
 
 
 
 

Heriot-Watt University 
Research Gateway 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

Nucleophilic Fluorination Catalyzed by a Cyclometallated
Rhodium Complex

Citation for published version:
Morgan, PJ, Saunders, GC, Macgregor, SA, Marr, AC & Licence, P 2022, 'Nucleophilic Fluorination
Catalyzed by a Cyclometallated Rhodium Complex', Organometallics, vol. 41, no. 7, pp. 883–891.
https://doi.org/10.1021/acs.organomet.2c00052

Digital Object Identifier (DOI):
10.1021/acs.organomet.2c00052

Link:
Link to publication record in Heriot-Watt Research Portal

Document Version:
Publisher's PDF, also known as Version of record

Published In:
Organometallics

Publisher Rights Statement:
© 2022 American Chemical Society.

General rights
Copyright for the publications made accessible via Heriot-Watt Research Portal is retained by the author(s) and /
or other copyright owners and it is a condition of accessing these publications that users recognise and abide by
the legal requirements associated with these rights.

Take down policy
Heriot-Watt University has made every reasonable effort to ensure that the content in Heriot-Watt Research
Portal complies with UK legislation. If you believe that the public display of this file breaches copyright please
contact open.access@hw.ac.uk providing details, and we will remove access to the work immediately and
investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1021/acs.organomet.2c00052
https://doi.org/10.1021/acs.organomet.2c00052
https://researchportal.hw.ac.uk/en/publications/46a481ab-7da1-415a-a181-eb1640fc9559


Nucleophilic Fluorination Catalyzed by a Cyclometallated Rhodium
Complex
Patrick J. Morgan, Graham C. Saunders, Stuart A. Macgregor,* Andrew C. Marr,* and Peter Licence*

Cite This: Organometallics 2022, 41, 883−891 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Quantitative catalytic nucleophilic fluorination of a range of acyl chlorides
to acyl fluorides was promoted by a cyclometallated rhodium complex [(η5,κ2C-
C5Me4CH2C6F5CH2NC3H2NMe)- RhCl] (1). 1 can be prepared in high yields from
commercially available starting materials using a one-pot method. The catalyst could be
separated, regenerated, and reused. Rapid quantitative fluorination generated the fluoride
analogue of the active pharmaceutical ingredient probenecid. Infrared in situ monitoring
verified the clean conversion of the substrates to products. VTNA graphical kinetic
analysis and DFT calculations lead to a postulated reaction mechanism involving a
nucleophilic Rh−F bond.

■ INTRODUCTION

Fluorinated organic compounds are of unique strategic
importance to the pharmaceutical industry. Thirty-seven
percent of all small molecule active pharmaceutical ingredients
approved by the FDA in 2020 contained at least one fluorine
moiety. Fluorine-containing pharmaceuticals have been in-
creasingly targeted in the past decade and represented 26% of
all pharmaceuticals approved by the FDA between 2011 and
2020.1 Synthetic methods are available for the inclusion of
fluorine within these pharmaceutical targets; however, these
methods often require the use of highly activated fluorination
reagents, such as NFSI and Selectfluor.2 As we drive toward
more sustainable and less-toxic synthesis, such reactive
reagents become increasingly unsuitable due to their super-
stoichiometric use, poor atom efficiency, and the associated
embedded energy and waste related to their synthesis over
their life cycle. It is therefore vital to develop clean catalytic
methodologies for the synthesis of fluorinated compounds.
Nucleophilic fluorination represents the state of the art in

fluorination, with significant focus in the past decade on
expanding the scope of synthetic methods by accessing new
sites of reactivity.3 Acyl fluorides are key targets and
intermediates in nucleophilic fluorinations, as they have
important synthetic utility and exhibit improved stability and
interesting reactivity compared to more commercially acces-
sible chloride analogues. Applications have been demonstrated
in the generation of nucleophilic fluorine,4 cross-coupling
reactions,5−11 enantioselective transformations,12,13 and the
trifluoromethylation of aryl species.14 Traditional syntheses of
acyl fluorides require toxic reagents (such as the SeF4/pyridine
complex15 or cyanuric fluoride16) and harsh reaction

conditions and typically suffer from poor functional group
compatibility. Recently, new protocols for acyl fluoride
synthesis have emerged,17 including the deoxyfluorination of
carboxylic acids,18−22 direct fluorination with (Me4N)SCF3,

23

acyl/fluorine transfer,5,24−27 and transition metal catalysis.28

One of the most successful strategies for nucleophilic
fluorination involves the formation of a nucleophilic fluorine
attached to a transition metal.29−32 Treatment of metal
complexes with fluoride salts, such as KF, CsF, and AgF, can
result in the formation of transition metal−fluorine bonds,
either in isolated complexes33−38 or in situ,39 and these
complexes have been shown to promote nucleophilic
fluorination. Fluoride salts provide a cheap and abundant
source of fluorine, and compared to stoichiometric fluorinating
reagents, the use of fluoride salts represents a more atom
economical approach to the introduction of a fluorine atom
into a molecule. In 2015, Gray and co-workers demonstrated
the fluorination of acyl chlorides through the stoichiometric
addition of an iridium−fluoride complex, highlighting the
capability of transition metal fluoride complexes to undergo
fluorination upon treatment with organic electrophiles.36 Baker
and co-workers developed a similar approach to the synthesis
of acyl fluorides, via the stoichiometric addition of cobalt
transition metal fluoride complexes with acyl chloride
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substrates. A catalytic protocol was then developed based on
Co(III) with AgF acting as the fluorine source, with a metal
loading of 5 mol % (Scheme 1A). In the proposed qualitative

mechanism, it was suggested that a nucleophilic Co−F bond
was generated in situ by the reaction of a Co−I bond with
AgF.39

Scheme 1. Recent Literature Examples of Fluorination Reactions

Figure 1. Structure of catalysts tested for the transition-metal-catalyzed fluorination of acyl chlorides as described in Table 1.
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Nucleophilic fluorination can also be achieved without the
formation of a transition metal fluoride at the point of
fluorination. Crimmin and co-workers reported a fluorine
transfer reaction, where nucleophilic fluorine, generated
through the treatment of pentafluoropyridine with 4-
dimethylamino pyridine, resulted in the fluorination of acyl
electrophiles through the generation of a nucleophilic fluoride
salt in situ (Scheme 1B).24 Gouverneur and co-workers
demonstrated a nucleophilic fluorination methodology utilizing
a hydrogen-bonding phase transfer catalyst capable of
solubilizing and improving the reactivity of metal fluoride
salts such as KF.40 This asymmetric fluorination enabled
selective fluorination, accessing a range of enantiopure β-
fluoroamines using a superstoichiometric excess of the metal
fluoride salt. Sanford and co-workers developed SNAr
nucleophilic fluorinations, targeting the enhancement of the
reactivity of metal fluoride salts, or employing acyl fluorides to
generate nucleophilic fluoride in situ (Scheme 1C).4,41

Recently, we reported the unexpected generation of a
nucleophilic carbon−fluorine bond within the perfluorinated
group of a ligand (Scheme 1D).42 Treatment of the
cyclometallated Rh complex (1) with an organic electrophile
led to the formation of a fluorinated organic product by
fluorine transfer.
In order to search for robust and selective catalytic methods

for fluorination that avoid the use of expensive super-
stoichiometric additives and obscure reagents, the catalytic
activity of Rh and Ir complexes was assessed, including that of
previously reported cyclometallated complexes [Cp*IrCl(κC2-
MeNC3H2NCH2C 6F 4 ) ] (9 ) , 4 3 [Cp*RhC l ( κC2 -
MeNC3H2NCH2C6F4)] (10) (see Figure 1), and [(η5,κ2C-
C5Me4CH2C6F5CH2NC3H2NMe)-RhCl] (1).44 Herein, we
report the activity of 1 in the catalytic nucleophilic fluorination
of acyl chlorides affording fluorinated products in excellent
yields (Scheme 2).

This observation poses the following questions: does the
nucleophilic fluorination proceed by M−F bond formation, as
proposed by Baker and co-workers for Co(III)?28,39 Or does it
involve transfer of fluorine from the fluorinated ligand itself in
1?42 A spectroscopic and computational investigation leads to
the proposal of a mechanism involving the formation of a new
Rh−F bond.

■ RESULTS AND DISCUSSION
Catalyst Screening. Following the recent discovery of

[Cp*IrCl(κC2-MeNC3H2NCH2C6F4)], 9,43 and [(η5,κ2C-
C5Me4CH2C6F5CH2NC3H2NMe)-RhCl], 1,44 the activity of
these complexes toward catalytic fluorination was evaluated.
Toluoyl chloride was chosen as a common model substrate for
catalytic fluorinations employing group 9 organometallic
complexes.36,39 Silver fluoride was utilized as the source of
fluorine, as silver has been shown to have interesting and

complementary reactivity with Rh and Ir organometallic
complexes43,44 and to act as a source of fluoride to
Co(III).28,39 In all cases, the yield of the resultant toluoyl
fluoride product was calculated as a contained yield by 19F
NMR, against an internal standard. Activity was benchmarked
against well-established iridium and rhodium complexes.
Initially, the “parent” pentamethyl cyclopentadienyl complexes
[IrCp*Cl2]2, 2, [IrCp*I2]2, 3, and [RhCp*Cl2]2, 4, were tested
as catalysts; these gave poor to moderate yields of the
fluorinated product (Table 1, entries 2/3/4). The rhodium
complex 4 (Table 1, entry 4) promoted greater fluorination
than the iridium analogue, 2 (entry 2), whereas substituting
the iridium chloride for iodide (3, entry 3) improved the yield
of the fluorinated product from 9 to 40%. Vaska’s complex, 5,
and Rh analogue 6 exhibited a similar reactivity, with improved
fluorination capability of 6 over 5 (Table 1, entry 6/5,
respectively). Reacting the substrate in the presence of catalytic
quantities of N-heterocyclic carbene complexes of Cp*Ir and
Rh 7 and 8 (Table 1, entry 7/8, respectively) resulted in minor
conversion to the fluorinated product and demonstrated
similar yield to the noncatalyzed control reaction (Table 1,
entry 1). Reaction with the orthometallated complexes 9 and
10 (Table 1, entry 9/10, respectively) resulted in 16%
contained yield for both, a slightly higher degree of fluorination
than the nonorthometallated complexes 7 and 8. The
performance of cyclometallated complex 1 proved to be
significantly better than that of other complexes screened,
affording 88% contained yield (Table 1, entry 11).
The integrity of the catalyst 1 was followed by NMR

throughout the reaction. Over the course of the reaction, a
quantity of 1 was found to convert to relatively inactive
complex 8. This is indicated by the loss of the −145.60,
−149.36, −174.06, −176.81, and −185.71 ppm signals within
the 19F NMR spectra and the growth of resonances at
−140.54, −151.44, and −160.05 ppm. Workup in air, followed
by precipitation with hexanes and washing with diethyl ether,
resulted in the separation and isolation of toluoyl fluoride in
84% isolated yield. The more active complex 1 could be simply
regenerated by treatment with Ag2O.

Development of Nucleophilic Fluorination Catalyzed
by 1. The effect of altering the fluoride source was examined
(Table 2). Experiments confirmed that AgF was required to
achieve a high degree of fluorination. When CsF or KF was
utilized as the fluorine source, a large decrease in the resultant
yield was observed (Table 2, entry 2/3, respectively). Similar
effects were reported by Baker and co-workers.39 The decrease
in reactivity from AgF > CsF > KF is commonly observed and
can be correlated with the larger lattice enthalpies and poorer
solubility of these salts. All of these fluoride salts are sparingly
soluble in solution. A high degree of fluorination using AgF
(up to 90%) was retained when reducing the loading of the
fluoride source to half (Table 2, entry 4), significantly reducing
the quantity of waste produced, with no apparent reduction in
yield.
Catalyst recovery is a key consideration in homogeneous

catalysis, where the recovery and reusability of the catalytic
species are a fundamental requirement when analyzing the
overall sustainability and commercial viability of the system,
which is often overlooked.28,45,46 The recovery of catalyst 1
was demonstrated. The active catalyst, which was found to be
partly converted to 8, was reactivated with the addition of
Ag2O and could be reused with a small reduction in activity.
Following workup, the recovered catalyst was treated with

Scheme 2. Rhodium-Catalyzed Nucleophilic Fluorination of
Acyl Chlorides
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Ag2O for 24 h to reform 1, which was then reused, resulting in
the recovery of up to 91% mass of the catalyst. Catalytic
activity was retained upon recovery. Catalyst recovery has not
been previously demonstrated for related systems.28,39 The
strong-donor properties, late and highly chelating nature of the
ligand sphere, and the later transition metal in 1 help to
increase stability during recycling. Catalyst losses upon
regeneration can be attributed to work at the small scale
leading to mechanical losses. Methodologies including
polymer-supported catalysis or organic solvent nanofiltration
could be employed to optimize catalyst recycling.47−51

The reaction was optimized to afford a contained yield of
94% acyl fluoride (Table 2, entries 6 and 9). Stirring was
required to achieve an optimum level of fluorination (Table 2,
entry 6). The stirring rate must be sufficient to ensure even
dispersion of AgF; however, stirring above 600 rpm led to the
decomposition of the catalyst. Stirring of silver salts in an
organic solvent has been shown to lead to the mechanochem-

ical generation of silver particles and could be very important
in determining the speciation of silver in solution.43 Silver is
redox active and can influence the speciation of other solutes,
including Rh complexes.
To promote recycling of the active catalytic species in situ

and prevent the conversion of 1 into 8 during prolonged
reaction times, the addition of different quantities of Ag2O was
investigated. Stoichiometric addition of Ag2O resulted in
complete decomposition of the catalyst (Table 2, entry 8),
whereas the addition of 0.1 mmol Ag2O resulted in the
observation of a high concentration of the active catalyst, 1, in
solution following the reaction (Table 2, entry 9). The
addition of Ag2O had a negligible effect on the reaction yield
(94% yield) and was discontinued, as it was found that the
presence of 0.1 mmol Ag2O could result in decomposition of
the catalyst during the reaction. This could be due to the
mechanochemical conversion of Ag2O to silver particles and
the subsequent reduction of the catalytic species. Catalyst
decomposition was also observed when the reaction was
conducted in air (Table 2, entry 11).
To probe whether the reaction was proceeding via a radical

mechanism, the radical scavenger, TEMPO, was added;
however, little effect was observed (Table 2, entry 12).
Attempts to aid the reaction via photoexcitation proved
unsuccessful, as on each occasion the catalyst was decomposed
with very minimal formation of the fluorinated product (Table
2, entry 13). This contrasts with the ligand transfer fluorination
reaction (Scheme 1D), which was promoted by UV
irradiation.40

Substrate Scope. The substrate scope of fluorination was
probed by varying the substituents on the aromatic ring of the
acyl chloride (Scheme 3). The fluorination of a range of acyl
chlorides was carried out using 5 mol % 1, with 1.5 equivalents
of silver fluoride, in DCM, at 20 °C, with a stir rate of 600 rpm.
Reactions were followed by FTIR using ReactIR (Figure 2).

ReactIR allows for changes in concentration to be monitored
in real-time, with in situ FTIR measurement results collected
every minute. The characteristic carbonyl stretches of the acyl
chloride and acyl fluoride functional groups were used to
determine the conversion and formation of the respective
species, monitoring the consumption of acyl chloride, and the
reduction of its associated absorption band over time as the
acyl fluoride product was formed. The surface plot shows that

Table 1. Catalyst Screen for the Fluorination of Toluoyl Fluoride with AgFa

entry catalyst contained yield (%)b

1 none 2
2 [IrCp*Cl2]2 (2) 9
3 [IrCp*I2]2 (3) 40
4 [RhCp*Cl2]2 (4) 24
5 IrCl(CO)(PPh3)2 (5) 16
6 RhCl(CO)(PPh3)2 (6) 26
7 IrCp*Cl2(F5Bzmim) (7) 4
8 RhCp*Cl2(F5Bzmim) (8) 5
9 [Cp*IrCl(κC2-MeNC3H2NCH2C6F4)] (9) 16
10 [Cp*RhCl(κC2-MeNC3H2NCH2C6F4)] (10) 16
11 [(η5,κ2C-C5Me4CH2C6F5CH2NC3H2NMe)- RhCl] (1) 88

aReaction conditions: Toluoyl chloride (1 mmol), silver fluoride (3.0 mmol), catalyst (5 mol %), DCM (5 mL), 400 rpm stirring, argon, room
temperature, 24 h. b19F NMR yields determined against the internal standard of α,α,α-trifluorotoluene (0.163 mmol).

Table 2. Reaction Conditions for the Fluorination of
Toluoyl Chloride Catalyzed by 1a

entry
fluorine
source

[fluorine
source] additive TON

19F NMR
yield (%)b

1 AgF 3.0 17.6 88
2 CsF 3.0 7.2 36
3 KF 3.0 5 25
4 AgF 1.5 18.0 90
5c AgF 1.5 13.6 68
6d AgF 1.5 18.8 94
7e AgF 1.5 12.2 61h

8 AgF 1.5 Ag2O (1.0 mmol) 2.8 14h

9 AgF 1.5 Ag2O (0.1 mmol) 18.8 94
10f AgF 1.5 Ag2O (1.0 mmol) 6.6 33h

11g AgF 1.5 7.2 36h

12 AgF 1.5 TEMPO (10 mol %) 18.0 90
13 AgF 1.5 UV 300 W lamp 6h

aStandard reaction conditions: Toluoyl chloride (1 mmol), fluoride
source (1.5 equiv), 1 (5 mol %), DCM (5 mL), 400 rpm stirring,
argon, room temperature, 24 h. bYields were determined by 19F NMR
integration against an internal standard (α,α,α-trifluorotoluene, 0.163
mmol). c200 rpm stirring. d600 rpm stirring. e1000 rpm stirring. f8
used as the precatalyst. gReaction carried out under air. hCatalyst
destroyed under reaction conditions.
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the benzoyl chloride reagent (1775 cm−1) was consumed,
while the benzoyl fluoride product (1812 cm−1) was formed, in
an A to B type transition (Figure 2). The reactant
consumption and product formation traces were observed to
cross at 50% relative abundance, which is indicative of a 1:1
stoichiometry between reactants and products (Scheme 3),

indicating a clean reaction. This suggests that no intermediates
are long-lived during the reaction, as the rate of consumption
of benzoyl chloride equals the rate of formation of benzoyl
fluoride. Monitoring by ReactIR enabled more precise
determination of the reaction time and allowed for direct
comparisons of the effects of aryl substitution on the rate of
fluorination. The time taken for the reaction to complete for a
range of substrates is given (Scheme 3). The use of the
standard addition method (see the Supporting Information
(SI): Section 1.3.3)52 allowed for the quantification of the
starting materials and products allowing rapid and accurate
concentration analysis for the reactions. Off-line quantitative
19F NMR analysis of the reactions confirmed the in situ
measurements showing quantitative conversion of the benzoyl
chloride starting material; a >99% contained 19F NMR yield of
acyl fluoride was calculated for all substrates.
The aryl substituent played a significant role in the outcome

of fluorination. The fluorination of toluoyl chloride resulted in
the complete formation of the fluorinated product over the
course of 170 min, with an isolated yield of 92%. Acyl chlorides
bearing electron-withdrawing substituents exhibited faster
reaction times, with the quantitative formation of 4-nitro-
benzoyl fluoride occurring after 110 min, and an isolated yield
of 94%. Off-line 19F NMR analysis of the reaction with 4-
nitrobenzoyl chloride, 4-(α,α,α-trifluoromethyl)benzoyl chlor-
ide, and (2,3,4,5,6-pentafluoro)benzoyl chloride verified near

Scheme 3. Reaction Time for the Fluorination of a Range of
Acyl Chlorides Catalyzed by 153

Figure 2. In situ ReactIR surface plot, highlighting the carbonyl region, showing the consumption of benzoyl chloride (1775 and 1736 cm−1) and
the formation of benzoyl fluoride (1812 cm−1) over the course of the reaction.
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quantitative conversion to the associated acyl fluorides (see the
SI: Section 1.3.3).
As a general trend, it was observed that acyl chlorides that

contained electron-withdrawing substituents in the para-
position on the aryl ring underwent more rapid fluorination.
Electron withdrawal from the carbonyl region will tend to
render the acyl chloride more δ+ and thus more electrophilic,
resulting in a greater propensity to undergo nucleophilic
substitution with nucleophilic fluorine. Similarly, fast reaction
times were observed for a substrate containing electron-
withdrawing substituents in the ortho-position. 2,6-Difluor-
obenzoyl chloride reacted to give 2,6-difluorobenzoyl fluoride
in 70 min. When less electron-withdrawing substituents were
placed in the para-position, the length of time to achieve
quantitative fluorination increased, up to 620 min in the case of
4-methoxybenzoyl chloride. The effect of changing the steric
bulk of the substituents in the para-position was shown to have
less impact on the rate of fluorination. 4-Ethylbenzoyl chloride,
4-ipropylbenzoyl chloride, and 4-tbutylbenzoyl chloride all
achieved quantitative conversion to their analogous acyl
fluorides between 215 and 290 min.
Fluorination of anhydrides leads to the quantitative

formation of the acyl fluoride product over extended
timeframes (see the SI: Section 1.3.3.12). Attempts to carry
out the fluorination of other functional groups were conducted
including benzyl halides, aldehydes, ketones, and aryl halides
without success. It is concluded that these substrates are not
sufficiently electrophilic. Widening the substrate scope for this
fluorination reaction, including targeting alkyl chlorides, is a
priority for future work.
Acyl fluoride substituents can undergo further reactions

leading to functionalized biologically active pharmaceuti-
cals.54−56 To investigate the utility of the protocol for
pharmaceutically relevant molecules, the fluorination of the
acyl chloride analogue of the API probenecid was performed.
Under reaction conditions, the acyl chloride of probenecid
underwent fluorination over the course of 90 min (Scheme 4),
with an initial rate of 0.98 mmolh−1 and a TOF of 13.3 h−1.

These results of changing the substrate are consistent with a
nucleophilic fluorination in which the attack of nucleophilic
fluorine on the electrophile is the rate-determining step. The
effect of the electron density of the electrophile on the reaction
rate was visualized by plotting the carbonyl stretching
frequency of the acyl chloride reagents with para-substituents
against the initial rate of reaction (Figure 3). Acyl chlorides
bearing electron-withdrawing groups have a higher carbonyl
stretching frequency and a faster initial rate of reaction. The
plot gives an approximately linear relationship.
VTNA Graphical Kinetic Analysis and DFT Calcu-

lations. In situ IR monitoring of the reaction enabled time
course concentration profiles to be analyzed. These data, in
conjunction with variable time normalized analysis (VTNA),57

provide a tool to qualitatively assess reaction features of
interest, including product inhibition and catalyst deactivation.
In addition, information can be gleaned on reaction order with
respect to the catalyst and other components in the system.
This can be achieved by visual analysis of time-normalized
reaction profiles, where the concentration plots are overlaid
(see the SI: Section 1.4).
Over the time course of the catalytic fluorination of benzoyl

chloride, no catalyst deactivation or product inhibition was
apparent (see the SI: Figure S1a). The plots exhibited overlay
between time-normalized concentration profiles. Probing the
impact of catalyst activation revealed significant effects on the
initial rate of the system due to catalyst preactivation (see the
SI: Figure S1b). Following initial consumption of benzoyl
chloride, when a second aliquot of substrate was added to the
reaction vessel, fluorination was restarted with a faster initial
rate than that observed for the first aliquot before following the
same concentration profile. This indicates that a steady-state
concentration of the active catalytic species was present in
solution (see the SI: Figure S1c). This observed induction
period in catalysis highlighted the need for catalyst
preactivation prior to the addition of the acyl chloride
substrates (see the SI: Section 1.3.3).
VTNA analysis also enabled elucidation of the initial rate

order with respect to the different components within the
system at turnover (see the SI: Section 1.4.2). The reaction
was first order with respect to [benzoyl chloride]. The
behavior was more complex with relation to [1], but setting
the rate order to one gave the closest correlation. The initial
rate constant for the reaction was calculated, from the
measurements gathered from VTNA analysis, to be kobs =
15.6 mmol−2 h−1.
Based on the observations described above, and supported

by DFT calculations (see the SI: Section 1.5, and below), a
plausible mechanism for the catalytic cycle has been proposed
(Scheme 5), in agreement with the postulates of Baker and co-
workers for their Co(III) catalyst (Scheme 1A).28,39 In the
main catalytic cycle, the active catalytic species is formed
through treatment of 1 with an equivalent of AgF, resulting in
the formation of a metal−fluorine bond. This activated
catalytic species, termed “11”, contains the active Rh−F
bond, a fluorine of sufficient nucleophilicity to attack the
electrophilic acyl chloride reagent and form the product. 11 is
subsequently converted back to 1 ready to interact with AgF
again.

Scheme 4. Catalytic Fluorination of the Acyl Chloride of the
API Probenecid

Figure 3. IR carbonyl stretching frequency of the acyl chloride
substrates (cm−1) measured against the initial rate of reaction
(mmolh−1) calculated for fluorination of the acyl chloride substrates.
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Nucleophilic attack of the fluoride ligand in 11 was modeled
with DFT calculations (see the SI: Figure S5),58 and a
transition state was located for attack at the carbonyl carbon of
toluoyl chloride (TSRh‑F, see the Scheme 5 inset). This shows
elongation of both the Rh−F1 (from 2.06 Å in 11 to 2.14 Å in
TSRh‑F) and C1−Cl distances in the acyl substrate (from 1.90
to 2.16 Å) with concomitant shortening of the F1···C1
distance (1.89 A in TSRh‑F cf. 1.38 Å in the toluoyl fluoride
product). The associated free energy barrier (relative to 11 and
free toluoyl chloride) is computed to be 16.7 kcal/mol,
consistent with a very facile process once 11 is available in
solution. The overall free energy change for the F/Cl exchange
process to form 1 and toluoyl fluoride is −25.8 kcal/mol.59

Substituent effects show an enhanced rate when electron-
withdrawing substituents are present on the aryl ring,
indicative of nucleophilic attack of the acyl chloride electro-
phile being the rate-determining step. The DFT calculations
provide additional qualitative support for this, with a reduced
barrier of 13.1 kcal/mol computed with 4-nitrobenzoyl
chloride, while that with 4-methoxybenzoyl chloride increases
to 19.2 kcal/mol.
The reaction was found to be first order with respect to the

substrate and approximately first order with respect to 1. The
order with respect to the substrate is straightforward, whereas
the order with respect to 1 can be rationalized through a rapid
proportional increase in the concentration of the active
catalytic species 11 with an increased concentration of 1,
suggesting that the formation of 11 is rapid. During catalyst
activation studies, an initial slow rate of reaction is present as
catalyst activation occurs. In these initial stages of the reaction,
the speciation of silver is not optimal, and therefore, a lower
concentration of 11 results, as the formation of 11 from 1
depends on the interaction of the rhodium complex with the
fluoride source AgF. This results in an induction period. This is
followed by a constant rate as a steady-state concentration of
the active catalytic species is present in solution. AgF is
sparingly soluble, and the behavior of AgF is complex in
solution; furthermore, it may not enter solution immediately in
its activated form. A period of silver halide equilibration may
account for the induction time observed. The successful
formation of 11 is dependent on the speciation of silver. The
reactions initiated in solution by the addition of AgF will lead
to a high steady-state concentration of 11 under ideal

conditions. However, nonideal conditions, such as excessive
stirring or high AgX concentration, could lead to a loss of
active catalyst through the formation of dihalide 8 analogues.
The proposed mechanism is consistent with the poor

reactivity observed with less-electrophilic functional groups, as
the nucleophilic attack on the electrophile is rate limiting. The
reaction of anhydrides results in a very different silver halide
speciation, as silver chloride concentrations will be significantly
lower.
An alternative mechanism may involve nucleophilic fluoride

originating from the ligand, as observed in the fluorine transfer
reaction (Scheme 1D).42 In this mechanism, the rate-
determining step would involve acyl chloride interacting with
1 to yield acyl fluoride and a partially defluorinated complex,
which is regenerated to 1 or the fluorinated analogue upon
interaction with silver fluoride. This mechanism is consistent
with the calculated rate orders; however, computed barriers for
transfer from the ligand (F2 and F3 in Scheme 5) were in
excess of 40 kcal/mol (see the SI: Figure S5 inset), and we
conclude that this mechanism is less likely to render a catalytic
process. The DFT results suggest that no transfer fluorination
from the ligand should occur under thermal conditions, and
are consistent with the requirement for irradiation to promote
a significant rate of stoichiometric transfer fluorination from 1;
this reaction was ideally conducted under high-intensity UV
irradiation at a higher metal concentration.42

■ CONCLUSIONS

An efficient protocol was developed for the fluorination of a
range of acyl chlorides, achieving quantitative yield in as little
as 1 h, under mild conditions, using a small excess of AgF as
the fluoride donor. The catalyst was prepared from
commercially available materials, utilizing a simple one-pot
method. Workup of the catalytic fluorination reaction, through
solvent/antisolvent elution and recrystallization, afforded the
isolated fluorinated product in high yields and enabled
recovery of the catalyst, which could be regenerated and
reused. The reaction tolerated a range of substituents and was
demonstrated for a substrate of pharmaceutical interest. In situ
infrared measurements gave insight into the reaction
mechanism. VTNA analysis of the reaction led to proposed
mechanisms involving the nucleophilic fluorination of acyl
chloride as the rate-determining step. DFT calculations

Scheme 5. Proposed Mechanism for the Rhodium-Catalyzed Nucleophilic Fluorination of Acyl Chloridesa

aInset: calculated transition state for fluoride attack at para-toluoyl chloride with selected distances in Å; the computed barrier is relative to 11 +
free p-toluoyl chloride.
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supported a mechanism invoking a reactive Rh−F bond.
Further catalyst development will concentrate on expanding
the range of substrates that can be fluorinated. This may be
achieved by increasing the electron density of the active
catalyst, to generate a more reactive fluorine-based nucleophile.
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