Gram-Scale Synthesis of the N-Phenyl Phenothiazine Photocatalyst by
Benzyne Addition
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Abstract: N-phenyl phenothiazine is one of the most reducing photoredox catalysts. Its synthesis
commonly requires transition metal catalyzed cross-coupling reactions. Here we show the
syntheses of four aryl phenothiazines via a benzyne route, including a multi-gram scale synthesis
of N-phenyl phenothiazine. While yields are modest, the simplicity, low cost, and lack of
requirement for cross-coupling catalyst in this synthesis will be attractive to users of this
photocatalyst.

Introduction: N-aryl phenothiazines have recently emerged as strongly reducing metal-free
photoredox catalysts.! While highly active precious metal containing polypyridyl catalysts are
commonly used in photoredox catalysis, metal-free catalysts are attractive for reasons of
sustainability.?3 In addition, phenothiazines are some of the strongest-reducing photoredox
catalysts yet reported.* As an example, N-phenyl phenothiazine is the only photoredox catalysts
that has been shown to add SFs to alkenes via reduction of SFe.> Aryl phenothazines have
additionally been used as photocatalysts for atom-transfer,® atom-transfer radical polymerization
reactions,’ lignin reduction,® carbofunctionalization,” and olefin-alcohol addition.'?
Phenothiazine radical cations have also been shown to be powerful super-oxidants, especially in
their excited states.!!
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While being metal-free themselves, aryl phenothiazines commonly involve precious metal
catalysts in their synthesis, namely via a Buchwald-Hartwig amination for the N-arylation.
Palladium is expensive, and subject to price volatility, and expensive or sensitive ligands are
required. In addition, transition metal trace contamination has been implicated as the true
catalytic species in some allegedly metal-free catalytic systems.!* While this phenomenon has
not yet been reported as an issue for organic photoredox catalysis, the rise of metallaphotoredox
chemistry does make precious metal contamination a possibility that should be considered with
caution.!’

12,13

Our group recently reported an expedited construction of dibenzothiophenes using a
multicomponent reaction involving thiophenol addition to benzynes,'® which greatly simplified
prior work that involved cross-coupling.!” Our work included one example relevant to carbazole
synthesis involving the preparation of a diarylamine via addition of an anilide anion to benzyne.
We were curious if this carbon-nitrogen bond formation could be expanded to include the
formation of aryl phenothiazines, leading to a transition metal-free synthesis of N-phenyl
phenothiazine.!® We entered the project anticipating this would be a more challenging reaction,
hypothesizing that the phenothiazide anion would be less nucleophilic than the anilides. This is
due to the greater steric demand and the less-basic nitrogen bearing two rather than one aryl
groups.
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Scheme 2. Development of a benzyne arylation approach to aryl phenothiazines



Results and Discussion: Initial attempts to deprotonate phenothiazine 1a or 2-
chlorophenothiazine 1b with n-butyllithium resulted in formation of precipitates at -78 °C
(Equation 1, Scheme 2). With most of the phenothiazide anion 1a-Li not in solution, rapid
addition to the benzyne formed by addition of n-butyllithium to 1,2-dibromobenzene 2a would
not occur. Warming the reaction mixture until the lithiated phenothiazine dissolved by removing
the flask from the dry-ice bath, then addition of 2a and n-BuLi did result in the formation of aryl
phenothiazines 3a and 3b, detected by NMR spectroscopy of the crude reaction mixtures.
Despite this observed product formation, we decided attempts to further optimize and scale up
this procedure in batch would be unwise, due to the potential for a runaway exotherm during the
benzyne formation from lithiated precursors and difficulty of balancing the appropriate
temperature with the equipment available to us.!*?°

We then investigated an organomagnesium route to the benzyne addition at high temperature.
Here the rate of benzyne formation is controlled by addition of the benzyne precursor, rather than
rate of dissipation of heat from the reaction mixture. The magnesiated phenothiazine 1a-MgBr is
soluble in THF, and benzyne is formed by addition of the benzyne precursor 1-bromo-2-
fluorobenzene 2b to magnesium turnings already present in the reaction mixture. In our previous
work, we found 2b to be a higher-yielding benzyne precursor than 2a under magnesiation
conditions. Magnesiation of phenothiazine 1a with isopropylmagnesium chloride in the presence
of magnesium turnings followed by slow addition of 2b led to formation of the desired product
in 29 % yield after purification on a 3 gram scale of 1a. Despite the low yield 1.2 grams of 2a
was prepared on the first attempt (Scheme 2, Equation 2). Some limited substitution was
tolerated, shown in Scheme 2. The 2-chlorophenothazine 1b could be used in place of 1a, with
the corresponding arylated phenothiazine 3b being formed in 23% yield.?! No dechlorination to
form 1a was observed in the isolated product. An electron-withdrawing CF3 group was tolerated,
with 2-trifluoromethylphenothiazine 1¢ giving a 32% yield of arylated phenothiazine 3¢. An
electron donating methoxy group was also tolerated, with phenothiazine 3d arising from 2-
methoxy phenothiazine 1d in 27% yield.
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Scheme 3. Limitations in Scope

A 2-cyanophenothiazine 1e (Scheme 3) proved unreactive, potentially due to the attenuated
nucleophilicity of the phenothiazide anion. Phenothiazine thioethers 1f and 1g were reactive, but
gave an unexpected product. Dealkylation of these substates, and arylation of the thio-group to
form 4 was observed, based on signals observed in NMR spectroscopy. Furthermore, crystals
grew from ethyl acetate and hexanes fractions during chromatographic purification of 4. Two
polymorphs were observed by X-ray-crystallography which confirmed the identity of the
product. In a specific example of this dealkylation, methyl thioether 1f was transformed to a
phenylthioether 4 in 40% yield, while the nitrogen remained unarylated (Equation 1, Scheme 3).
Addition of the benzyne to the thioether, followed by reductive removal of the methyl group
presumably occurred however no other reaction products containing the methyl group could be
identified.?? Notably the methyl group was not transferred to either the nitrogen or introduced
phenyl ring, as evidenced by both NMR and X-ray analysis. Reactions of aryl methyl
thioethers,?® and other thioethers with benzyne to give either ylides or phenyl thioethers has been



reported previously.?* Ethyl thioether 1g gave the same product, showing the reaction was not
limited to the small methyl group. This unexpected outcome did alert us to another undesirable
reaction mode that we had not initially anticipated, but did not observe: in none of the reactions
were products arising from benzyne attack on endocyclic sulfur noted. Ylides derived from
functionalization of the sulfur of aryl phenothiazines have previously been reported.?®

Further attempted transformations by quenching with an electrophile other than a proton revealed
this could not readily be turned into a three-component coupling. Attempting to quench the
presumed organomagnesium intermediate formed after addition of the phenothiazide to the
benzyne with either diphenylchlorophosphine 5a or Weinreb amide 5b did not result in
productive formation of compounds 6a or 6b (Equation 2, Scheme 3). This is potentially a
consequence of the high steric demand at the ortho position of the phenyl phenothiazine.
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Investigation of dibromobenzene benzyne precursors was also not fruitful. Neither
difluorodibromobenzene 2¢ or dibromoxylene 2d gave carbon-nitrogen bond formation under the
same conditions (products 7a and 7b in shown in Scheme 4 were not observed). Compound 2d
had been a successful substrate in our earlier multi-component synthesis of dibenzothiophenes
via a benzyne route using organolithiums.'® In these reactions, consumption of the magnesium
was notably slower than with 2b, with overnight reflux being required. Modified entrainment
conditions where dibromoethane was mixed with either 2¢ or 2d in THF solution resulted in
more rapid magnesium consumption, but still did not lead to products 7a and 7b. In both cases,
consumption of the magnesium was observed, but unreacted phenothiazine was recovered from
the reaction mixture.

In a final reaction, we scaled up the synthesis of 3a. A reaction on a 15 gram scale of starting
material 1a was conducted. Here the yield of purified product 3a (shown in Scheme 4) increased
to 37%, providing 7.6 grams of material.



While the yield of the reaction from starting material 1a is not comparable with some previously
reported Buchwald-Hartwig couplings, this synthesis uses economical reagents, and no precious
metal catalysts, so is cost-effective given the very inexpensive starting materials. It is likely that
the increased cost of the more expensive substituted phenothiazines 1¢ and 1d would justify the
use of higher-yielding protocols with more expensive catalysts to conduct the arylation. Such
catalytic protocols would also likely be successful with substrates 1e-1f, which did not
successfully react with benzyne. However, to the best of our knowledge this is the largest scale
preparation of 3a that has been reported in the literature.

Conclusion: In conclusion, we report a synthesis of four aryl phenothiazine derivatives, prepared
without using transition metal catalyzed cross-coupling While we have shown the scope of this
approach is relatively limited, it performs admirably in the synthesis of phenyl phenothiazine 3a.
Compound 3a is the most commonly used phenothiazine photoredox catalyst, and was prepared
on a 7 gram scale in this work from inexpensive starting materials. This route will be of utility to
other chemists using this photocatalyst.
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