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Abstract

Presented is an economical means of remaoving fluorine from various highly fluorinated arenes
using NaBH4. The procedure was adapted for different classes of perfluoroarenes. A novel
isomer of an emerging class of organic dyes based on the carbazole phthalonitrile motif was
succinctly synthesized in two steps from tetrafluorophthalonitrile demonstrating the utility of
the hydrodefluorination procedure. Initial exploration of the dye shows it to be photoactive and
capable of facilitating contrathermodynamic styrenoid E/Z isomerization.
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A meaningful portion of drugs, bioactive molecules, and agrochemicals bear fluorine atoms
as important components. In that context, fluorine boasts an important role as a means

of modulating lipophilicity, metabolic breakdown, and overall potency. There is a clear
interest in having diverse and efficient means of incorporating fluorine into small molecules
for probing structure-activity relationships. Obtaining specific fluorination patterns in
complex small molecules can often represent a challenge, necessarily leading to inefficient
multistep syntheses to add fluorine to a scaffold with the proper regioselectivity. Without
regioselectivity issues, perfluorinated arenes represent the cheapest class of commercially
available molecules that have all the desired fluorine atoms in their proper place — and
several other superfluous ones. Selective aromatic hydrodefluorination (HDF), has the
potential to be a useful alternative to the stepwise installation of individual fluorine atoms,
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especially when targeting higher degrees of fluorination. Starting from perfluorinated or
polyfluorinated arenes; a well-defined repertoire of conditions to remove specific fluorine
atoms presents a convenient path to select fluorine configurations.

Polyfluoro aromatic C—F bonds are well known handles for transition-metal-catalyzed
functionalizationl# and nucleophilic functionalization. Nucleophilic aromatic HDF of
perfluoroarenes with hydride has been reported before via LiAlH,,58, DIBAL,® and other
transition metal-mediated aluminum hydrides.19 These procedures, however, represent harsh
conditions either by virtue of the high, unselective reactivity of the aluminum hydride or by
the temperatures necessary to facilitate conversion — both of which greatly limit the scope
of target perfluoroarenes. Ligand-bound boranes, 1! precious metal hydride catalysts,12:13
and catalytic hydrosilicatel# have also been reported featuring milder conditions, but also
non-trivial catalyst and/or hydride complex preparations. Sodium borohydride is generally
known to be a less reactive, more selective hydride source that is cost-effective, easily
handled, and found in almost all synthetic labs. So, it was surprising to find only sparse
literature reference to its use for aromatic HDF with limited scope. Perhaps this is because
common conditions for NaBH, reductions are not conducive to selective nucleophilic
aromatic substitution. NaBHg4 has, in an isolated example, been reported to perform
hydrodefluorination at the 4-position of 3-chloro-2,5,6-trifluoropyridine in cooled ethanolic
solution,1® which, in our hands, proved not to be generally applicable to other substrates
owing to their tendency to undergo solvolysis, vide infra. It has also been reported to remove
fluorine from the 4-position of exactly pentafluorobenzamide and pentafluorobenzonitrile
with respective yields of 65% and 82%.16:17 The demonstrated scope in these patents,
however, is devoid of sensitive functional groups or more reactive substrates and lack
sufficient detail to be of any real use to the practitioner. Given the limited nature of literature
documentation of functional group sensitivity under conditions conducive to aromatic HDF,
we opted to investigate protocols for NaBH4 HDF of perfluoroarenes.

Results and Discussion

Methyl pentafluorobenzoate (MPFB), a simple and inexpensive perfluoroarenes with a
moderately vulnerable electron-withdrawing functional group, was selected as the initial
substrate for optimization of reaction conditions. The first parameter we examined was
solvent. Given the literature precedent of polar protic solvents modulating borohydride
reductions,18-20 we first examined methanol and ethanol (entries 1 and 2, Scheme 1 and
Table 1). While both entries consumed MPFB, only ethanol led to product formation, albeit
very little. In both alcoholic solvents the reactivity towards the ester was observed, an
important functional group sensitivity absent from the substrates studied by Schlosser.1> The
19FNMR spectra confirmed the retention of fluorine at the 4-position of developing side
products. Next, we examined ethereal solvents tetrahydrofuran and 1,2-dimethoxyethane
(entries 3 and 4) neither of which were homogenous. Both solvent-NaBH, suspensions
resulted in the formation of significantly fewer side products, as anticipated based on the
observations of Brown et al.18:21 However, the rates were variable with THF resulting in
very low conversion, and DME giving 46% conversion within 10 h. The poor coordination
of the sodium ion and resulting partial solubility of the reagent in the ethereal solvents
likely contributed to the poor to moderate performance. Finally, we examined strongly polar
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aprotic solvents DMF and DMSO (entries 5 and 6), which were expected to enhance the
reactivity of the borohydride due to their strong coordination of the sodium ion.22:23 Indeed,
we observed that both DMF and DMSO gave clean conversion. Specifically, DMF gave
70% yield while DMSO gave 98% yield (entries 5 and 6). Of the selected solvents, DMSO
proved to be the most promising, leading to the fastest and most selective conversion to
product; further optimization was carried out in DMSO.

Next, we examined NaBH, loading with the goal of exploring the reaction rate as a function
of NaBH, loading. Entries 5 and 6 (Table 1) indicated that when DMSO and DMF were
used, at least 2 hydrides per BH,- were capable of being delivered to the MPFB, and that
an earlier timepoint would be needed to distinguish relative rates. Thus, the loading of
NaBH, was varied (entries 7-9); and 1°FNMR spectra collected after 2 hours. The results
indicated that there was a significant difference in the rates of HDF due to the /n situ
generated reductants, and that of stoichiometric NaBH,4 which gave complete conversion
within 2 hours. An experiment was conducted to ascertain the stability of MPFB over
extended periods in DMSO solution with NaBH, (SuPPl- S13) Minimal degradation was
observed. Finally, excess NaBH, neither removed further fluorine nor reduced the methyl
ester within the same timeframe and conditions (entry 10). Increased hydrogen atom content
on the aromatic ring discourages further HDF. From these experiments, we anticipated HDF
rates could easily be controlled by equivalents of NaBH,4 used and using ethereal solvents
to attenuate reactivity by degrees, with DME lowering the reactivity moderately and THF
reducing reactivity further.

With these controls in mind, we next examined the scope of the reaction using

the generalized reaction conditions, specifically 1.0 equiv of NaBH, in DMSO at

room temperature (Figure 1). We examined other polyfluorinated aromatic compounds
which exhibited varying degrees of activation and functional group vulnerability. As
expected, the use of NaBH, rather than more potent reductants such as LiAIH,,

allowed for the incorporation of esters (1b, 2b), and amides (3b-5b). Octafluorotoluene
also undergoes perfectly regioselective HDF at the 4-position with no trace of the
benzylic defluorination characteristic of several HDF procedures that proceed through
radical anion fragmentations.2* Complementary to Braun’s boryl-Rh-catalyzed HDF2° of
pentafluoropyridine which displays C2 selectivity, we observed that pentafluoropyridine also
underwent clean HDF at C4.

Owing to their volatility, no attempt was made to isolate either product 6b or 7b which
could be obtained in similar yield to the photocatalyzed HDF without the need for iridium
based photocatalyst.26 Both alkenyl (8b) and alkynyl (9b) substituents were found to be
sufficiently activated to facilitate HDF. Notably, this took place with negligible alkene

or alkyne reduction when moderately attenuating solvents were used. Alkenes would
likely have been problematic under recently developed photocatalytic HDF conditions
which chance contrathermodynamic styrenoid isomerization.2”-31 Furthermore, use of
traditional transition metal hydride chemistry32-35 would risk undesired alkenyl or alkynyl
metalation.3¢ Attempts to perform the HDF on pentafluorotoluene (22b) revealed that
mildly electron donating alkyl substituents are also viable, though they do require more
elevated temperatures (80 °C) and increased NaBH, loading. Currently, photocatalytic-
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HDF on this type of substrate is sluggish at best, making this an enabling advancement.
Similar conditions also facilitated di-HDF in hexafluorobenzene (21b). 1I9FNMR spectra
taken periodically revealed the sequential formation of mono- and then di-HDF (21b),

but no attempt was made to obtain a yield for the mono-HDF product. Attempts to

perform selective HDF on the corresponding fluorinated benzaldehyde and acetophenone
failed, which instead engaged in carbonyl reduction. However, by elevating the reaction
temperature to 45 °C, acetals (11b), ketals (12b) also underwent selective mono-HDF

at the C4 position, formally allowing access to the aldehyde and ketone HDF products.
Anilines and are synthetically important and readily converted to versatile diazoniums.3”
Unfortunately, pentafluoroaniline showed no change to the fluorine configuration even under
our most forcing conditions. Conveniently, di-Boc-aniline (10b) can serve as a masked
aniline following gentle heating in the presence of trifluoroacetic acid.(SUPP!- S12) Other
substrates bearing electron donating groups attached to the ring generally exhibited no HDF
under standard conditions or even when exposed to 3 equivalents of NaBH, in DMSO at

80 °C over 12 hours. In the case of pentafluorophenol and pentafluoroaniline this may be
due to the acidic OH/NH. While Zhang3® and Ogoshil# both reported successful, albeit
attenuated nucleophilic HDF of perfluoroaryl ethers with catalytic copper hydrides and
catalytic hydrosilicate respectively, we did not observe any HDF in the case of the ethereal
substrate, which remained unchanged. Some nitro and nitrile substituted fluoroarenes were
more prone to subsequent HDF reactions. Typically, defluorination occurred para and

then subsequently ortho to the functional group. Thus, it was necessary to modify the
standard conditions to avoid generating mixtures of mono- and poly-defluorinated products.
Moreover, these functional groups exhibited a greater tendency than others to become
reduced by the solution of borohydride in DMSO, an observation previously noted by
Hutchins when treating various nitrobenzenes with NaBH, in DMSO.39 We were able to
attenuate the rate by adding, or switching, the solvent to THF. The attenuated reactivity,
presumably due to decreased concentration of borohydride in solution (see Table 1), allowed
for more selective HDF, stopping at single HDF for pentafluorobenzonitrile (16b). Further,
we were able to use the loading of NaBH, (1 or 2 equiv) to convert tetrafluorophthalonitrile
to either 3,4,6-trifluorophthalonitrile (mono-HDF, 18b) or to 3,6-difluorophthalonitrile (di-
HDF, 19b) in good yield for uncatalyzed HDF.12 Even with the reduced reactivity in THF,
tetrafluorophthalonitrile exhibited partial nitrile reduction. However, we found that the yield
was improved by the addition of stoichiometric water which played a key role in preventing
functional group reduction, analogous to Hutchins’ observation of water protecting allylic
borohydride dehalogenations.?® For some substrates, there was insufficient difference in
rates of defluorination of the initial and product fluoroarenes leaving only the product of
multiple HDF accessible. For instance, pentafluoronitrobenzene underwent rapid triple-HDF
without denitration?? to yield di-F nitrobenezene (17b) in good yield. We were able to
cleanly isolate di-HDF products (14b, 15b, and 15c) by increasing the NaBH, loading,
affording complete conversion to the doubly defluorinated products. Octafluoronaphthalene
is the only substrate in which less than perfect regioselectivity (determined by 19F NMR of
the crude reaction mixtures) was observed which still gave a synthetically useful 8:1 ratio of
products. The regioselectivity was assigned by matching the literature.10.14:41
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Aromatic hydrodehalogenation which takes place via radical anion fragmentation*?
displays a stronsg tendency for the heavier halogen to undergo preferential fragmentation,
regardless of the aromatic regiochemistry. In a revealing experiment, 3,5-dichloro-2,4,6-
trifluoropyridine (13b) underwent single C4 HDF under standard conditions. The
preservation of the chlorine substituents at the meta positions, which is characteristic of
nucleophilic displacements, contrasts with the trend of electron transfer- radical anion
fragmentation hydrodehalogenations.28 Moreover, we observed HDF can be completely
blocked at a position by substitution with a heavier halogen, which is possible via-the
retrohalex reaction.26:4344 4-Cl-tetra-F-nitrobenzene, in which the site of preferential
fluoride fragmentation (4-F) has been replaced with 4-Cl, undergoes smooth double-HDF
with no evidence of chlorine cleavage to yield 20b, indicating that chlorine substitution will
effectively block the innate regiochemical preference of the ring.

Finally, to demonstrate the scalability of the process, 1b was synthesized on a 5 g scale, with
an isolated yield of 90% and a slight improvement compared to the smaller scale.

The ability to access complex multi-fluorinated compounds by use of only commercially
available reagents (perfluoroarenes and NaBH,) and solvents common to most synthetic

labs (DMSO, THF), using quick operationally simple (open flasks) procedures is expected
to be broadly enabling. To demonstrate the utility of this method, we used it to synthesize

a novel analog of a class of carbazole-phthalonitrile organodyes (Scheme 2). These dyes

are an exciting class of visible light absorbing complexes that display great triplet state
lifetimes, energy transfer quantum efficiencies, and redox capabilities allowing for recent
facilitation of many chemical transformations; including dearomative cycloaddition,* cross-
dehydrogenative-coupling type Minisci reactions,* and even aromatic dehalogenation.*’
Conspicuously absent among these dyes, is the isomer with the carbazole groups ortho to the
nitriles. Presumably this absence is more of a reflection of a lack of commercial availability
for the respective di-F-phthalonitrile (19b), which does not store well, rather than a lack of
photochemical activity. Thus, we attempted to synthesize this dye by subjecting 200 mg of
commercially available tetrafluorophthalonitrile to the HDF conditions along with 2 equiv of
water, to generate 58% yield of the di-F nitrile after isolation. Using conditions adapted from
Adachi et al.,*8 we were able to smoothly synthesize 3,6-di(9H-carbazol-9-yl)phthalonitrile
(19c) in 79% yield.

As anticipated, 19c exhibited strong fluorescence with an emission maximum of 472 nm

in toluene and 533 nm in acetonitrile. The solvatochromism is visualized in Scheme

3A and C with 5 solvents of varying polarity. The excited state was partially quenched

by oxygen, demonstrated by diminished fluorescence in aerobic atmosphere. To verify

the dye’s utility as an efficient photocatalyst, a styrenoid (E-23a, Scheme 3D) E-to-Z
contrathermodynamic isomerization was set up in CH,Cl, with 0.25 mol% of 19c present
as photocatalyst. An isolated yield of Z-23b was obtained at 62%, with 8% of the starting
E-23a remaining. In conclusion, we have reported operationally simple reactions conditions
that can facilitate HDF with excellent substrate scope and good functional group tolerance.
The reaction appears to proceed through a nucleophilic displacement mechanism, giving it
complementary selectivity to other catalytic HDF processes. In addition to highly practical
reaction conditions, it also facilitates the use of fully fluorinated arenes as precursors to less
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storable fluoroarenes which can enable synthesis, as demonstrated by the synthesis of a new
member of the carbazole-phthalonitrile organodyes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Scope of NaBH4 mediated hydrodefluorination.
Adaptations of standard conditions were as follows: 21:1 v:v THF:DMSO used as solvent,

bheated to 45 °C, ©2.2 equiv NaBH, used, 9pure THF used as solvent, €3 equiv NaBH4

Page 9

used, fheated to 80 °C, 9IDME used as sole solvent, "19F NMR yield determined on crude
reaction mixture using fluorobenzene as internal standard. /A 90% yield was afforded for a
subsequent 5 g scale synthesis of 1b.
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Scheme 1.
Optimization Template

Ory Lett. Author manuscript; available in PMC 2022 January 24.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Schoch et al.

Page 11

(A. | CN
E cnNaBHy (2 equiv) F CN
H,0 (2 equiv)
F F THE > H ! J
F 58% yield 19b
O 19b
NaH (2.2 equiv)
THF
O 79% yield
(2.2 equiv)
-

Scheme 2.

Synthesis of Phthalonitrile Organodye
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A. 19¢ Fluorescence Emission (normalized)
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C. Solvatochromism of 19¢

1 mM solutions of 19c¢ in acetonitrile, methanol,
dichloromethane, diethyl ether, and toluene;
fluorescing under a 365 nm lamp.

D. Photosensitization by 19c
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Scheme 3.
19c-Photocatalyzed E/Z Isomerization.
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Table 1.

Initial Optimizations.

entry Eq. Solvent  Time % NMR % Conversion

aBH, (hours) Yield MPFBb
1 0.50 MeOH 10 0 ~100

0.50 EtOH 10 6 72
34 0.50 THF 10 <2 <2
44 0.50 DME 10 46 46
5 0.50 DMF 10 70 72
6 0.50 DMSO 10 97 98
7 0.33 DMSO 2 23 23
8 0.66 DMSO 2 43 43
9 1.00 DMSO 2 99 99
10 2.00 DMSO 2 99 99

a . .
Reactions were run as suspensions.

bDetermined using 19 NMR.
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