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AICl; promoted Friedel-Crafts acylation between 4-tert-butylben-
zoyl chloride and mesitylene was investigated. The donor-accep-
tor complex was observed as the major species. Kinetic
investigation demonstrated that the reaction was first-order on
the donor-acceptor complex and zero-order on ArH, suggesting
that the donor-acceptor complex was not the true reactive
species. However, the acylium ion was almost invisible with a
fairly low concentration under live reaction conditions. It was
approved as the true reactive species through kinetic data
(“kinetic capture”) in the AICl; promoted Friedel-Crafts acylation
reaction.

Aluminum chloride promoted Friedel-Crafts acylation is a
classical textbook reaction.'” It is generally employed as one
of the most effective strategies for carbon-carbon bond for-
mation, especially for the synthesis of aryl ketones and hetero-
cyclic aromatic ketones.®™® From a mechanistic aspect, the first
picture that comes into one’s mind is usually a typical electro-
philic aromatic-substitution process. However, in such an
ancient chemistry, the related mechanistic investigation aiming
at AICl; promoted Friedel-Crafts acylation is relatively rare.

In textbooks, two pathways were usually presented in the
AlCl; promoted Friedel-Crafts acylation reaction.’'"'* As
shown in Scheme 1, the key to differentiate one pathway from
another is the reactive electrophile. In path I, the donor-accep-
tor complex I is assigned as the reactive electrophile to react
with ArH (eqn (1)) and the following step is a deprotonation
process (eqn (2)). In path II, acylium ion II is regarded as the
reactive electrophile instead (eqn (4)).>** ¢
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Scheme 1 Deduced rate laws from different pathways in the Friedel-Crafts

acylation reaction.

Early research revealed that both I and II could be formed
when AICl; reacted with acyl halide."”” > In a solvent with a
high dielectric constant like nitrobenzene, I was the major
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species, whereas II could be observed only in a tiny amount. In
a low dielectric constant solvent like chloroform, only I is
present."®*° Meanwhile, Susz discovered that II was stable and
was the major species in solids at low temperature when AlCl;
reacted with acyl chloride.'® The existence of the two species
was well confirmed, while their reactivities towards ArH were
not clear. Hence, it remains problematic to establish which
one is the reactive electrophile in the AICI; promoted Friedel-
Crafts acylation reaction.

As for the true reactive species in Friedel-Crafts acylation,
they were mainly identified relying on a special Lewis acid, acy-
lation reagents and solvents.'®**** For example, from the flu-
oride method or the silver salt method, an acylium ion crystal
has been prepared and was established as the reactive electro-
phile in SO, and HF solutions by Olah.>®> Cook proposed that
(PhCO),0—(BF;); was the reactive electrophile in BF; induced
Friedel-Crafts acylation with benzoic anhydride.?®*” In AlCl;-
catalyzed Friedel-Crafts benzoylation of benzene, Brown pro-
posed that both the acylium ion and the donor-acceptor
complex I could be the reactive electrophile with benzoyl chlor-
ide as the solvent.”® F. Effenberger supported an acylium ion
as the reactive electrophile between aromatic compounds and
aroyl triflates without the Friedel-Crafts catalyst.>® However,
for AICl; promoted Friedel-Crafts acylation reactions, it
remains a challenge to confirm the true active species,
especially under live reaction conditions. Herein, we commu-
nicate our results in “capturing” the reactive electrophile
through a kinetic study from a live AICl; promoted acylation.

Initially, AICl; promoted Friedel-Crafts acylation between
1a and toluene was monitored by in situ IR shown in Fig. 1.
When 1a (band A at 1806 cm™') reacted with AICl;, adduct A
was afforded. The band B at 1653 cm™" accumulated and was
assigned as the donor-acceptor complex I-A according to litera-
ture reported methods.'>'”>"?73032 Wwhen toluene was
added, as shown in Fig. 1, the bands at 1583 cm™* (C),
1548 cm™" (D), which were assigned as the AICl; adduct of
p-methylacetophenone, appeared proportionally (Fig. S1B and
S21). In the meantime, I-A decreased quickly. It seemed that
I-A was the true reactive species. However, when the region at
2250-2350 cm™ " was focused, the band E at 2308 cm™", which
was a fairly tiny absorption and almost invisible compared to
I-A, also disappeared immediately (Fig. 1(B)). If this band
could be assigned to the acylium ion II-A, it also might be the
active species.'*™'>?%31:33 Therefore, how to distinguish these
two high reactive species and “capture” the true reactive elec-
trophile deserved to be further discussed.

In both pathways, deprotonation is the last step (eqn (2)
and (5)). KIE experiment (eqn (6)) was performed and kp/ky =
1.1, revealing that the deprotonation was not the rate-limiting
step. Namely, the rate-limiting step should be assigned to the
process prior to deprotonation. Regarding the two pathways, if
the reaction follows path I and I is the reactive species to react
with ArH, the rate law would be: rate = A[I|JArH] (shown in
Scheme 1), and the overall reaction will always exhibit a first-
order kinetic behavior on [ArH] and first-order on [I]. While if
the II is the reactive intermediate, according to the Steady-State
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Fig. 1 3D-profile of the reaction between AlCl3 (0.5 M), 1a (0.5 M) and
toluene (0.5 M) in 1,2-dichloroethane (4 mL) at =10 °C through in situ IR.

Approximate Model, the rate law could be more complicated. If
the electrophilic reaction with ArH is the rate-limiting step
(Scheme 1, path 2 eqn (4)), which means k'_; > k',[ArH], the
rate law could be simplified as shown in Scheme 1 (1) and the
reaction rate is dependent on [ArH] and [I]. If the transfor-
mation from I to II is the rate-limiting step (Scheme 1, path 2
eqn (3)), which means k'_; < k',[ArH], the reaction rate will be
independent of [ArH] and first-order kinetic on [I]. In other
words, kinetic differences exist in the two pathways. By
choosing proper substrates, the reaction rate law of eqn (3)
and (4) could be switched from one kinetic behavior to the
other if the reaction follows pathway II.

On the basis of the above understanding, further experi-
ments were carried out in this AICl; promoted acylation
between 1a and toluene. As shown in Fig. 2, plotting 1/(cy — ¢)
vs. t resulted in a line, suggesting that this reaction exhibits a
second-order kinetic behavior. The rate law was: rate = k[A]-
[toluene] (Fig. S3-S71). As shown in Fig. 1, the major species in
A was I-A, while II-A was almost invisible. Namely, [A] was
approximately equal to [I-A]. Therefore, rate ~ k[I-A][toluene].
The kinetic result could be fitted well with that of the two
pathways. In this case, the two pathways could not be differen-
tiated from each other in this AICl; promoted acylation
between acetyl chloride and toluene.

According to the mechanistic discussion, the key to the
kinetic differences in the two paths is that the rate-limiting
step could be varied when employing different substrates.
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Fig. 2 Plotting 1/(co — ¢) vs. t when the reaction of A (0.5 M) and toluene

(0.5 M) was carried out in 1,2-dichloroethane (4 mL) at =30 °C (co: initial con-
centration of toluene, ¢: concentration of toluene in the process of the reaction).
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Fig. 3 AICl; promoted Friedel-Crafts acylation of ArH (0.5 M) and RCOCI
(0.5 M) in 1,2-dichloroethane (4 mL) at =30 °C.

Mesitylene is usually regarded as a stronger nucleophile which
might accelerate the reaction in eqn (4) and 4-tert-butylbenzoyl
chloride is considered a poorer electrophile which might slow
down the reaction in eqn (3). Therefore, the reaction between
mesitylene instead of toluene and 4-tert-butylbenzoyl chloride
instead of 1a was examined for further kinetic studies. Com-
pared with the acylation between 1a and toluene (Fig. 3, blue
line), the reaction was also performed as a smooth process at
—30 °C (Fig. 3, green line). Therefore, the kinetic studies for
AICl; promoted Friedel-Crafts acylation between 4-tert-butyl-
benzoyl chloride 1b and mesitylene were performed in detail
(Fig. 4).

AICl; promoted Friedel-Crafts acylation between 1b and
mesitylene in 1,2-dichloroethane at —30 °C was carried out
and monitored through in situ IR. Plotting In(c, — ¢) vs. ¢
obtained a linear relationship, suggesting that this reaction
exhibited a first-order kinetic behavior, which was completely
different from the kinetic results using toluene and 1a (Fig. 4).
As shown in Fig. 5, plotting initial rate vs. [Adduct B] showed a
linear relationship, indicating that the reaction was first-order
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Fig. 4 Plotting In(co — ¢) vs. t for AICl3 promoted Friedel-Crafts acylation
between 1b (0.23 M) and mesitylene (0.23 M) in 1,2-dichloroethane (4 mL) at
—30 °C (co: initial concentration of mesitylene; ¢: concentration of mesitylene).
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Fig. 5 Kinetic plots of the reactions of AlCl3 promoted Friedel-Crafts acylation
between mesitylene (0.125 M) and different concentrations of B in 1,2-dichloro-
ethane (4 mL) at =30 °C (concentrations of B: 0.064 M, 0.192 M, 0.128 M,
0.256 M, 0.320 M).

on [B]. When the concentration of mesitylene was different,
the Friedel-Crafts acylation showed unvaried initial rates
(Fig. 6). In other words, [ArH] is not in the rate law!

From the kinetic results above, the reaction rate law can be
described as: rate = k[B]. This result revealed that the reaction
between 1b and mesitylene exhibited different kinetic behavior
from the reaction between 1a and toluene. In other words,
employing different substrates could result in different
kinetics. Therefore, path I in which the donor-acceptor com-
plex I was the reactive electrophile was excluded.

As shown in Fig. 7, the bands at 1575 cm™" and 1547 cm™
were assigned as I-B which was the major species in B. More-
over, a band at 2383 cm™" was also observed which might be
characteristic absorption of 4-tert-butylbenz-acylium ion II-B.
II-B was almost invisible compared with I-B. Therefore,
[B] = [I-B] and rate ~ k{I-B]. The kinetic data could be fitted

1
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Fig. 6 Kinetic plots of the reactions of AlCl; promoted Friedel-Crafts acylation
between B (0.23 M) and different concentrations of mesitylene in 1,2-dichloro-
ethane (4 mL) at —30 °C ([mesitylene]: 0.16 M, 0.23 M, 0.32 M, 0.40 M).
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Fig. 7 A: IR absorption of a mixture of AlCl; and 1b; B: 3D-profile of the reac-
tion between AICI3 (0.23 M), 1b (0.23 M) and mesitylene (0.23 M) in 1,2-dichloro-
ethane (4 mL) at =30 °C through in situ IR.

well with path II in Scheme 1 (2). The rate-limiting step was
assigned to eqn (3), in which the donor-acceptor complex I
was isomerized to the acylium ion (Scheme 1, Path II). Namely,
the steady state might be I-B in the overall reaction. And
indeed, I-B decreased smoothly with the formation of the
product. However, II-B disappeared instantly when mesitylene
was added (Fig. 7(B)). This phenomenon supported that II-B is
an active electrophile to react with mesitylene in a facile
process. Once the II-B was formed, it would be consumed
immediately and its concentration limited the detection by IR.
Consequently, pathway II in this transformation was favored.
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Above all, both the acylium ion (at 2308 cm™" for 1a or
2383 cm™' for 1b) and the donor-acceptor complex I (at
1653 cm™" or 1575 cm™ ') were detected in our model reactions.
Compared with the donor-acceptor complex I, the acylium ion
existed in a fairly low concentration. As an almost invisible
species, it was supported as the true active species.

Conclusions

AICl; promoted Friedel-Crafts acylation reactions were moni-
tored by in situ IR. The donor-acceptor complex I could be
observed as the major species. With the reaction between 1b
and mesitylene in 1,2-dichloroethane as a model, kinetic
studies were performed. First order on [I-B] and zero order
kinetic on [mesitylene] were identified. The kinetic results
established that [ArH] is not involved in the rate law and the
donor-acceptor complex I was ruled out to be an active electro-
phile to directly react with ArH. Almost invisible acylium ions
II were narrowly observed and were also approved (“capture”)
by kinetic studies as a real active species. Remarkably, this
“kinetic capture” strategy allows the first acquisition of direct
kinetic evidence to support the reactive electrophile in this
AICl; promoted Friedel-Crafts acylation reaction.
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