.0) 28 (0.05) 0.83 (1.5) PHNZ (2), PHNZ(w-C4Fgl) (49), PHNZ PHNZ(RF)»
(c-C4Fs) (49)

p4ach 36h 2.5 0.544 (100) 0.555 (1.0) 28 (0.05) 0.83 (1.5) PHNZ (12); PHNZ(w-C4Fgl) (44), PHNZ PHNZ(Rg)2
(c-C4Fg) (44)

p4Dph 48 h 2.5 0.544 (100) 0.555 (1.0) 28 (0.05) 0.83 (1.5) PHNZ (35), PHNZ(w-C4Fgl) (32), PHNZ PHNZ(Rg)2
(c-C4Fp) (32)

P4E" 72h 2.5 0.544 (100) 0.555 (1.0) 28 (0.05) 0.83 (1.5) PHNZ (100) none

p5! 12h 4.5 0.280 (50.5) 0.28 (1.0) 2.8 (0.01) 0.84 (3) PHNZ (5); PHNZ(w-C4Fgl) (45), PHNZ PHNZ(w-C4FgH)

(c-C4Fg) (50)

4The reactions were run at ambient temperature with the light source water- or air cooled unless otherwise indicated. Abbreviations: PHNZ, phenazine; PC, photo-
catalyst added to the reaction mixture; PHNZ(c-C4Fg), a mixture of 1,2- and 2,3-PHNZ(c-C4Fg). b There was no PC used for reactions P1A and P1B. The PC used for
reactions P2, P3, and P4A-E was the disodium salt of Rose Bengal. The PC used for reaction P5 was Ru(bpy)sCl,. ¢ The base used was Cs2CO3 except for reaction P5, in
which the base used was tetramethylethylenediamine. 4 PHNZ(w-C4FsD) products consisted of a mixture of 1-PHNZ(w-C4Fgl) and 2-PHNZ(w-C4FgD). € R = ¢-C4Fg and/
or w-C4Fgl and/or o-C4FgH. See ESI for details about which minor products were present. { The light source was a 25 W water-cooled medium pressure mercury vapor
lamp. & The light source was a pair of 40 W LEDs; the reaction mixture was not water-cooled, i.e. it was not at ambient temperature. " The light source was a pair of 30 W
LEDs; the reaction mixture was not water-cooled, i.e. it was not at ambient temperature. I The light source was a pair of 20 W LEDs; the reaction mixture was water-

cooled.

2.1.2.2. Batch Photochemical Reactions with PHNZ. Photochemical re-
actions of PHNZ with C4Fgly were studied with the goal of preparing
cyclic derivatives in a scalable single-step process and with larger yields
than obtained in thermal reactions in solution or in the gas phase. The
results are listed in Table 2.

A mixture of PHNZ, 3 equiv. C4Fgly, and 1.5 equiv. CspCOj3 in dry
CH3CN was irradiated at room-temperature with a water-cooled 25 W
medium pressure Hg vapor lamp in the absence of a PC, initially for 18 h
(Reaction P1A, see set-up in Fig. S1 in the ESI). The major constituents of
the product mixture were unreacted PHNZ (89% by GCMS) and the two
isomers of PHNZ(w-C4Fgl) (10% by GCMS). A small amount (less than
2%) of PHNZ(c-C4Fg) was also present, showing that cyclization of the
w-C4Fgl substituent can occur under photochemical conditions. After 15
days, more PHNZ was converted to these products, and the PHNZ
(w-C4Fgl) isomers underwent cyclization (Reaction P1B). The mixture of
major constituents contained 49% PHNZ, 23% PHNZ(w-C4Fgl), and 27%
PHNZ(c-C4Fg). When the reaction was performed in the presence of 0.05
equiv. Rose Bengal as PC, the same mixture of major constituents, with
comparable yields, was also present after only 7 days (Reaction P2). The
use of Rose Bengal as PC opened the opportunity to use light of longer
wavelength for the photoreaction, such as the white light emitted by a
light-emitting diode (LED, typically 420 - 700 nm, see Figures S2 and S3
in ESI). When the reaction mixture was irradiated for 48 h with two LEDs
(each run at 40 W), without cooling the reaction mixture, the same
mixture of major constituents in comparable yields as with the Hg vapor
lamp was obtained (Reaction P3; see Figure S4 in the ESI for the
experimental arrangement of sample vial and LEDs). The fact that ani-
line(w-C4Fgl) did not undergo photolytic cyclization to aniline(c-C4Fg) in
ref. [46]. might be explained by the use of a weaker light source, a 60 W
fluorescent light bulb, along with a shorter reaction time of 24 h.

The reason that PHNZ is listed as "a major constituent of the product
mixture" instead of "unreacted PHNZ in the product mixture" in Table 2
is because it was found that prolonged irradiation in the presence of
Rose Bengal converted both, PHNZ(c-C4Fg) and PHNZ(w-C4Fgl), back to
unsubstituted PHNZ (Reactions P4A-P4E). E.g., after 12 h, only 2%
PHNZ was left and 70% PHNZ(w-C4Fgl) and 28% of the cyclization
product PHNZ(c-C4Fg) had formed. The same amount of PHNZ was

present, and more PHNZ(w-C4Fgl) had undergone cyclization to PHNZ
(c-C4Fg) (both were present at 49%), after 24 h. However, upon
continued irradiation more and more PHNZ reformed in the product
mixture amounting to 12% after 36 h, 35% after 48 h, and 100% after 72
h. There was a concomitant photobleaching of Rose Bengal observed
during the 72 h photolysis reaction. Oxidative as well as reductive
photobleaching of Rose Bengal is well documented [49], and could be
related to the back-conversion of PHNZ(w-C4Fgl) and PHNZ(c-C4Fg) to
PHNZ.

To address the problem with photobleaching, an alternative PC,
Ru(bpy)sCly, was employed together with tetramethylethylenediamine
(TMEDA) as the base (instead of Cs3CO3) in Reaction P5. Thiswasa12h
reaction running the two LEDs at 20 W, which produced 50% PHNZ
(c-C4Fg) and 45% PHNZ(w-C4Fgl), with only 5% PHNZ in the product
mixture. As the color of the reaction mixture did not change visibly, we
assume that no (or only minor) photobleaching of Ru(bpy)s®* occured.
These were the best photochemical conditions for a batch reaction in
this study, so we adopted them to the flow reaction conditions described
in the next paragraph as soon as we found them.

2.1.2.3. Flow Photochemical Reactions with PHNZ. In our search for a
scalable photochemical method, we decided to use flow photochemistry,
which had been developed during the past decade as a more efficient
and economical photochemical methodology [50]. Furthermore, suc-
cessful continuous-flow photochemical perfluoroalkylations of small
organic substrates have been reported [51,52].

ESI Figures S5 and S6 show the capillary-flow device constructed for
single flow reactions. The capillary was 1/8 in. FEP tubing coiled around
a water-cooled aluminum heat exchanger, the construction plan of
which is shown in ESI Figure S7. A syringe pump was used to flow the
reaction mixture past two variable-intensity (100 W maximum power)
LED chips. There was no heating of the reaction mixture using this set-
up.

Initial reactions were performed using Rose Bengal as the PC.
However, due to the relatively low solubility of Rose Bengal and CsyCO3
in CH3CN, sedimentation was observed in the syringe and in the capil-
lary. Furthermore, photobleaching of Rose Bengal took place over time,
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which lowered the PC concentration and had a detrimental effect on
PHNZ conversion to the desired products. The effect of Rose Bengal
photobleaching was minimized by using a recirculating photochemical
apparatus with a peristaltic pump, which is shown in ESI Figures S8 and
S9. The flow rate was 1 mL min~* with an 8 min residence time in the
illuminated capillary. Rose Bengal was added sequentially over 18 h in
five equal portions.

As the batch photochemical reaction P5 had shown that Ru(bpy)sCly
was effective for PHNZ/C4Fgl; reactions in CH3CN, we continued the
experiments with this PC. The system has the additional advantage that
the use of the base TMEDA, in contrast to Cs;COs, avoided precipitation
in the capillary. With this combination, reaction conditions using the
recirculating photochemical apparatus were optimized, resulting in
improved isolated yields of PHNZ(c-C4Fg) and PHNZ(w-C4Fsl) (45%
each, i.e., 90% combined isolated yield based on PHNZ). The optimized
reaction required less time for complete PHNZ conversion, the amount
of PC could be lowered from 0.05 equiv. with Rose Bengal to 0.01 equiv.
with Ru(bpy)sCly, and LED power of only 20 W per chip was needed as
compared to 40 W per chip required for the Rose Bengal reactions.
Unsubstituted PHNZ was easily removed from the product mixture by
flash chromatography, which was followed by isolation of the pure
perfluoroalkylphenazine derivatives using an automated flash chroma-
tography system with a gradient of 25% CHCl, in n-hexane to 100%
CH4Cl;, (see the ESI chapter SII1.3.2. for more details).

2.1.3. Cyclization of 1-PHNZ(w-C4FgD)

Efforts to optimize the photochemical reaction towards complete
conversion of PHNZ to PHNZ(c-C4Fg) were not successful. At best we
were able to prepare a 50/50 mixture of PHNZ(w-C4Fsl) and PHNZ
(c-C4Fg) in a 24 h reaction with Rose Bengal or a 12 h reaction with
Ru(bpy)sCle. We thus investigated an alternative method to convert the
PHNZ(w-C4Fgl) of the reaction mixture to PHNZ(c-C4Fg) in a sequential
step, i.e. thermal activation after the photochemical reaction. In a first
experiment, a sample of the crude reaction mixture prepared in Reaction
P4D was used, prior to the removal of Rose Bengal and the Cs salts. The
sample in the sealed reaction vessel was placed in a microwave reactor
and subjected to a short microwave treatment of 8 min at 160 °C. GCMS
analysis showed that complete degradation of all PHNZ(Rg), products
originally present in the sample had occurred, all the way down to
parent PHNZ (Rg is used here as an abbreviation for c-C4Fg and/or
w-C4Fgl and/or w-C4FgH).

To determine whether rapid thermal degradation of PHNZ(Rg),
would occur in the absence of Rose Bengal and base (i.e., whether PHNZ
(Rp)y, derivatives are intrinsically thermally stable or unstable), a puri-
fied sample of PHNZ(c-C4Fg) was dissolved in dry CH3CN, placed in a
sealed reaction vessel, and heated in the microwave reactor to 160 °C for
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8 min. GCMS analysis showed that no thermal degradation of PHNZ(c-
C4Fg) had occurred, demonstrating that Rose Bengal, or its photo-
bleaching products, caused the loss of Ry groups from PHNZ(Rp), ther-
mally (and undoubtedly is also responsible for the gradual degradation
of PHNZ(Rg), during photochemical reactions).

With this result at hand, we examined if the purified isomer 1-PHNZ
(w-C4Fgl) could be converted into 1,2-PHNZ(c-C4Fg) thermally. When a
sample of solid 1-PHNZ(w-C4FgI) was sealed in a large glass ampoule and
heated to 175 °C, the faint violet color in the ampoule indicated the
formation of elemental I5, and hence successful cleavage of C-I bonds.
The soluble fraction (roughly 50%) of the crude product was extracted
from the ampoule and analyzed spectroscopically. Instead of the ex-
pected cyclic compound 1,2-PHNZ(c-C4Fg), the new tricyclic amide
derivative of 5,10-dihydrophenazine, 5-H-1,10-PHNZ(c-C3F¢C(=0)),
was formed. The insoluble part of the product in the ampoule had the
appearance of polymerized products (possibly via intermolecular per-
fluoroalkylation) and was not analyzed further. When the same reaction
was performed in dry CH3CN by microwave heating to 160 °C for 8 min,
the conversion to 5-H-1,10-PHNZ(c-C3FsC(=0)) was even quantitative.
It remains unclear, where the oxygen atom of the formal hydrolysis
product originates from, and the participation of the glass container (by
reaction with intermediately formed HF) cannot be excluded.

Finally, photoinduced cyclization was achieved by irradiating a
mixture of purified 1-PHNZ(w-C4Fgl), Rose Bengal, and Cs;COs3 in dry
degassed CH3CN in the recirculating capillary flow reactor for 3 h. This
reaction produced an 87% isolated yield of 1,2-PHNZ(c-C4Fg). Unreac-
ted 1-PHNZ(w-C4Fgl) was also recovered. Notably, no formation of 5-H-
1,10-PHNZ(c-C3F¢C(=0)) was observed, even in a trace amount.

2.1.4. Selective Reductive-Defluorination/Aromatization (RDF/A)

RDF/A of c¢-C4Fg units next to aromatic structures is an enticing way
of extending their conjugated = systems. For example, in the seven-step
synthesis of perfluoropentacene, the last step involves reductive
defluorination of a non-aromatic central ring with Zn dust at 280 °C to
form a linearly conjugated acene [53]. As another example, a 360 °C
reaction of TRPH with C4Fgl; in the presence of activated Cu powder
produced small amounts of products of RDF/A, thereby extending the ©
system of TRPH by one aromatic ring containing a c-C4F4 moiety [16].
Similarly, porphyrins with @-C4FgCl substituents were converted into
compounds with extended n systems by cyclization and RDF/A in the
presence of NasS,04/NaHCO3 in DMSO solution [54].

The latter method of RDF/A appeared to be most suitable for 1-PHNZ
(w-C4Fgl) as it involves the cyclization step. However, the reaction of 1-
PHNZ((w-C4Fgl) with NayS,04/NaHCO3 in DMSO under the conditions
described in ref. [52]. only yielded 1-PHNZ(w-C4FgH) in quantitative
yield. We therefore decided to first prepare the cyclized products as

FFFRF

Cy4Fgl, / 120-160 °C @[ w
y solvent / Cu FFFF
2-PHNZ(
N
see
~
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Fig. 3. Simplified scheme summarizing the synthetic methodology developed in this work for the preparation of fluorinated azaacenes (PC = photochem-

ical catalyst).
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described in the previous chapter, and then apply the method from
ref. [55]. using Zn dust for high-temperature RDF/A (Fig. 3). For this, a
mixture of 1,2-PHNZ(c-C4Fg) and 2,3-PHNZ(c-C4Fg) was ground with
zinc dust in a mortar under an Ar atmosphere, sealed under vacuum in a
glass ampoule, and heated at 200 °C for 1 h. After the reaction, in order
to avoid material loss, the complete ampoule containing the reaction
products was ground to a fine powder and transferred to a
temperature-gradient sublimation apparatus. The RDF/A compounds 1,
2-PHNZ(c-C4F4) and 2,3-PHNZ(c-C4F4) could be easily separated from
each other with a combined 98% isolated yield. GCMS analysis showed
that trace amounts of over-reduced species PHNZ(w-C4FsH) were also
present (several isomers). These minor impurities were removed chro-
matographically to further purify the desired products. When solutions
of 2,3-PHNZ(c-C4F4) in acetonitrile were left standing in the daylight for
a couple of days, crystals formed with slightly shifted NMR signals. As
will be described in chapter 2.2.5., this is a dimeric compound, pre-
sumably formed by photochemical [4+4] cycloaddition.

2.1.5. Attempts on Using Directing Groups
A general problem of the substitution reaction at the phenazine

2-PHNZ(w-C4Fgl)

1-PHNZ(w- C4Fsl)

C2
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backbone is the regioselectivity of the reaction. As the linearly annelated
(aza)arenes show smaller bandgaps than the bent ones, it would be
advantageous to have a route to selectively obtain the former. A straight-
forward approach is blocking the sites, at which a substitution should be
avoided, by other substituents, such as CHs or CF3 groups. We chose the
latter approach, because the strong acceptor 1,4,6,9-PHNZ(CF3)4
(compound K in Fig. 1; EA=2.9 eV [14]) was not only available in our
laboratories, but also would result in an extremely electron deficient
system, which would be inherently interesting. A photochemical reac-
tion was performed in the capillary flow reactor using Reaction P5
conditions, the optimized conditions for adding c-C4Fg to PHNZ. How-
ever, no products were formed: the starting material 1,4,6,9-PHNZ
(CF3)4 was recovered unaltered. At this stage, we can only speculate
whether the desired reaction was either hampered by electronic or by
steric effects.

We also tested if the regiospecificity of the reaction of PHNZ with
C4Fgl; can be improved by introducing bulky protecting groups at the N
atoms, thereby directing w-C4Fgl and/or c-C4Fg groups to the C2, C3, C7,
and/or C8 positions. We synthesized 5,10-dihydroPHNZ(tert-butyl
carboxylate), (DiBocPHNZ; see ESI) and reacted it with C4Fgly under

Fig. 4. X-ray diffraction determined molecular structures of (top to bottom) 5-H-1,10-PHNZ(c-C3F¢C(=0)), 1-PHNZ(w-C4Fgl), 2-PHNZ(w-C4Fgl), and [2,3-PHNZ

(c-C4Fo)l2.
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Reaction P5 conditions. The starting material lost its Boc groups upon
photoirradiation, producing unsubstituted PHNZ, and the photochem-
ical reaction then proceeded as previously observed with PHNZ.

2.2. Molecular structures and solid-state packing

2.2.1. Preliminary Comments

Four of the PHNZ derivatives prepared in this study were structurally
characterized by X-ray diffraction techniques, i.e. 1-PHNZ(w-C4Fgl), 2-
PHNZ(w-C4Fgl), [2,3-PHNZ(c-C4F4)]s, and 5-H-1,10-PHNZ(c-C3FeC
(=0)). For convenience, we will continue to refer to them as substituted
PHNZ derivatives, even though [2,3-PHNZ(c-C4F4)]2 is the [4+4]
cycloaddition dimer of 7,8,9,10-tetrafluoro-5,12-diazatetracene and 5-
H-1,10-PHNZ(c-C3F¢C(=0)) is a derivative of 5,10-dihydrophenazine.
Drawings of the molecular structures of the four compounds are
shown in Fig. 4. The relationships of the molecules to one another can be
readily seen because they are oriented the same way in the four draw-
ings: 1-PHNZ(w-C4Fgl) and 2-PHNZ(w-C4Fgl) are isomers that differ in
the position of the w-C4Fgl substituent; 1-PHNZ(w-C4Fgl) is an inter-
mediate in the formation of 5-H-1,10-PHNZ(c-C3FsC(=0)), as discussed
before; and 2-PHNZ(w-C4Fgl) is an intermediate in the formation of [2,3-
PHNZ(c-C4F4)12, as also discussed before. The molecular structure of 2-
PHNZ(w-C4FgI) was determined by powder X-ray diffraction (see ESI for
details). The other structures were determined by single-crystal X-ray
diffraction (SCXRD) using synchrotron radiation on NSF’s Chem-
MatCARS beamline 15ID-D at the Advanced Photon Source at Argonne
National Laboratory. The data were collected using a diamond {111}
monochromator, selecting an X-ray wavelength of 0.41328 A (standard
wavelength). Unit cell parameters were determined by the least squares
fit of the angular coordinates of all reflections. Integrations of all frames
were performed using APEX III Suite software, and the structures were
solved using SHELXTL/OLEX 2 software. Data collection and refinement
parameters for the SCXRD structures are listed in Table 3. In addition,
thermal ellipsoid plots are shown in ESI Figures S10 and S12-S14.

2.2.2. Structure of 2-PHNZ(w-C4Fgl)

As can be seen in Fig. 5, top, the PHNZ core remains almost planar
upon substitution, with a mean deviation of the 14 sp? atoms from the
least-squares plane of £0.011 A. The same figure shows that the planar
molecules are stacked along the crystallographic b axis such that (i) their
least-squares planes are rigorously parallel and (ii) each molecule has a

Table 3
Data collection and final parameters for the refined structures.
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different degree of overlap with the = system of its nearest neighbors
along the stack Fig. 6, top, shows parallel projection drawings of the n—x
overlap of neighboring pairs of stacked molecules. In the top pair of
molecules, the perpendicular out-of-plane displacements (OOPDs, see
ref. [56]. for a definition) of the five atoms directly below the
least-squares plane of the upper molecule range from 3.47 to 3.51 A and
average 3.49 A. In the bottom pair of molecules, the OOPDs of the two
atoms below the plane of the upper molecule are 3.57 and 3.62 A. These
distances are larger than the ca. 3.35 + 0.05 A distances observed in
graphite [57] and many other PAHs [58], but they are in line with the
3.46-3.52 A distances observed in o-PHNZ [59] and p-PHNZ [60], as
shown in Figure S15.

2.2.3. Structure of 1-PHNZ(w-C4Fgl)

Just like in 2-PHNZ(w-C4Fgl), the 14 sp2 atoms of the PHNZ core in 1-
PHNZ(w-C4Fg]) lie in one plane with a mean deviation from their least-
squares plane of ££0.022 A Fig. 5, bottom, shows that the planar mole-
cules are stacked along the crystallographic a axis such that (i) their
least-squares planes are rigorously parallel and (ii) each molecule has a
different degree of overlap with the & system of its nearest neighbors
along the stack Fig. 6, bottom, shows parallel projection drawings of the
n—n overlap of neighboring pairs of stacked molecules. In the left pair of
molecules, the perpendicular OOPDs of the atoms directly below the
least-squares plane of the upper molecule range from 3.28 to 3.35 Aand
average 3.30 A. In the right pair of molecules, the OOPDs range from
3.36 to 3.42 A and average 3.39 A. These intermolecular spacings are
significantly smaller than the 3.5-3.6 A spacings in 2-PHNZ(w-C4Fgl)
and the two polymorphs of unsubstituted PHNZ. As a consequence, the
intermolecular n-x interactions in crystalline 1-PHNZ(w-C4Fgl) may be
significantly stronger than those in crystalline 2-PHNZ(w-C4Fgl),
o-PHNZ, and B-PHNZ. There is precedent for small intermolecular
spacings in PHNZ derivatives, e.g. 1,2-PHNZ(c-C4F4), shown in Figure
S15, with an average -t OOPDs that average 3.30 A [24].

Fig. 7 shows the solid-state packings in the structures of 1-PHNZ
(w-C4Fgl) and 2-PHNZ(w-C4Fgl). Both exhibit fluorous domains and
hydrocarbon domains. However, the packing in 1-PHNZ(w-C4Fsgl) ap-
pears to be more compact than in 2-PHNZ(w-C4Fgl), which results in
crystalline 1-PHNZ(w-C4Fgl) having a 6.2% higher density (2.095 g
cm ) than crystalline 2-PHNZ(w-C4Fgl) (1.972 g cm ). The drawings
in the middle of Fig. 7 highlight the differences in the shapes of these two
isomers (i.e., more compact vs. more elongated). The difference in

5-H-1,10-PHNZ(c-C3F6C(=0))?

[2,3-PHNZ(c-C4F4)]° 2-PHNZ(w-C4Fgl)®

compound 1-PHNZ(w-C4FgD)?
formula unit C16H7FgIN, C16HgFgN>O
formula wt., g mol ! 506.14 358.24

habit, color
crystal system

needle, yellow

triclinic triclinic

space group, Z P-1,2 P-1,4

a, A 6.678(4) 11.382(8)
b, A 9.998(6) 11.575(6)
¢, A 12.976(6) 11.864(6)
a, deg 70.397(16) 82.484(14)
$, deg 79.72(2) 83.17(2)

7, deg 84.00(2) 65.532(17)
v, A3 802.1(8) 1406.8(14)
Pealer § CM 2 2.095 1.691

T, K 100(2) 100(2)
R(F) (I > 26(D)° 0.0247 0.0439
WR(F?) [all data]® 0.0907 0.1332

GOF* 1.163 1.094
C-C bond precision, A 0.0017 0.0020

plate, colorless

C3oH12FgNy C16H7FsINy
604.46 506.14

block, brown unknown, yellow
monoclinic Monoclinic
P2y/c, 2 P2y/n, 4
6.8096(5) 5.87503(17)
14.5960(11) 10.23186(29)
12.0958(9) 28.36695(64)
920 90

97.250(1) 91.6296(19)
90 90
1192.63(15) 1704.518(79)
1.683 1.972

100(2) 293

0.0420 Rirags” 0.0208
0.1860 Ry, 0.0319
1.050 GOF?1.971
0.0021 0.0142

Abbreviations: PHNZ = phenazine.
aSingle crystal X-ray diffraction.
bPowder X-ray diffraction.

R(F) = 2||Fo| — |Fe|| / Z|F,|; WR(F?) = (E[W(F,? — F2)?] / Z[w(F,3)*1)Y%; GOF = (Z[w(F,2 - FA?1 /(N - P)/2,
Riragg = =||Tok| = ekl | 7 Zllokls Rup = ClWm(Yom? = Yeu>?1 / E[WnY2m1)"% GOF = (E[Wn(Yom? - YemD?] / (M - N)2
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Fig. 5. Top: A portion of the structure of 2-PHNZ(w-C4Fgl), showing the offset
pairs of n-stacked molecules along the crystallographic b axis (the N and I atoms
are shaded blue and violet, respectively). The NeeoN centroids of every other
molecule define the unit cell b axis. The PHNZ core is planar, with a mean
displacement of the 14 sp? atoms from their least-squares plane of +0.011 A.
The least-squares planes of the PHNZ cores of neighboring molecules are
rigorously parallel. Each molecule has a significantly different degree of n-x
overlap with its nearest neighbor molecules. This is shown in more detail in
Fig. 6. Bottom: A portion of the structure of 1-PHNZ(w-C4Fgl), showing the
offset pairs of n-stacked molecules along the crystallographic a axis (the N and I
atoms are shaded blue and violet, respectively). The NeeeN centroids of every
other molecule define the unit cell a axis. The PHNZ core is planar, with a mean
displacement of the 14 sp? atoms from their least-squares plane of +0.022 A.
The least-squares planes of the PHNZ cores of neighboring molecules are
rigorously parallel. Each molecule has significantly different n-n overlaps with
its two nearest neighbor molecules, which is shown in more detail in Fig. 6.

density may also result from differences in the networks of intermolec-
ular Neeel and FeeeF interactions, which are shown in Fig. 8. In 1-PHNZ
(w-C4Fgl), the Neeel distance is 3.055(2) A and the shortest FeeeF dis-
tances are 2.801(2) and 3.105(2) A 2-PHNZ(w-C4Fgl), the Neeeol
distance, at 3.15(1) }o\, is longer than in 1-PHNZ(w-C4Fgl), and the FeeoF
distances, at 3.09(1) and 3.10(1) 10\, are also longer than in 1-PHNZ
(w-C4Fgl). The C-leeeN angles are 175° in 1-PHNZ(w-C4Fsl) and 167° in
2-PHNZ(w-C4Fgl). The Neeel distances are considerably shorter than the
3.53 A sum of van der Waals radii for N (1.55 A) and I (1.98 A) [61],
what might be a hint for halogen bonding [62]. However, in both
compounds the Neee] distances are longer than the 2.84(3) A distance in
the co-crystal structure of 1,4-C4Fgly and bipyridine [63], in which the
iodoperfluoroalkyl and aromatic amine moieties are in separate mole-
cules (the C-IeeeN angle, at 177.5(4)°, is also close to linear) [61]. The
larger Neeel distances in 1-PHNZ(w-C4Fgl) and 2-PHNZ(w-C4Fgl) may be
because the n—n stacking of PHNZ moieties prevents optimal C-IeeeN
halogen bonding.

Journal of Fluorine Chemistry 257-258 (2022) 109960

Fig. 6. Parallel projection drawings of the n-n overlap (shaded magenta) of
neighboring pairs of stacked molecules in the structure of 2-PHNZ(w-C4Fgl)
(left) and 1-PHNZ(w-C4Fgl) (right). In the top pair of 2-PHNZ(w-C4Fgl) mole-
cules, the perpendicular out-of-plane displacements (OOPDs) of the five atoms
directly below the plane of the upper molecule range from 3.47 to 3.51 A and
average 3.49 A. In the bottom pair of 2-PHNZ(w-C4Fgl) molecules, the OOPDs of
the two atoms below the plane of the upper molecule are slightly larger, 3.57
and 3.62 A. In the left pair of 1-PHNZ(w-C4Fgl) molecules, the OOPDs of the
atoms directly below the plane of the upper molecule range from 3.29 to 3.33 A
and average 3.31 A. In the right pair of 1-PHNZ(w-C4FgI) molecules, the OOPDs
range from 3.33 and 3.37 A and average 3.35 A.

2.2.4. Structure of 5-H-1,10-PHNZ(c-C3FsC(=0))

There are two nearly identical molecules of 5-H-1,10-PHNZ(c-C3FsC
(=0)) in the asymmetric unit (only one is shown in Fig. 4, top, as well as
the other figures). The triclinic centrosymmetric unit cell contains these
two molecules and their enantiomers (P-1, Z =4) Fig. 9 shows that this
cyclic amide is formally a derivative of dihydrophenazine (HyPHNZ,
bottom [64]). It is presumably formed from 1-PHNZ(w-C4Fgl) by a
sequence of reactions involving (i) homolytic scission of the C-I bond,
(ii) electrophilic attack at N10 under formation of the FoC-N bond and
thus the seven membered ring, (iii) addition of an H atom to N5, and (iv)
conversion of the CF; moiety attached to N10 into a C=0 carbonyl group
(potentially by hydrolysis with traces of water either from the solvent or
the glass wall), not necessarily in that order.

The C=0 bond distances in the two molecules of 5-H-1,10-PHNZ(c-
C3Fe¢C(=0)) are 1.220(2) and 1.231(2) A, confirming the sp2 hybridi-
zation of the C atoms. The molecule shown in Fig. 9 is folded at the
N5eeeN10 hinge by 30.5° (the fold angle in the other molecule in the
asymmetric unit is 33.8°). The N-C distances within the dihy-
drophenazine moieties of both molecules range from 1.389(2) to 1.444
2 A, confirming the sp3 hybridization of the N atoms (note that the N
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2-PHZN(w-C4Fl)

Cc2

1-PHZN(w-C4Fgl)

Fig. 7. Packing of molecules in the X-ray structures of 2-PHNZ(w-C4Fgl) (top)
and 1-PHNZ(w-C4Fgl) (bottom). Hydrogen atoms have been removed for clarity.
The molecular structures in the middle of the figure demonstrate that the
shapes of these constitutionally similar molecules are significantly different.

(spZ)—C distances in 1- PHNZ(w-C4Fgl) range from 1.3357(14) to 1.3443
13) 10\). For comparison, the fold angles in crystalline Ho,PHNZ [59] and
dihydroanthracene [65] are 21.5 and 36.6°, respectively, and the N
(sp®)-C distances in H,PHNZ range from 1.4015(16) to 1.4138(17) A.
The greater fold angle in 5-H-1,10-PHNZ(c-C3F¢C(=0)) relative to
HoPHNZ is probably due to the constraints imposed by formation of the
seven-membered ring.

The conformations of the seven-membered ring in 5-H-1,10-PHNZ(c-
C3FgC(=0)) and the seven-membered ring in e-caprolactam [63] are
compared in ESI Figure S17. Given the presence of the six F atoms, two
additional C(spz) atoms in the ring, and the inclusion of the N atom in
another ring, the conformations are quite similar. The five atoms that
comprise the O-C-N-C moieties are approximately planar (the average
deviation of these atoms from their least-squares plane is only 0.04 A).
Accordingly, the two O-C-N-C torsion angles, at 5.3° and 9.3°, are
relatively small.

The network of C=0eeeH-N hydrogen bonds in 5-H-1,10-PHNZ(c-
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C3FgC(=0)) is shown in Fig. 10. The OeeeH, and OeeeN distances and
OeeeH-N angle are 2.06 A, 2.976(2) 10\, and 171°, respectively, for one of
the two unique hydrogen bonds and 2.08 A, 2.957(2) A, and 168°,
respectively, for the other hydrogen bond. There is no intermolecular
n—x distance shorter than 3.7 A in this structure.

2.2.5. Structure of [2,3-PHNZ(c-C4F4)]2

This [4+4] cycloaddition dimer, shown in Fig. 4, presumably formed
by photochemical cycloaddition in solution from the planar, monomeric
2,3-PHNZ(c-C4F4) (formally 7,8,9,10-tetrafluoro-5,12-diazatetracene),
which is an isomer of the planar, structurally characterized compound
tetrafluorobenzo[a]phenazine [24] shown in ESI Figure S16.

Fig. 11 shows a comparison of [2,3-PHNZ(c-C4F4)]»> with the [4+4]
cycloaddition dimer [tetraazatetracene(C=C-TIPS)2]2 [66]. The fold
angles are 41.3° in [2,3-PHNZ(c-C4F4)]5 and 45.1° in [tetraazatetracene
(C=C-TIPS)3],. The bridgehead-bridgehead C(sp3)—C(sp3) bonds in
these centrosymmetric dimers are 1.618(2) A in [2,3-PHNZ(c-C4F4)]2
and 1.591(8) Ain [tetraazatetracene(C=C-TIPS),]5 Fig. 12 shows the
packing of the dimeric molecules in the structure of [2,3-PHNZ
(c-C4F4)]2. The shortest intermolecular FeeeF contacts are 2.843(2) A.
There is no intermolecular n—x overlap in this structure.

2.3. Electrochemical Reduction Potentials

One of the goals of this work was to prepare stable, robust molecules
as candidates for organic electronic devices that possess strong electron
acceptor properties, while they tend to stack with significant intermo-
lecular n-7 overlap when crystallized. Planar acenes such as ANTH and
TETR with F atoms and/or fluorous substituents are possible candidates.
However, heteroacenes such as PHNZ and 5,12-diazatetracene (5,12-
DAZT) would be even better starting materials because they are stronger
electron acceptors than their hydrocarbon analogs. For example, the
gas-phase electron affinities (EAs) of ANTH and PHNZ are 0.53(2) [67]
and 1.31(10) eV [68], respectively, and the first reduction potentials,
E1,2(0/-) values, from cyclic voltammetry in 1,2-dimethoxyethane
(DME) solution are —2.52 [11] and —1.74 V vs. FeCpf/O [14], respec-
tively. As another example, E;,5(0/—) values for TETR and 5,12-DAZT
are —1.60 (DMF solution) [69,70] and —1.44 V (THF solution) vs.
FeCpy™° [71], respectively.

The E; 2(0/—) values) for PHNZ, fluorinated PHNZ derivatives, and
related compounds are listed in Table 4 [14,24,24,66]. Nine values are
for new compounds prepared in this work. Selected cyclic voltammo-
grams are shown in Figs. 13 and 14. The results reveal the relative
electron-withdrawing effects of F atoms and CFs, n-C4Fgl, c-C4F4, and
c-C4Fg groups, as well as the effects of putting these substituents in
different positions on PHNZ and 5,12-DAZT. All of the perfluoroalkyl
electron-withdrawing substituents resulted in E; 2(0/—) values that are
cathodically shifted relative to E;j,2(0/—) for unsubstituted PHNZ by as
much as 0.58 V for a single c-C4Fg group. The cathodic shifts will be
referred to as AE;,5(0/—) values.

One must be circumspect when comparing E;,2(0/—) values in
different solvents. The DMF vs. THF E; /2(0/—) values and the CH,Clj vs.
CH3CN E;/2(0/—) values for a number of aromatic compounds only
differ by 0.02-0.03 V [72-74]. However, the CH,Cl; vs. CH3CN and the
DME vs. CH3CN Ej,5(0/—) values for PHNZ differ by 0.16 and 0.12 V,
respectively (see Table 4). A recent theoretical study reported
DFT-predicted E; 2(0/—) values for PHNZ that varied by as much as 0.6
V depending on the dielectric constant of the solvent (see ESI Figure
S$23) [75]. The calculations did not include the dielectric decrement due
to the supporting electrolyte, which could make the differences in
effective dielectric constants of 0.1 M solutions of N(n-Bu)4PFg in
various solvents smaller than the intrinsic differences of the pure solvent
[76,77]. For example, the DFT-predicted CH,Cly vs. CH3CN E;,2(0/-)
values for PHNZ differ by 0.16 V [70], the same as the difference in the
experimental values, but the DFT-predicted DME vs. CH3CN E; 5(0/—)
values for PHNZ differ by 0.23 V [70], nearly twice as large as the
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2-PHNZ(w-CaFsl)

1-PHNZ(w-CaFgl)
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Fig. 8. Drawings of portion of the structures of 2-PHNZ(w-C4Fsgl) (top) and 1-PHNZ(w-C4Fgl) (bottom) showing the networks of intermolecular Neeel and FeeeF
interactions (H atoms removed for clarity). In 2-PHNZ(w-C4Fgl), the Neeel distance is 3.15(1) A and the shortest FeeoF distances are 3.09(1) and 3.10(1) A.In1-
PHNZ(w-C4Fgl), the Neeel distance is 3.055(2) A and the shortest FeesF distances are 2.801(2) and 3.105(2) A. The C-TeesN angles are 167° in 2-PHNZ(w-C4Fgl) and

175° in 1-PHNZ(w-C4FgD).

difference in experimental values (see Table 4). Therefore, it is probably
more meaningful to compare AEj,»(0/—) values in different solvents
than to compare Ej ,5(0/—) values. Note that the AE; 2(0/—) values for 1,
2-PHNZ(c-C4Fg) in CH3CN and CH3Cly, which are 0.18 and 0.15 V,
respectively, are essentially the same.

The c-C4Fg group produced about the same AE;,/5(0/—) value (0.58
and 0.48 V for 2,3- and 1,2-PHNZ(c-C4Fg), respectively) as a pair of CF3
groups (0.53 V for the isomers of PHNZ(CF3) [14]). The reason for the
100 mV difference in AE;,5(0/—) values for the two PHNZ(c-C4Fg) iso-
mers is not known at this time. It may be due to the different dipole
moments of these isomers and the concomitant greater stabilization of
negative charge on the "linear" 2,3- isomer than on the "bent" 1,2- iso-
mer. The effect is consistent with the 80 mV greater AE; 5(0/—) for the
"linear-bent" isomer 1,2,7,8-PHNZ(c-C4Fg), relative to the "bent-bent"
isomer 1,2,6,7-PHNZ(c-C4Fg)2 [24] and the 50 mV greater AE;,2(0/—)
value for polar 1,3,6,9-PHNZ(CF3)4 relative to nonpolar 1,4,6,9-PHNZ
(CF3)4 [14].

The ¢-C4F4 group induced significantly smaller AE;,5(0/—) values,
0.26 and 0.18 V for 2,3- and 1,2-PHNZ(c-C4F4), respectively, than the
C4Fg group, 0.58 and 0.48 V for 2,3- and 1,2-PHNZ(c-C4Fg), respectively.
The PHNZ(c-C4F4) isomers are formally tetrafluoro derivatives of 5,12-
DAZT and benzo[a]phenazine, respectively, and have an additional ar-
omatic ring, and hence a larger x system than the PHNZ(c-C4Fg) isomers.
This is supported by the band gaps experimentally determined by UV/
vis spectroscopy (see ESI Figure S24 and Table S8): upon RDF/A, the
band gap decreases form 3.18 eV to 2.99 eV in the 1,2 system and from
3.21 eV to 2.80 eV in the 2,3 system. Nevertheless, the PHNZ(c-C4Fg)
isomers have AE; »(0/—) values that are more than twice as large as the
PHNZ(c-C4F4) isomers. This may seem counterintuitive, especially in the
case of 2,3-PHNZ(c-C4Fg) vs. 2,3-PHNZ(c-C4F4), because, as explained
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above, the PHNZ(c-C4F4) isomers have an additional aromatic ring.
Acenes and heteroacenes generally become stronger electron acceptors
as more aromatic rings are added (compare the Ej,2(0/—) values for
PHNZ and 5,12-DAZT in Table 4, which are —1.78 and —1.44 V vs.
FeCpf/ 0 respectively, with the E;,5(0/—) values for DMF solutions of
ANTH, TETR, and pentacene (PENT), which are —2.39, —2.00, and
—1.73 V vs. FeCp2+/ 0, respectively [64], and the E;,2(0/-) values for
CH3CN solutions of perfluoroanthracene and perfluorotetracene, at,
—1.29 and —0.84 V vs. FeCp,™Y, respectively [53]). This suggests that
the C4Fg substituent in 2,3-PHNZ(c-C4Fg) more than compensates for the
extra aromatic ring bearing four F atoms in 2,3-PHNZ(c-C4F4). Although
an F atom is a stronger electron-withdrawing group than a per-
fluoroalkyl (Rg) group when attached to a C(sp3) atom, F is a much
weaker electron-withdrawing group than Rr when attached to an aro-
matic C(sz) atom [63]. For example, the DFT predicted EAs of 2,
6-ANTH(CF3)2 and 2,6-ANTH(F); are 1.29 and 0.75 eV, respectively
[78].

The introduction of an additional aromatic ring does not always
result in a stronger electron acceptor PAH. TETR is a much stronger
electron acceptor than benzo[a]anthracene even though they both have
four aromatic rings; their EAs are 1.06(1) [79] and 0.4(1) eV [80],
respectively, and their E; 2(0/—) values in DMF are —2.00 and —2.43 V
vs. FeGpy ™0, respectively [64], a difference of 0.43 V. However, the
AE7/2(0/-) values for 2,3- and 1,2-PHNZ(c-C4F4) are similar, 0.26 and
0.18 V, respectively, a difference of only 0.08 V, even though the
hetero-PAH in 1,2-PHNZ(c-C4F4) is benzo[a]phenazine, the four rings of
which match the four-ring pattern of the weak electron acceptor benzo
[alanthracene. Apparently, the difference in band gaps (2.99 eV and
2.80 eV, vide infra, thus AE = 0.19 eV) partly compensates for this effect.
Therefore, it may be the case that benzo[a]phenazine and 5,12-DAZT
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5-H-1,10-PHNZ(c-C3F6C(=0))

Fig. 9. (Top) The structure of 5-H-1,10-PHNZ(c-C3F¢C(=0)), showing the 30.5°
fold along the N5eeeN10 hinge. The range of the four N-C distances is 1.389(2)—
1.444(2) A. (Bottom) The structure of 5,10-H,PHNZ (ref. [64].). The PHNZ core is
folded by 21.5° at the N5eeeN10 hinge. The range of the four N-C distances is
1.402(2)-1.414(2) A. The greater fold angle in 5-H-1,10-PHNZ(c-C3F¢C(=0)) is
probably due to the constraints imposed by the seven-membered ring.
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have similar EAs and E;/2(0/—) values, unlike benzo[a]anthracene and
ANTH.

A comparison of 1,2,3,4-(5,12-DAZT)F,4 and 7,8,9,10-(5,12-DAZT)F4
(i.e., 1,2-PHNZ(c-C4F4)) is also of interest. Their AE;,2(0/—) values are
similar, 0.19 [24] and 0.26 V (this work), respectively. This suggests that
the 1,2,3,4 and the 7,8,9,10 C(spz) atoms of 5,12-DAZT make essentially
the same overall contribution to its LUMO, which is consistent with the
DFT-predicted LUMO reported in a recently published theoretical study
and shown in ESI Figure S25 [81].

The compounds 1- and 2-PHNZ(w-C4Fgl) are rare examples of PAH or
hetero-PAH compounds with a single perfluoroalkyl-type substituent.
The AE;,5(0/—) values, at 0.37 and 0.33 V, respectively, match the
largest cathodic shifts, per Rr group, observed for a PAH(Rg),, or hetero-
PAH(Rp);, derivative. The AE;,5(0/—) values, per CF3 group, for PHNZ
(CF3)y (mixture of isomers), 1,3,6,9-PHNZ(CF3)4, 1,4,6,9-PHNZ(CF3)4,
an isomer of perylene(CF3)4 [11], an isomer of ANTH(CF3)s5 [11], and an
isomer of naphthalene(CF3)4 [73] are 0.26, 0.21, 0.19, 0.23, 0.25, and
0.37 V, respectively. Except for the naphthalene compound, the
AE7 /2(0/-) values for 1- and 2-PHNZ(w-C4Fgl) are more than 50% larger
than the AE; 5(0/—) values per Rg group than for the other compounds.
The similar AE; »(0/—) values for 1- and 2-PHNZ(w-C4Fgl) demonstrate
that the C(spz) orbital contributions to the PHNZ LUMO are essentially
the same, in harmony with the recently reported DFT-predicted PHNZ
LUMO shown in ESI Figure S25. Finally, although the first reductions of
1- and 2-PHNZ(w-C4Fgl) were quasi-reversible, the second reductions
were irreversible at all scan rates. This may be due to cleavage of the
weak C-I bond upon adding two electrons to the compounds.

The AE;,2(0/-) value for 5-H-1,10-PHNZ(c-C3FsC(=0)), 0.46 V, is
essentially the same as AE;,2(0/—) for 1,2-PHNZ(c-C4Fsg), 0.48 V, as
shown in Fig. 14. This is significant because the former compound is a
derivative of 5,10-dihydrophenazine, which would be expected to be
much more difficult to reduce than analogous derivatives of PHNZ.

3. Conclusions

In summary, we explored thermal and photochemical reactions of
phenazine with C4Fgl, under a variety of experimental conditions in
search of a more efficient, scalable method to prepare fluorinated

Fig. 10. The network of C=0eeeH-N hydrogen bonds in the structure of 5-H-1,10-PHNZ(c-C3F¢C(=0)). The OeeeH, and OeeeN distances and OeeeH-N angle are
2.06 A, 2.976(2) A, and 171°, respectively, for one type of hydrogen bond and 3408 A, 2.957(2) A, and 168°, respectively, for the other type of hydrogen bond.
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Fig. 11. Comparison of the [4+4] cycloaddition dimers [2,3-PHNZ(c-C4F4)]2 (top; this work) and [tetraazatetracene(C—C-TIPS),], (ref. [39].). The Si(i-CsHy)3

groups have been abbreviated to “TIPS” for clarity.

phenazines than the methods known prior to this work [19,24]. We
demonstrated that the mild photochemical methods originally devel-
oped for electron-rich arenes and monocyclic heteroarenes [44,46,82]
can be successfully adjusted to phenazine, and produce not only acyclic
perfluoroalkyl derivatives, but also cyclic products, when C4Fgl5 is used
as perfluoroalkylating reagent. While some reaction steps may still be
desired to have greater selectivity and higher yields, the overall result
exceeds the previously reported one for phenazine perfluoroalkylations

[14,24], and especially for the RDF/A for large aromatic systems, which
now can be achieved selectively and nearly quantitatively. The facile
synthetic techniques and purification methods developed here make
these new fluorous phenazines accessible for studies as components of
organic electronic devices, as valuable molecular building blocks with
pronounced acceptor properties for constructing larger azaacene struc-
tures as n-type semiconductors. Extending the simple two-step approach
shown in Fig. 3, it will be possible to design partially fluorinated

Fig. 12. The packing of molecules in the structure of [2,3-PHNZ(c-C4F4)],. The C atoms are shown as points and the H atoms have been omitted for clarity. There is

no intermolecular n—n overlap in this structure.
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Table 4
Electrochemical E; »(0/—) values for PHNZ, perfluoroalkylated PHNZ derivatives, and related compounds.z”b

compound solvent/electrolyte E1/5(0/—) / V vs. FeCpy™/° AE;5(0/—) / V vs. PHNZY ~ AE;,5(0/=) / V vs. DAZTY~ ref.
PHNZ CH3CN/0.1 M TBAPF¢ —-1.62 0.00

2,3-PHNZ(c-C4F4) [7,8,9,10-DAZT(F),] CH3CN/0.1 M TBAPFg ~1.36 0.26

1,2-PHNZ(c-C4F4) CH3CN/0.1 M TBAPFg —1.44 0.18

2-PHNZ(w-C4Fgl) CH3CN/0.1 M TBAPF¢ —-1.29 0.33

1-PHNZ(o-C,4Fsl) CH3CN/0.1 M TBAPFg ~1.25 0.37

2,3-PHNZ(c-C4Fsg) CH3CN/0.1 M TBAPFg¢ —-1.04 0.58

1,2-PHNZ(c-C4Fg) CH3CN/0.1 M TBAPF, -1.14 0.48

1,2,7,8-PHNZ(c-C4Fs)2 CH3CN/0.1 M TBAPFg ~0.73 0.89 [24]
1,2,6,7-PHNZ(c-C4F3) CH,CN/0.1 M TBAPFg ~0.81 0.81 [24]
5-H-1,10-PHNZ(c-C3F¢C(=0)) CH3CN/0.1 M TBAPF, -1.16 0.46

PHNZ DME/0.1 M TBACIO4 -1.74 0.00 [14]
PHNZ(CF3), © DME/0.1 M TBACIO4 -1.21 0.53 [14]
1,4,6,9-PHNZ(CF3)4 DME/0.1 M TBACIO4 -0.97 0.77 [14]
1,3,6,9-PHNZ(CF3)4 DME/0.1 M TBACIO4 —0.92 0.82 [14]
PHNZ DCM/0.1 M TBAPFg —-1.78 0.00

1,2-PHNZ(c-C4F4) DCM/0.1 M TBAPFg -1.63 0.15

DAZT THF/0.1 M TBAPF¢ —1.44 0.34¢ 0.00¢ [66]
1,3-DAZT(F), DCM/0.1 M TBAPFg —-1.32 0.46 0.12¢ [24]
1,2,3,4-DAZT(F)4 DCM/0.1 M TBAPFg -1.25 0.53 0.19¢ [24]
1,2,3,4,5,6-DAZP(F)e DCM/0.1 M TBAPFg -0.92 [24]

2All results from this work unless otherwise indicated.

b1l E; /5 values in this table were determined by cyclic voltammetry and are +0.01 V. The AE; ,»(0/—) values are relative to the PHNZ E; ,5(0/—) value in that solvent
unless otherwise indicated. Abbreviations: PHNZ = phenazine; DAZT = 5,12-diazatetracene; DAZP = 7,14-diazapentacene; DCM = dichloromethane; DME = 1,2-
dimethoxyethane; THF = tetrahydrofuran; TBAPFg = N(n-Bu)4PFs; TBACIO4 = N(n-Bu)4ClOy4. The dielectric constants for CH3CN, DCM, DME, and THF at 20 °C are
36.6, 9.1, 7.3, and 7.5, respectively. ¢ Mixture of isomers. d Relative to the PHNZ E;,5(0/-) value in DCM. © Relative to the DAZT E; ,»(0/—) value in THF.

PHNZ

1,2-PHNZ(c-CF,)

PHNZ

current

1-PHNZ(0-C,F,l)

1.2-PHNZ(cCF,)

2,3-PHNZ(c-C F,)

T T T
-2,0 -1,5 -1,0 -0,5

potential, V vs. FeCp,"

Fig. 13. Cyclic voltammograms of phenazine (PHNZ) and PHNZ derivatives
prepared in this work. The reversible oxidation/reduction of the internal
standard FeCp,, which was added to each sample after recording the shown
cycles, is not shown. All cyclic voltammograms were recorded with a scan rate
of 50 mV s~ .
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CH,CN
TBA'PF,

PHNZ

1,2-PHNZ(c-C,F,)

=
o
5
o

5-H—1“IO—PHNZ(C—CaFBCFO))

T 1 * T M I
-2,0 -15 -1.0 -0.5
potential, V vs. FeCpZHU
Fig. 14. Cyclic voltammograms of phenazine (PHNZ), 1,2-PHNZ(c-C4Fg), and

5-H-1,10-PHNZ(c-C3F¢C(=0)). The reversible oxidation/reduction of the in-
ternal standard FeCp,, which was added to each sample after recording the
shown cycles, is not shown. All cyclic voltammograms were recorded with a
scan rate of 50 mV s,

molecular nanographenes with varying shapes, sizes and electronic and
photophysical properties tuned for a specific application. For example,
bowl-shaped CORA was previously functionalized with C4Fg groups
forming seven- and six-member cycles, but reductive RDF/A to extend
its m-system with partially fluorinated rings has not been attempted. The
effective RDF/A with Zn dust from this work may be now applied to this
and other known thermally stable PAH(C4Fg),,, with PAHs such as TRPH,
PHAN, ANTH [12,16,17,24]. Electrochemical studies of the PHNZ
(w-C4Fgl), PHNZ(c-C4Fg), and PHNZ(c-C4F4) compounds synthesized in
this work revealed large cathodic shifts relative to underivatized phen-
azine, including a 370 mV cathodic shift caused by substitution with a
single w-C4Fgl group, making these and similar compounds particularly
attractive for organic electronics and possibly also the next generation of
organic flow batteries.
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