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ABSTRACT: Grignard reactions are an efficient way to form carbon−carbon bonds with
widespread applications in large-scale processes. Classically, the electrophiles of choice to
form ketones from Grignard reagents are acid chlorides. The reactions are typically
catalyzed by additives such as CuCl to increase selectivity and yields. This work was
focused on the use of acetic anhydride as an alternative to acetic chloride in the synthesis
of 4-fluoro-2-(trifluoromethyl)acetophenone (3), a useful intermediate for the synthesis of
active agricultural ingredients. The use of acetic anhydride as an electrophile not only
equals but also surpasses acetic chloride in yield and selectivity, while also being more
tolerable toward higher reaction temperatures. Furthermore, the reaction was performed in the absence of any additive, making it a
highly attractive process for large-scale production. Computational mechanistic studies suggest that this advantageous behavior can
be ascribed to the superior complexation of carboxylic acid anhydrides in the transition state.

1. INTRODUCTION

Grignard reactions are highly versatile, offering a comparable
cheap access to active carbon nucleophiles to form carbon−
carbon bonds.1−3 In recent years, different upgraded
procedures for Grignard reactions were developed which
apply various additives or catalysts, ranging from alkali salts
such as lithium chloride to transition-metal salts like copper(I)
chloride and iron(III) chloride.4−8 These catalysts usually
increase the reactivity of the Grignard reagent (also referred to
as “turbo-Grignard”), allowing milder reaction conditions and
thereby widening the scope of Grignard reactions to substrates
bearing various functional groups like ester, cyano, or
nitro.9−11 Their higher reactivity is ascribed to the breakup
of the otherwise characteristic aggregates and solvent
complexes formed by Grignard reagents in ethers like Et2O
and tetrahydrofuran (THF).12 In these solvents, the different
active species are described by the Schlenk equilibrium.13,14

Recent theoretical studies on the reaction mechanism suggest
that the energetic differences between these solvated species
are minor, and the Grignard reaction should be considered as
an ensemble of transformations that can occur simulta-
neously.15 However, catalyst addition not only increases the
complexity of the reaction mechanism but also raises raw
material costs. More importantly, for large-scale industrial
processes, they significantly increase the intricacy and expenses
for the waste stream treatment and disposal. Notably, copper
salts are of major concern due to their high toxicity to aquatic
life with long-lasting effects.16 Limits for wastewater outlets as
well as for drinking water are congruously extremely low.17

2. RESULTS AND DISCUSSION

In Scheme 1 two synthetic pathways toward 4-fluoro-2-
(trifluoromethyl)acetophenone (3) are presented, starting
from the corresponding Grignard reagent (1) (4-fluoro-2-
(trifluoromethyl)phenyl)magnesium bromide). The classical
access to ketones proceeds using Grignard reagents and acid
chlorides due to their high reactivity.18−20

As depicted in Scheme 1a, the use of acetyl chloride (2)
yields the target compound (3) as expected. However, to
access (3) in high yields, Cu(I) salts in catalytic quantities and
low temperatures of −5 to −10 °C are required.21,22 In the
absence of CuCl, the reaction is known to proceed significantly
slower and less selective, resulting in lower yields due to both
side product formation and the required extended workup and
purification steps. The role of copper in such catalyzed
Grignard reactions was studied in the past. Most proposed
reaction mechanisms involve a transmetalation from magne-
sium to copper and the formation of organocuprates as the
active species in the actual C−C-bond formation.23,24 A similar
catalytic cycle can be formulated for the aryl Grignard reaction
with acetyl chloride and acetic anhydride in the presence of
copper(I) (Scheme 2). Yet, for large-scale industrial processes,
the use of CuCl has a series of disadvantages. The salts have
low solubility under typical Grignard reaction conditions,
forming a suspension in the reactor that tends to develop solid
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deposits on reactor walls and pipes, thus deteriorating heat
exchange and promoting blockages in transfer pipes.
Furthermore, copper ions form a variety of complexes,
including those with THF.25 These complexes hinder the
solvent recovery by significantly increasing the reaction
mixture’s boiling point and causing problems in an alternative
aqueous workup by hampering phase separations with
increasing amounts of copper(I). The most significant
disadvantage, however, is the high ecotoxicity of copper
toward aqueous life. Consequently, the presence of copper
salts in a chemical process inevitably requires an extensive and
therewith expensive wastewater treatment to remove copper
ions from the waste stream for a conscientious and sustainable
chemical operation.26 In our search for an efficient and more
ecological synthetic access to our target compound (3), we
found that simply replacing acetyl chloride with acetic
anhydride (Scheme 1b and Table 1) outperforms the
copper-catalyzed acetyl chloride variant.
An overview of the results is given in Table 1. While the

copper-catalyzed variant with acetyl chloride gives appreciable
high yields (above 90%), we did not succeed in increasing
them above 95% (entry 1 in Table 1). Similar results were

achieved when acetic anhydride was used as an electrophile
instead of acetyl chloride in the presence of copper(I) chloride
(entry 2 in Table 1). Notably, the same side product
distribution was found with the homocoupling product
(SP1) as the largest single impurity formed in quantities of
0.5−1.5 a % by gas chromatography (GC) analysis (entries 1
and 2 in Table 1). These results indicate that the reaction
proceeds according to the same reaction mechanism in the
presence of copper(I) salts, regardless of the electrophile used.
This is supported by the nearly identical reaction rates
observed. In both cases, the reaction progress is dosage-
controlled without significant accumulation of the reagents at a
dosage speed of 1/3 mol/(kg h).
However, unlike acetyl chloride, the reaction with acetic

anhydride proceeds smoothly in the absence of copper ions or
any other catalysts. The reaction initiates immediately after
starting the parallel dosage of the Grignard reagent and of
acetic anhydride, leading to an almost quantitative conversion
of the Grignard reagent to the target compound (3).
Additionally, full conversion of (1) is achieved with a reduced
excess of the electrophile (Table 1, entries 3−5). Best results
with acetic anhydride were achieved within the range of 1.02−
1.07 equiv compared to 1.2 equiv for acetyl chloride. A higher
excess of acetic anhydride is not necessary, reducing the
undesired formation of the 4-bromobutylacetate side product
from the ring opening of THF in the presence of magnesium
and bromide ions. Reducing the electrophile equivalents below
1.02 equiv resulted in slightly lower yields, which can be
ascribed to the incomplete conversion of (1), forming (SP3)
as the reaction product of (1) with water during workup (for
details, see the Supporting Information). Interestingly, the
formation of the homocoupled species (SP1) significantly
decreased and can be suppressed below detectable limits in the
absence of copper. This could be explained by the absence of
cuprate species B and C in Scheme 2, which prevents a
homocoupling of the Grignard compounds by an Ullmann-
type reaction. In the absence of these species, a homocoupling
could require a radical mechanism to form SP1. However, this
mechanism appears to be suppressed at moderately elevated
temperatures (<+5 °C). Hence, in the absence of a copper
catalyst in the range of −5 to +5 °C, the acetylation of the
Grignard reagent (1) with acetic anhydride afforded nearly
quantitative yields (Table 1, entries 3−5). A further increase of
the reaction temperature to 25 and 50 °C (Table 1, entries 6
and 7) resulted in a rapid decrease of the yield. This reduction

Scheme 1. Reaction Pathways to Access 4-Fluoro-2-
(trifluoromethyl)acetophenone (3); (a) Copper(I)
Chloride-Catalyzed Grignard Reaction of (1) with Acetyl
Chloride (2), (b) Grignard Reaction of (1) with Acetic
Anhydride (4), and (c) Chemical Structures of the Main
Side Products (SP1), (SP2), and (SP3)

Scheme 2. Proposed Catalytic Cycle for the Copper(I)-
Catalyzed Grignard Reaction (X = Cl; OAc)

Table 1. Overview of the Reaction conditionsa and
Experimental Results for the Grignard Reaction of (1) with
AcCl (2) and Ac2O (4)

electrophile
(equiv)

catalyst
(equiv)

Ti
[°C]

yield
[%]b

SP1
[a %]c

others
[a %]c

AcCl (1.2) CuCl (0.03) −5 93−95 0.5−1.5 ∼5
Ac2O (1.05) CuCl (0.03) −5 93.5 0.5 6
Ac2O (1.05) −5 98.5 0.01 1.49
Ac2O (1.05) 0 99.7d n/ae 0.3
Ac2O (1.05) 5 99 n/ae 1
Ac2O (1.05) 25 70 n/ae 30
Ac2O (1.05) 50 35 n/ae 65

aReactions were performed in semibatch mode by parallel dosage of
(1) and the respective electrophile. Detailed experimental description
is given in the Supporting Information. bIsolated yield after
distillation. cCalculated based on GC analyses. dAveraged yield over
five runs. en/a = compound was not detected in GC analysis.
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was related to subsequent reactions of the formed ketone
product (3) with the Grignard reagent (1) to form (SP2) or
other aldol-type condensation reactions, resulting in a variety
of side products, such as acetoacetylated products or aldol
dimers. The temperature tolerance and the nearly quantitative
yields are rather remarkable, as most reported Grignard
reactions with anhydrides only exhibited moderate-to-low
yields and were run at extremely low temperatures (e.g., −76
°C).27,28

Explaining the observed differences in terms of Grignard
reaction mechanisms is not straightforward, as mechanistic
studies are still subject to scientific debates.15 A striking
observation, for example, is the absence of the impurity (SP1)
in reactions without the addition of copper(I)chloride. We
interpret this peculiarity to a possible Ullmann-type cross-
coupling reaction. However, the remaining concentration of 2-
bromo-5-fluorobenzotrifluoride (<0.3% in the Grignard
reagent solution; see the Supporting Information) from the
preparation of the Grignard reagent is not sufficient to fully
explain the observed amounts of the impurity (SP1) in excess

of 1%. We, therefore, suppose that a reductive elimination from
species (C) in Scheme 2 might also be a pathway for SP1
formation.15 In the absence of copper, the experimental results
are in agreement with a polar Grignard reaction mechanism. In
the reaction of the Grignard reagent with the two electrophiles
acetyl chloride (2) and acetic anhydride (4), in the absence of
a copper catalyst, an unusual difference in selectivity was
observed. To gain a deeper insight into these unusual reactivity
differences of the two electrophiles AcCl (2) and Ac2O (4), a
computational mechanistic study was conducted using
Gaussian 16 on a PM7 level using the SMD solvation model
with THF parameters. Figure 1 shows the structures and
energies for the calculated transition states corresponding to
the reactions of (1) with (4) (Figure 1a) and of (1) with (2),
respectively (Figure 1b). The progress of the reactions is
illustrated using the intrinsic reaction coordinate (IRC)
calculations for the proposed polar mechanisms in the absence
of copper (Figure 1c).
In the transition-state complex (TSC) of the reaction of (1)

with acetyl chloride (2) (Figure 1b), the magnesium center is

Figure 1. Calculated transition states for the Grignard reactions with acetic anhydride (4) and acetyl chloride (2) with an IRC calculation
(calculated at PM7, with the SMD-THF solvation model, using Gaussian 16). 3D structure of the transition state (a) in the reaction of (1) with
acetic anhydride (4) with a single imaginary frequency of −341 cm−1.and an activation energy of 56 kJ/mol and (b) in the reaction of (1) with
acetic chloride (2) with a single imaginary frequency of −406 cm−1 and an activation energy of 60 kJ/mol. (c) Graphical representation of the total
energy along the IRC for the reaction of (1) with (4) and (1) with (2), respectively. The stations (A) represent the energy of the geometry-
optimized adduct of the Grignard reagent (1) and acetic anhydride (4) or acetic chloride (2), respectively; stations (B) represent the transition-
state energies and (C) the geometry-optimized products. The relative energies are related to the energy of the isolated Grignard reagent (1) as well
as the electrophile acetic anhydride (4) or acetic chloride (2), respectively.
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coordinated to the chloride atom still partially bonded to the
acetyl group, which is already interacting with the aromatic
ring. The transition-state structure of acetic anhydride (4) with
the Grignard reagent (1) is dominated by the chelating
properties of the acyl oxygens. The initial Grignard reagent
forms an adduct (situation (A) in Figure 1c) with the
electrophiles (acetic anhydride or acetyl chloride, respectively).
These adducts form true energetic minima. While the acetic
anhydride−Grignard adduct requires a relatively large
conformational rearrangement to enter a rather flat IRC
pathway to the transition state (situation (B) in Figure 1c), the
acetyl chloride−Grignard adduct is geometrically already
closely aligned to the IRC pathway. Nevertheless, the pathways
proceed rather similar with similar activation energies of 56
and 60 kJ/mol for the acetic anhydride and acetyl chloride
pathways, respectively. The similarity of the activation energy
corresponds nicely to the experimental minor differences in
reaction kinetics. The biggest difference between the two
reaction pathways in Figure 1c is the higher energy released
(61 kJ/mol) in the reaction with acetyl chloride compared to
the reaction with acetic anhydride. According to Hammond’s
postulate, the transition state of the acetic anhydride reaction
should therefore be structurally closer to the final product
compared to the transition state of the reaction with acetyl
chloride.29 According to this postulate, a more exothermic
reaction has a lower selectivity. Thus, the larger amount of
released energy using acetyl chloride can explain the higher
selectivity of using acetic anhydride compared to acetyl
chloride.

3. CONCLUSIONS

Concluding, acetic anhydride can be used as a highly selective
electrophile in Grignard reactions. Our studies show that, in
contrast to acetyl chloride, high selectivity and yields were
achieved without catalyst addition. We attribute this superior
performance to the acetic anhydride ability to complex to the
magnesium center, forming a more favorable transition state,
which is closer to the product compared to acetyl chloride.
This complexation not only facilitates the carbon−carbon
bond formation but also promotes the dissociation of the TSC,
resulting in a highly selective reaction with almost quantitative
yields. Our results confirm that a rigorous parameter control
during the reaction course, especially of the temperature and of
the reagent ratio, is essential to achieve the best results. Yet, a
stringent control of the dosage regime is important for both
the studied electrophiles, acetic chloride (2) and acetic
anhydride (4), as an excess of the Grignard reagent results
in the formation of (SP2), while an excess of the electrophile
triggers the formation of 4-halogenobutylacetates as side
products. Our initial studies further suggest that the above-
described strategy is not only limited to the above Grignard
reagent but also suitable for the electron-richer Grignard
species (see Supporting Information, procedure 4). We hope
this work will help to raise awareness of the implications of
using heavy-metal catalysts in large-scale chemical processes.
Catalysts are valuable tools for the development of efficient
organic synthesis and processes; however, especially in large-
volume processes, the disposal of heavy metals must also be
considered, and a heavy-metal-free alternative then brings great
advantages.
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