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Acy! fluorides are valuable synthetic intermediates, but in some cases they can be challenging to handle

and difficult to isolate given their susceptibility to degradation. In addition, many reagents utilised to

prepare acyl fluorides are incompatible with in situ generation strategies and require the acy! fluoride to

be isolated before any further reaction can take place. The combination of these factors has meant that

acyl fluorides are currently under investigated in nucleophilic substitution processes, and often only a
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Introduction

Esters are ubiquitous molecules which play important roles in
medicines, fragrances, natural products and lubricants, and
act as valuable synthetic intermediates for further reactions."
The classical approach to the formation of esters on laboratory
scale is through reaction of acyl chlorides or anhydrides with
alcohols (Scheme 1a).> However, acyl chlorides are often pre-
pared using reagents such as SOCI, or PCl; and anhydrides are
often accessed from acyl chlorides.’ The conditions utilised to
access acyl chlorides can be less than ideal, especially for acid-
sensitive substrates. Acyl chlorides are also prone to hydrolysis
back to their parent carboxylic acids.® Acyl fluorides are
similar to acyl chlorides in their reactivity towards nucleo-
philes but despite this they remain overlooked as intermedi-
ates for ester formation. Acyl fluorides do have several advan-
tages over acyl chlorides, including being less prone to hydro-
lysis and exhibiting a wider functional group tolerance.’
Whilst many methods to access acyl fluorides have been
reported,® being able to do so in an operationally simple and
cheap manner is still challenging with many common reagents
for acyl fluoride formation being highly corrosive, expensive,
requiring bespoke synthesis or requiring specialist equipment
to handle safely. Classical reagents such as cyanuric fluoride’
or SeF, pyridine complexes® pioneered by Olah are often
reported in the synthesis of acyl fluorides, but these are toxic
and can be difficult to handle. Although somewhat safer,
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limited substrate scope is tolerated where they have been used. Herein, we report that pentafluoropyridine
can be utilised to generate acyl fluorides in situ under mild conditions, and that they can subsequently be
used to generate a range of esters and thioesters. This methodology offers a simple one-pot synthesis of
esters and thioesters directly from parent carboxylic acids.

a) Classical Approaches to Ester Synthesis
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Scheme 1 (a) Classical approaches to ester synthesis (b) recently dis-
closed strategies for the synthesis of esters and amides utilising in situ
acyl fluoride generation (c) this work using pentafluoropyridine for mild
in situ acyl fluoride generation for the synthesis of esters and thioesters.

reagents such as DAST or Deoxo-Fluor are often expensive
and require storing at low temperatures due to their instabil-
ity.? Isolation and then reaction of acyl fluorides with nucleo-
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philes inherently limits the substrate scope of the parent car-
boxylic acids which can be used. Many acyl fluorides are prone
to degradation when used in their isolated forms and thus
in situ generation for application in one-pot processes is desir-
able. The use of gaseous reagents can enable in situ acyl fluor-
ide generation. For example, Qin and co-workers utilised
SO,F, for the generation of amides in a one pot process
(Scheme 1b)."°

Most recently, the use of thionyl fluoride was disclosed by
Sammis and  co-workers for the  synthesis of
N-hydroxyphthalimide esters, N-hydroxylsuccinimide esters
and thioesters (Scheme 1b).'' Whilst thionyl fluoride and
SO,F, mediated reactions require little to no final purification
of the generated ester, the reagents are corrosive and gaseous,
requiring a specialised set-up to use effectively. Therefore,
developing a one-pot acyl fluoride formation/acyl nucleophilic
substitution reaction combination utilising bench-stable, com-
mercially available, and easy-to-handle reagents would be
advantageous compared to the previously reported
approaches.

As part of a wider program of work within our research
group to probe the properties of perfluorinated aromatics,'?
we have reported the use of pentafluoropyridine (PFP) to gene-
rate acyl fluorides directly from carboxylic acids under mild
conditions.”® This methodology was shown to be particularly
powerful for in situ acyl fluoride formation which could then
be used directly for amidation. We wished to expand the scope
of acyl nucleophilic substitution reactions that could be
carried out utilising in situ formation of acyl fluorides. Here we
report the use of in situ PFP-mediated acyl fluoride generation
for the synthesis of esters, thioesters, di-esters and amide-
esters. (Scheme 1c).

Results and discussion

To begin our study, a test reaction between benzoic acid 1a
and 4-methoxyphenol 4a was selected and run under our
previously reported conditions for amidation."® A 30 min acyl

Table 1 Optimisation of reaction conditions for the formation of ester 5a
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fluoride activation time at room temperature was used. Under
these conditions a yield of 56% for the ester 5a was recorded
(Table 1, entry 1). To improve this yield, we began by increas-
ing the equivalents of the alcohol after the 30 min activation
window to 1.5 equiv. and 3.75 equiv. However, both had a dele-
terious effect on the yield, giving 36% and 27%, respectively
(Table 1, entries 2 and 3). Finally, by changing the solvent to
toluene, no formation of the acyl fluoride was observed
(Table 1, entry 5). This led us to postulate that the rate of acyl
fluoride generation was hindering the yield during ester for-
mation. We had previously observed this pattern of reactivity
during amidation where increasing the activation period could
positively affect the yield of the amide product.'® This suspi-
cion was reinforced by the formation of a tetrafluoropyridyl bi-
aryl ether as a major by-product, pointing to the PFP not being
fully consumed during the acyl fluoride formation step.

To confirm that acyl fluoride formation was the governing
factor in the yield of the ester and to better understand the
rate of acyl fluoride formation, '°F NMR reaction monitoring
was undertaken. A series of substituted benzoic acids were
treated with PFP and DIPEA in MeCN-d; at 50 °C and '°F NMR
spectra were recorded using fluorobenzene as an internal stan-
dard. The conversion to acyl fluoride was monitored at various
time points. It was found that acyl fluoride generation was
much quicker for electron-rich benzoic acids such as 4-meth-
oxybenzoic acid 1b and benzoic acid 1a itself, while formation
was significantly slower when the electron-poor 4-nitrobenzoic
acid 1c was employed. After 1 h at 50 °C, conversion was
almost complete for 1a and 1b and remained constant follow-
ing 2 h of reaction time (Fig. 1).

Conversion of compound 1c¢, however, was only ~20% com-
plete after 1 h and ~30% after 2 h (Fig. 1). The same analysis
was also conducted at rt and the same trend was observed
with slow conversion of 1c to 3¢ (see ESI, p. S267).

It was concluded that extension of the activation period
from 30 min should have a beneficial effect for most carboxylic
acids. The results of the reaction monitoring also helped
confirm our suspicions that unreacted PFP had remained in
our reaction screening mixtures (Table 1). This unreacted PFP

OH
/©/ OMe
MeO o /©/
OH —2> F 4a > (9]
Conditions 16 h
1a 3a 5a

Entry” Temp. Time (h) 4a (equiv.) DIPEA (equiv.) 2 (equiv.) Solvent Yield (%)
1 rt 0.5 1.00 2.00 1.10 MeCN 56
2 rt 0.5 1.50 2.00 1.10 MeCN 36
3 rt 0.5 3.75 2.00 1.10 MeCN 27
4 50 °C 4 1.10 2.00 1.10 MeCN 71
5 50 °C 4 — 1.00 1.10 Toluene >

“Following formation of the acyl fluoride, 4-methoxyphenol was added and the reaction was maintained at the same temperature for 16 h.

b Monitored by *°F NMR spectroscopy for acyl fluoride formation. After 4

8060 | Org. Biomol. Chem., 2022, 20, 8059-8064

h no sign of acyl fluoride formation was observed.
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Fig. 1 Graph of conversion of benzoic acids to acyl fluorides. Reactions
were conducted in NMR tubes in a thermostatically controlled water
bath. °F NMR spectra were recorded at various time points using fluoro-
benzene as an internal standard. Integration of the internal standard vs.
integration of the acyl fluoride resonance was used to determine
conversion.

is extremely susceptible to nucleophilic attack and explained
why a tetrafluoropyridyl bi-aryl ether had been observed as a
by-product in the reaction, thus having an adverse effect on
ester formation.

Following acyl fluoride reaction monitoring, it was con-
cluded that incorporating a 4 h acyl fluoride activation window
at 50 °C would allow complete conversion for most carboxylic
acids, thus maximising potential ester formation. Employing
these conditions to our test reaction increased the yield of 5a
to 71% (Table 1, entry 4).

With optimised reaction conditions in hand, we set about
exploring the scope of the ester formation. We began with the
synthesis of a range of esters with benzoic acid 1a as the car-
boxylic acid component which would allow us to test the reac-
tions tolerance to various alcohols. Across a wide range of alco-
hols, good to excellent yields of esters were obtained. Aliphatic
(5b, 5k and 51), benzylic (5e, 5h) and aromatic alcohols (5a, 5d,
5f, 5g and 5i) were all well tolerated. High yielding reactions
occurred when phenol or 3-hydroxypyridine were employed as
the alcohol components, giving compounds 5d and 5j in 80%
overall yields. In general, the reaction proceeded well across all
alcohols tested, even with electron-deficient (5g) or sterically
hindered (5i) phenols, for which acceptable to excellent yields
of 58% and 92% respectively were recorded. Tertiary butanol
was the only alcohol where no conversion was observed (5c)
presumably due to the high degree of steric hinderance
around the nucleophile. In order to test the developed meth-
odology on the gram scale we remade compound 51 starting
from 1.00 g of benzoic acid whilst the yield of the reaction

This journal is © The Royal Society of Chemistry 2022
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Scheme 2 Scope of benzoic acid derived esters. Note: isolated yields
following purification. 2No conversion to the ester was observed by H
NMR. PReaction was carried out with 1.00 g of benzoic acid.

78%
61%P

decreased at this larger scale the product was successfully
formed in 61% yield to give 1.03 g of the ester (Scheme 2).
After investigating the alcoholic component, we next turned
our attention to the carboxylic acid component. Aromatic car-
boxylic acids worked well with compounds 5m, 5n, 50, 5q and
5r, all leading to greater than 50% yield of the corresponding
esters. Examples 5p and 5s were produced in 49% and 18%
yields, respectively. This is likely due to the electron-deficient
nature of the alcohol component in these cases, as electron-
deficient acids gave good yields for other compounds such as
5n (55% yield) and 5r (69% yield). To explore if increasing the
reaction temperature could have a positive effect on reaction
yield for examples which had given lower yields at 50 °C com-
pound 5s was resynthesised this time inside of a sealed tube at
100 °C. Increasing the reaction temperature increased the yield
of 5s to 77%. Long-chained aliphatic acids (5t and 5u) pro-
ceeded smoothly, giving good yields of the esters (79% and
75%). When short-chained propanoic acid was employed,
yields were lower (5v, 48%; 5x, 46%). These lower yields were
attributed to the volatile nature of the generated acyl fluoride.
To minimise the complication from the volatility we ran these
reactions at 35 °C to limit boil off of the generated acyl fluor-
ide. We tested the developed methodology on acids with
known biological activity, and thus we prepared the analogues
of naproxen (5y) and ibuprofen (5z) in 69% and 63% yield,
respectively. Finally, 1,4-dibenzoic acid was employed to

Org. Biomol. Chem., 2022, 20, 8059-8064 | 8061
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Scheme 3 Scope of one-pot esterification reaction. Note: isolated
yields following purification. ®Reaction was conducted in a sealed tube
at 100 °C. PReactions were conducted at 35 °C.

determine whether it were possible to generate di-acyl fluor-
ides using the same approach. The reaction proceeded to gene-
rate the di-ester 5aa in 40% yield (Scheme 3).

We hypothesised that the reaction protocol could also be
employed to rapidly build molecular complexity from diols or
amino alcohols. 2,2-Biphenol gave an excellent yield (85%) of
the bis-ester 7a whilst diethylene glycol and BINOL also gave
good yields of their corresponding bis-esters 7b (64%) and 7c¢
(72%). Finally, we wished to probe if an esterification and ami-
dation could be carried out at the same time to generate a
product containing both ester and amide linkages. By
using 4-aminophenol as the nucleophilic component, the
amide-ester 7d was successfully generated in 31% yield
(Scheme 4).

Thioesters are another class of highly useful compound
which have widespread use in medicinal chemistry and are a

8062 | Org. Biomol. Chem., 2022, 20, 8059-8064
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Scheme 4 Multiple substitution processes carried out simultaneously.
Note: isolated yields following purification.

cornerstone of native chemical ligation."* We postulated that
our ester forming reaction would also be applicable to thio-
esters by simply switching to a thiol as the nucleophilic com-
ponent of the substitution. To investigate this hypothesis, we

F
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Scheme 5 Scope of one-pot thioester formation. Note: isolated yields
following purification.
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conducted the generation of benzoyl fluoride 3a using the
same reaction conditions as for esterification before adding 1
equiv. of benzyl mercaptan and letting the reaction stir for
16 h at 50 °C. The corresponding thioester 9a was generated in
high yield (89%). Changing the identity of the thiol to aliphatic
examples (9b, 9¢ and 9g) delivered good to excellent yields of
thioesters. Thiophenol was also amenable to the reaction to
give the thioester 9d in 52% yield. The reaction was also found
to be applicable to tertiary thiols with 9e being generated in
35% yield. Altering the carboxylic acid to, picolinic acid gave 9f
in 59% yield, 4-methoxy benzoic acid gave a thioester (9h) with
benzyl mercaptan in 49% yield, and with naproxen as the car-
boxylic acid a yield of 68% for the thioester 9i was recorded.
Finally, to confirm that the developed methodology could be
used with di-thiols, ethane di-thiol was employed to success-
fully generate the di-thioester 9j in 37% yield (Scheme 5).

Conclusions

We have demonstrated that pentafluoropyridine (PFP) can be
utilised to couple carboxylic acids and nucleophiles to gene-
rate esters, thioesters, di-esters and amide-esters under mild
conditions. The one-pot reaction proceeds via the in situ gene-
ration of an acyl fluoride. Preparation of the acyl fluoride
in situ allows any potential issues with acyl fluoride instability
to be overcome and thus a wider range of carboxylic acids to
be used. Using '°F NMR reaction monitoring we were able to
optimise our reaction protocol to generate high yields of esters
across a range of alcohol and carboxylic acid partners.
Expanding the scope further, we demonstrated that we could
rapidly build molecular complexity through the use of di-car-
boxylic acids or bis-nucleophiles to generate di-esters, di-thio-
esters or amide-esters. Finally, we explored the application of
the methodology to deliver thioesters, again showing good to
excellent yields of products. We believe that this methodology
represents a manner to utilise acyl fluorides for the synthesis
of esters and thioesters under mild conditions without the
need to handle corrosive or gaseous reagents. This reaction
manifold offers an alternative to traditional acyl chloride or
acid anhydride esterification for substrates which may not be
suitable for these approaches.

Experimental
General procedure for the synthesis of esters

To an oven dried glass vial or Radley’s carousel tube equipped
with a stirrer bar was added carboxylic acid (1 equiv.), aceto-
nitrile dried over 4 A molecular sieves (3 mL), diisopropyl-
ethylamine (DIPEA) (2 equiv.) and pentafluoropyridine (PFP)
(1.1 equiv.). This mixture was allowed to stir at 50 °C for 4 h, at
which point the desired alcohol (1 equiv.) was added. The
mixture was then stirred at 50 °C for 16 h. Following this time,
the mixture was concentrated under reduced pressure, the
resulting residue was dissolved in a minimum amount of di-

This journal is © The Royal Society of Chemistry 2022
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chloromethane (DCM) and the recovered crude material was
purified directly by flash column chromatography which
yielded the desired compounds.

General procedure for the synthesis of thioesters

To an oven dried glass vial or Radley’s carousel tube equipped
with a stirrer bar was added carboxylic acid (1 equiv.), aceto-
nitrile dried over 4 A molecular sieves (3 mL), diisopropyl-
ethylamine (DIPEA) (2 equiv.) and pentafluoropyridine (1.1
equiv.). This mixture was allowed to stir for a period of 4 h,
after which thiol (1 equiv.) was added. The mixture was then
allowed to stir at 50 °C for 16 h after this time, the mixture was
allowed to cool, was concentrated under reduced pressure, and
the resulting residue was dissolved in a minimum amount of
dichloromethane (DCM) and purified directly by flash column
chromatography which yielded the desired compounds.
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