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Aliphatic Ketone Claisen Rearrangement: Troubleshooting
the Transetherification Step by Identifying a Stable Acid

Catalyst

Veera K. Bruce,® Kaveh Farshadfar,” Aino Rolig,” Kari Laasonen,™ and Petri M. Pihko*"

After optimization for retention of catalytic activity, 4-chlor-
obenzoic acid emerged as the optimal catalyst for the aliphatic
ketone Claisen rearrangement. The optimal catalyst enables a
one-pot, metal-free, catalytic protocol from allylic alcohols to
v,6-unsaturated ketones. The optimized process tolerates a

Introduction

The aliphatic Claisen rearrangement is a well-established
method for the synthesis of vy,8-unsaturated carbonyl
compounds, such as esters (Johnson-Claisen),!” carboxylic
acids (via silyl ketene acetals, Ireland-Claisen)®” or amides
(Eschenmoser-Claisen).”’ In contrast, the corresponding y,5-
unsaturated ketones are less commonly accessed via the
Claisen rearrangement.””’ While the Johnson-Claisen variant
readily proceeds under mild carboxylic acid catalysis with
ortho esters, typical literature conditions for promoting the
corresponding Claisen rearrangement with ketone acetals/
enol ethers include strong acids, such as H;P0,”% and the
use of autoclaves or high pressures (Scheme 1).7® For a
limited range of allylic alcohols, Daub and co-workers
reported success with mild carboxylic acid catalysts.”*"
Alternatively, the aliphatic Claisen rearrangement reactions
to give ketones can be promoted by Hg?™ salts under milder
conditions, but the toxicity of Hg?’"™ is an obvious
deterrent.”

Even with mild acids, the aliphatic ketone Claisen
rearrangements suffer from the lack of universal catalyst.
Faulkner and Johnson concluded in 1973 that “there is no
way to predict the best acid catalyst” for ketone Claisen
reactions with unsaturated ketone acetals.”” Baeckstrém
and Li"®" reported that the Claisen reactions with allylic
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range of substrates, including substituents with acid-labile
protecting groups. Reaction monitoring and DFT studies of the
aliphatic ketone Claisen process agree that the ultimate
rearrangement step typically has the highest activation barrier.

a Challenges in aliphatic ketone/ketone acetal Claisen rearrangement
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Scheme 1. Acid catalyzed aliphatic ketone Claisen rearrangement.

alcohols and 2,2-dimethoxypropane required separate opti-
mization for each substrate. We hypothesized that catalyst
decay might lie behind these erratic results. Surprisingly,
typical experimental optimization workflows in organic
synthesis do not systematically address the issue of catalyst
decomposition.

Herein we show that 4-chlorobenzoic acid emerges as an
optimal, stable, and universal catalyst for the ketone Claisen
rearrangement. A wide range of allylic alcohol classes are
tolerated, providing the y,8-unsaturated ketones in up to
quantitative yields.

© 2024 The Author(s). Chemistry - A European Journal published by Wiley-VCH GmbH
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Scheme 2. Steps of the aliphatic ketone Claisen rearrangement.
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Scheme 3. Optimization of the catalysts for the ketone Claisen rearrange-
ment. (a) Test reaction. (b) Examples of same excess experiments with two
benzoic acids, 3b and 3j. Typical initial conditions: for catalyst 3 b,
experiment 1 (red dots) 1a (0.39 M), 2a (1.17 M), 3b (0.039 M); experiment 2
(blue dots) 1a (0.20 M), 2a (0.98 M), 3b (0.039 M). (c) Observed trends with
different benzoic acids in the transacetalization -Claisen rearrangement
sequence.
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Results and Discussion
Experimental Results and Discussion

The aliphatic ketone Claisen rearrangement is believed to
involve three distinct steps: (1) transacetalization to give the
mixed methoxypropyl ether (MOP ether),"'? (2) elimination
of methanol to give the enol ether and (3) the [3,3]-
sigmatropic rearrangement (Scheme 2).) The first trans-
acetalization reaction quickly establishes equilibrium follow-
ing the elimination reaction. The first two steps are known
to be acid catalyzed, but it is uncertain whether the acid
catalyst participates in the last rearrangement step. Hydro-
gen bonding urea and thiourea-based catalysts are known
to accelerate the sigmatropic rearrangement step, but the
range of substrates amenable to such catalysts is generally
limited.['>'

Instead of optimizing conversion at a certain endpoint,
we decided to optimize for catalyst stability. We used 1-
octen-3-ol (1a) and 2,2-dimethoxypropane (2a) as the
substrates for the screens (Scheme 3). After initial prelimi-
nary tests with stronger acids, which generally resulted in
significant decomposition and erratic results, we progressed
to systematic screens for catalyst stability. In these screens,
we focused on weaker substituted benzoic acids (3a-3j, see
Scheme 3). The rationale for using benzoic acids was that a
wide range of substituted benzoic acids is readily available,
assisting in systematic optimization.

For simplicity, the extent of catalyst decay was evaluated
by qualitatively plotting the consumption of 1a (monitored
by GC, see the S| for details) under two different initial
concentrations of 1a and 2a but same excess of 2a." The
same excess method enables visual identification of cata-
lysts that maintain their turnover rates over time: the
reaction profiles can be overlaid if the catalytic activity is
not decaying during the experiments.” As shown in
Scheme 3b, different benzoic acids gave very different
results in these experiments. 4-Bromobenzoic acid (3i) and
4-chlorobenzoic acid (3j) were generally the best catalysts
(Scheme 3c), demonstrating only slight (3i) or no observ-
able activity decay (3j). (For details and more examples,
please see the Supporting Information (Sl)). Catalyst 3j also
led to the highest conversion to product (80 %).

We note that neither simple pK, trends nor steric effects
can readily explain why 3j emerged as the optimal catalyst
in this study."® Control experiments with 3b indicated that
esterification of the catalyst with either methanol (gener-
ated from 2a) or with 1a cannot be detected under the
reaction conditions (see the Sl), indicating that esterification
is not the reason for decaying catalytic activity. Never-
theless, we noted that replacing 2,2-dimethoxypropane 2a
with 2-methoxypropene 2d accelerated the consumption of
allyl alcohol (2a t,,~2h, 2d t,,~0.5h) and raised the
conversion to product 6a to 85%, providing a set of
optimized conditions for further elaboration.

After identifying the optimal catalyst, the catalytic
Claisen rearrangement with 3j was screened with variety of
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allyl alcohol classes (see Figure 1). The reactions between
the allyl alcohols 1a-j and 2-methoxypropene 2d in 1,2-
dichlorobenzene (0-DCB) were run at 120°C under thermal
conditions without pressure (reflux, open flask). The yields
with class 1 alcohols with R® substituents varied between
40% to quantitative (Scheme 4). Interestingly, alcohols with
phenyl and p-methoxyphenyl groups as R® substituents led
to low yields (6f, 6g) but a p-trifluoromethylphenyl group
was well tolerated (6h). Both Boc-protected amines (6d)
and allylic benzyl ethers (6i) survived the reaction con-
ditions.

Under the new catalytic conditions, only class 1a
alcohols gave acceptable yields of the ketone products at
120°C under thermal, open flask conditions (see Scheme 4).
With other allylic alcohol classes, the reactions typically
stopped at the enol ether intermediate 5 and they were
characterized by decomposition. To overcome the appa-
rently higher activation barriers with the class 2 and 3
alcohols, we anticipated that microwave conditions might
facilitate safe heating under pressure without loss of volatile
reagents.

To our delight, Claisen rearrangements with 3j as the
catalyst in a sealed microwave tube at 120°C led to
excellent conversions with all alcohol classes (Scheme 5).
The low yield with 6f under thermal (open flask conditions,
see Scheme 4) was improved to 98% in 1 mmol scale in the
microwave conditions (Scheme 5). The stability of four

Allyl alcohol classes
OH OH R'™ OH

R 3 /‘\/ K%/ 2/ R! W\Rw sts\Z%

R2
class 1a class 1b (3“ OH) c/ass 2 class 3a class 3b class 1,2

Figure 1. Classification of allylic alcohols by their substituent patterns in this
study.
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Scheme 4. Substrate scope of the ketone Claisen rearrangement for Class 1a
allylic alcohols: thermal conditions.
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Scheme 5. Substrate scope of the ketone Claisen rearrangement under
microwave conditions.

different protecting groups were explored, and silyl- or
benzyl-protected alcohols (6q, 6s, 6u, 6y, 6aa) and Boc-
protected amines (6z, see also 6d in Scheme 4) survived the
conditions, although the silyl- and benzyl-protected alco-
hols generally gave better yields. The reaction could also be
readily scaled up to 8.9 mmol scale (6r, 78 % yield).
Limitations of the method include highly hindered
tertiary alcohols 1n and 10 (class 1b): their exposure to the
reaction conditions resulted in the recovery of the starting
materials. However, the reaction with less hindered class 1b
substrate linalool 1m led to 6m in 51 % yield. Cyclic ketones
could also be readily accessed using 1,1-dimethoxycyclo-
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pentane 2b or 1,1-dimethoxycyclohexane 2c (for products,
see 6k, 6i, 6v and 6aa in Scheme 5).1'”

The reactivity difference between class 1 and class 2
substrates can be illustrated by reaction progress curves
with 1a (class 1) and 1p (class 2) as substrates under the
standard thermal conditions (0o-DCB, 120°C). While the
reaction with 1a proceeds cleanly to afford almost quantita-
tive conversion to 6a (via MOP ether 4a and enol ether 5a),
with 1p, the reaction gives successively 4p and then the
enol ether 5p, but its conversion to 6 p is slow under these
conditions (Scheme 6).

Computational Results and Discussion

The reaction pathway was also investigated by density
functional theory (DFT), employing the SMD/wB97XD/def2-
TZVP//SMD/M06-2X/6-31G(d) level of theory in o-DCB (for
details, see the SI). Figure 2 illustrates the energy profile for
1-octen-3-ol (1a) substrate at 120°C (393 K). Catalyst 3j
serves as the acid-base catalyst in the steps preceding the
Claisen rearrangement (Figure 2), but all attempts at locat-
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Scheme 6. Reaction progress curves for the reactions with 1a and 1p.
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enol ether -28.0
i
4a /\/\/\/\)\
MOP ether

6a

transacetalization

‘ methanol elimination ‘ Claisen rearrangement

TS1asa TS4asa TSsa6a

Figure 2. Computational free energy profile (at 120°C) for the acid-catalyzed
transetherification-Claisen rearrangement sequence starting from 1a and
2d. 2-methoxypropene and methanol side product are omitted from the
profile for clarity, but they are included in the free energy calculations. The
relative free energies are given in kcal/mol (in red). Selected distances (A) are
annotated in blue.

ing a TS where 3j assists the final Claisen rearrangement
step resulted in TSs that were higher in energy than those
without 3j. The computed mechanism highlights the dual
role of the carboxylate/carboxylic acid in synchronous
proton transfer events in both TS,, ,, and TS,, 5..*'? The
MOP ether intermediate 4a is the most stable species prior
to the product 6a, which is consistent with experimental
data (Scheme 6) indicating a rapid buildup of 4a in the
reaction mixture. Finally, 5a undergoes a Claisen rearrange-
ment to yield the final product 6a. Generally, the ultimate
Claisen rearrangement step has the highest barrier (see
Table 1).'® In addition, the barrier for the rearrangement of
5p (class 2), TS5y, has a barrier that is 1.2 kcal/mol higher
in energy than the corresponding TSs, ¢.. This result is in
good agreement with the experimental results (Scheme 6)
which clearly show that the reactivity difference between
substrates 1a and 1p is due to the ultimate Claisen
rearrangement step.
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Table 1. The calculated free energies at 120°C for the transition states (TS;_;), (TS4.s) and the final Claisen rearrangement step (TSs_), and stationary points
for selected substrates.

Class Substrate uw TS:.4 4 TS, 5 5 TS5 ¢ 6

1 T1a no 254 —-5.8 25.2 —-1.1 26.8 —28.0

2 1p yes 237 —5.2 24.5 —-0.6 28.5 —245

2 1r yes 24.6 —6.5 24.8 —-0.8 26.6 —255

3a 1t yes 244 —4.7 259 —-1.4 29.6 —14.6

3b 1x yes 258 —-6.0 25.2 -0.5 31.0 —-17.2

1.2 1z yes 26.0 —24 32.0 3.0 314 —20.0
Conclusions Data Availability Statement

In conclusion, we report that 4-chlorobenzoic acid is a
stable, general catalyst for the aliphatic Claisen rearrange-
ment to give y,6-unsaturated ketones. Importantly, the most
viable catalyst was identified by monitoring decay of
catalytic activity with different catalysts. The new catalytic
protocol tolerates a wide range of allylic alcohols as
substrates under either open flask conditions or under
microwave heating.

Supporting Information Summary

Supporting Information includes: Experimental procedures,
optimization and same excess experiments, characterization
data, and computational details, and copies of NMR spectra and
GC chromatograms (PDF), XYZ coordinates of computed
structures (ZIP) and FAIR data, including the primary NMR FID
files, for compounds 1b-1z, S1a-S1¢, 6a-6aa, S6a-Sé6¢, 4a,
4p,5a, 5p (ZIP).
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