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Design principles for enantiospecific para- and
ortho-[3,3] rearrangements of chiral aryl–allyl
ethers

Johanna Breinsperger, Maximilian Kaiser * and Peter Gärtner

We report a systematic study that elucidates the regio-determining features of the stereoretentive para-

Claisen–Cope and ortho-Claisen rearrangements of enantioenriched aryl–allyl ethers under mild catalytic

conditions. The role of the aromatic substitution pattern as well as the nature of the rearranging ether

moiety were thoroughly investigated, revealing that both para- and ortho-alkylation proceeded enantios-

pecifically with near-perfect chirality transfer. These findings resulted in rational design principles for

accessing synthetically versatile, enantioenriched phenols and gave insights into how steric and electronic

influences direct the [3,3]-rearrangements.

Introduction

We recently reported a stereoretentive para-Claisen–Cope
rearrangement of enantioenriched 2,6-disubstituted aryl–allyl
ethers into para-alkylated phenols with virtually perfect chiral-
ity transfer.1 The process proceeded under mild, air- and
moisture-tolerant EuFOD-catalysis and provided access to pro-
ducts in excellent yields and enantiomeric excess (up to >98%
ee). Mechanistic investigations revealed a consecutive [3,3]-sig-
matropic rearrangement sequence resulting in overall reten-
tion of configuration. Nevertheless, substrates lacking the 2,6-
di-substitution pattern suffered from poor selectivity, resulting
in seemingly unpredictable product distributions that
depended heavily on the specific reaction conditions. Further,
reported examples are largely limited to simple, achiral allyl2–5

or prenyl6–12 ether chains. In our recent study, we found that
o-cresol derived ether 1a (R = Me, 83% ee) rearranged into the
expected ortho-alkylated product 2a in 60% yield (ee n.d.) and
was accompanied by para-rearranged 3a in 40% yield, with
excellent chirality transfer (83% ee). Interestingly, compounds
1b–1e only delivered ortho-rearrangement 2b–2e with merely
trace amounts of para-alkylation (Scheme 1). These findings
prompted a more comprehensive study to elucidate how elec-
tronic and steric effects of the aromatic substituents as well as
the nature of the migrating ether chain influence the regio-
selectivity of this transformation. Despite growing interest and
recent advances, the factors governing the para-to-ortho selecti-
vity in aryl–allyl ether rearrangements are not well understood
and require further investigation.13–15

In this work, our objective is the identification of the regio-
determining features directing the (tandem-) [3,3]-sigmatropic
rearrangement along the para-selective pathway. Therefore, our
attention shifted to 2,5-disubstituted derivatives to gain a deeper
mechanistic understanding of substituent interplay and its
impact on the reaction outcome with the goal in mind to maxi-
mize para-selectivity. The products obtained via this method,
represent versatile building blocks with multiple functional
handles (Ar-OH, Y, Z and olefine-moiety, Fig. 1) otherwise
difficult to access in high enantiomeric purity.16–18 In general,
we assume that the nature of the substituents Y (C-2) and Z (C-5)
in substrate 1 has the strongest influence on the regioselectivity
primarily by destabilizing one of the competing reaction path-
ways either through steric interaction or electronic repulsion.19

Consequently, two plausible intermediates must be con-
sidered: I, arising from an initial [3,3] sigmatropic rearrange-
ment onto C-2 forming a quaternary center. Subsequent
second rearrangement then leads to the formation of para-
product 2 after tautomerization. In analogy, alkylation of the
unsubstituted ortho-position at C-6 gives rise to intermediate
II, which then tautomerizes to the ortho-product 3.20–22 As
depicted in Scheme 1, the exclusive formation of ortho-com-
pound 2e strongly suggests that a rearrangement into para-
position via an unsubstituted ortho-position can be ruled out

Scheme 1 Rearrangement of mono-ortho substituted ethers.
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as a viable reaction pathway under the applied reaction con-
ditions. The central question now revolves around which
factors dictate the preference for rearrangement onto the steri-
cally encumbered C-2 position, rather than the comparatively
“free” C-6 position. It remains unclear which properties of the
adjacent C-5 substituent suppress the seemingly more accessi-
ble ortho-pathway, and which features of the C-2 substituent
might actively promote or prevent migration onto C-2.

Results and discussion

Compound 1f was selected as a model substrate, and the influ-
ence of solvent and temperature on product distribution as
well as enantioselectivity was systematically evaluated.
Applying conditions already established within our group, we
subjected 1f to EuFOD-catalysis in toluene (1 M) at 40 °C to
deliver 2f and 3f in a ratio of 1.7 : 1 favoring the desired para-
alkylation (entry 1, Table 1). We were delighted to find that

both regioisomers were obtained with perfect chirality trans-
fer. Conducting the transformation in polar solvents such as
EtOAc (entry 2), THF (entry 3), or CHCl3 (entry 4), did not lead
to any product formation. When performed in hexane (entry
5), the products 2f and 3f were again obtained with excellent
ee’s though with diminished para-selectivity. Interestingly,
employing HFIP as the solvent resulted in exclusive formation
of the para-product 2f (entry 6). However, major loss of stereo-
chemical information was detected, suggesting that the highly
polar medium may promote a competing ionic pathway for the
transformation. Next, we investigated the temperature-effect
on the para-to-ortho ratio.

At 60 °C, reactions in hexane (entry 7) and heptane (entry 8)
gave comparable ratios of 2f : 3f while the proportion of para-
product 2f increased to 1.85 : 1 in toluene (entry 9) with perfect
chirality transfer. Switching to 1,2-DCE (entry 10) and 1,2-DCB
(entry 11) favored the formation of 2f to an even greater extent
but came with loss of some stereoinformation. Therefore, we
proceeded with toluene as the solvent of choice and further
investigated the role of reaction temperature. Going up to
80 °C (entry 12) or 100 °C (entry 13) progressively decreased
the amount of para-product. Though the excellent transfer of
stereochemistry stayed intact, the yield dropped slightly at
higher temperatures (see entry 13). As 60 °C appeared to be
the sweet spot for efficient para-alkylation, we then turned the
attention towards the scope of the rearrangement to elucidate
the influence of the substitution pattern on the para-to-ortho
product distribution. The discussed rearrangements proceeded
with high yields and excellent chirality transfer throughout,
giving rise to para- and ortho-alkylated products with high
enantioselectivities. As already depicted above (Table 1) the
2,5-dimethyl substitution pattern favors para-rearrangement
over ortho-alkylation, furnishing a ratio of 2f : 3f of 1.85 : 1 in
quantitative yield (Scheme 2). Seemingly, a C-5 substituent can
significantly block the C-6 position, forcing the rearrangement
to largely proceed via a type-I intermediate, giving rise to the
para-rearrangement as major product.

In contrast, the 2,3-dimethyl substitution pattern favored
ortho-rearranged 2g (1 : 3.5, quant. yield), over para-alkylation
3g indicating that a meta-substituent (at C-3 or C-5) can effec-
tively prevent the formation of intermediates I/II, respectively,
thereby influencing product distribution. Consistent with this
interpretation, the sterically demanding 5-iPr enforced exclu-
sive para-rearrangement (2h, 91% yield), whereas the corres-
ponding ortho-product 3h was not detected.

This observation is consistent with literature precedents
showing that a bulky meta-substituent exerts a shielding effect,
impeding or at least strongly disfavouring rearrangement into
the adjacent position on the aromatic ring.23–25 Inversion of
this substitution pattern (2-iPr/5-Me) furnished 2i : 3i in a ratio
of 1.2 : 1, reflecting increased steric congestion at C-2 com-
pared to (2-Me/5-Me). At first, this result was surprising, as the
2-isopropyl substituent was expected to fully block the ortho-
position, as seen for the 5-isopropyl derivative 2h. However,
our recent work showed that 2,6-diisopropyl ethers readily
undergo para-rearrangement, demonstrating that allyl groups

Fig. 1 Mechanistic pathways leading to para- and ortho-alkylation.

Table 1 Optimization of reaction conditions

Entry Solvent (1 M) Temp. [°C] 2f : 3f a eea (c.t.) in %

1 PhMe 40 1.7 : 1 87 (>99)
2 EtOAc 40 — —
3 THF 40 — —
4 CHCl3 40 — —
5 Hexane 40 1.2 : 1 87 (>99)
6 HFIP 40 1 : 0 16 (>18)
7 Hexane 60 1.2 : 1 87 (>99)
8 Heptane 60 1.1 : 1 87 (>99)
9 PhMe 60 1.85 : 1b 87 (>99)
10 1,2-DCE 60 2 : 1 80 (>92)
11 1,2-DCB 60 2.3 : 1 77 (>89)
12 PhMe 80 1.6 : 1 87 (>99)
13 PhMe 100 1.5 : 1c 87 (>99)

aDetermined by chiral HPLC of crude product or reaction mixture.
bQuantitative isolated yield. c 91% isolated yield;
Chirality transfer ðc:t:Þ ¼ eeðproÞ

eeðSMÞ � 100. HFIP = 1,1,1,3,3,3-hexafluoroiso-
propanol; 1,2-DCE = 1,2-dichloroethane; 1,2-DCB = 1,2-dichloroben-
zene; EuFOD = Tris(6,6,7,7,8,8,8-heptafluoro-2,2-dimethyl-3,5-octane-
dionato)europium.
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can migrate to positions bearing a bulky isopropyl
substituent.1

Next, we investigated various other C-5 substituents and
their effects on product distribution while leaving the C-2 Me
group unchanged. Introduction of 5-OMe led to the formation
of 2j : 3j in excellent yield with slight preference for ortho-
rearrangement (1 : 1.1). Since size difference between “OMe”
and “Me” cannot explain this observation, it is assumed that
the strong +M effect of the MeO-substituent favors a type-II
intermediate, consequently favoring an ortho-rearrangement
pathway. Incorporation of halides at C-5 furnished comparable
ratios for 5-F (1 : 1.1 2k : 3k) and 5-Cl (1 : 1 2l : 3l), both in excel-
lent combined yields. Introduction of a bromine into the
5-position again favors the para-pathway, affording a product
distribution of 2m : 3m in a 1.85 : 1 ratio. This observation is
likely a consequence of the greater steric bulk of Br relative to
F and Cl, leading to effective shielding of the C-6 position.
With these initial trends defined we broadened our focus from
2-alkyl substituents to explore diverse 2,5-substitution pat-
terns. Introducing a strong electron donating OMe group into
C-2 while having a C-5 Me group in place gave rise to ortho-
alkylation as the major product (2n : 3n 1 : 2.2) in near quanti-
tative yield. This result demonstrates the significance of elec-
tronic effects as the preference for ortho-selectivity cannot be
reasoned by steric arguments alone when compared to 2f : 3f
or 2i : 3i, respectively. Next, rearrangements of = halide, =
Me substrates were investigated (see Fig. 1 for green and violet
balls). For these substrates, we assumed that the product dis-

tribution might be determined by a combination of electronic
and steric effects to a varying degree, depending on the
halogen atom attached. We commenced with halide exhibiting
the strongest +M-effect and the rearrangement of 2-F aryl-allyl
ether furnished products 2o : 3o in a ratio of 1.15 : 1. In con-
trast to the strong electron donor 2-OMe (2n : 3n), para-alkyl-
ation was favored over ortho-rearrangement. Introduction of
2-Cl again prepared slightly more of the ortho-product (1 : 1.2
2p : 3p), whereas the more sterically demanding 2-Br signifi-
cantly favored ortho-alkylation (1 : 2.1 2q : 3q). The substitution
pattern of 2-OMe 5-Br gave rise to a 1 : 2.8 ratio of 2r : 3r favor-
ing ortho-rearrangement. Similarly, 2-OEt 5-isoallyl furnished
2s : 3s in a ratio of 1 : 2.3. These results might be reasoned by
electronic repulsion of the 2-alkoxy oxygen and the rearranging
olefine moiety. In summary, product distribution can be
rationalized primarily by steric effects for alkyl substituents,
whereas electronic contributions might be an additional factor
for halogen substituents. For OR-substituents, we suggest that,
beyond steric demand and electronic repulsion, an additional
factor contributes to the relatively high ortho-selectivity. We
assume that the intermediate that consists of a conjugated
enol ether moiety is favored, hence preferentially formed.
Specifically, 2-OR groups are proposed to react preferentially
via a type-II intermediate, which retains a conjugated enol
ether motif. By contrast, a type-I pathway would disrupt this
conjugation. This rationale accounts for the enhanced ortho-
selectivity observed with 2-OR substituents and for the dimin-
ished para selectivity for 5-OR substrates relative to 2f/3f (2-Me,

Scheme 2 Scope and ratios of para- and ortho-alkylation.

Organic Chemistry Frontiers Research Article

This journal is © the Partner Organisations 2026 Org. Chem. Front.

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

3 
M

ar
ch

 2
02

6.
 D

ow
nl

oa
de

d 
on

 4
/6

/2
02

6 
6:

14
:5

0 
PM

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d6qo00040a


5-Me), despite the potentially stronger steric and electronic
influence onto a free ortho-position exerted by a 5-OR group.
With the aromatic substitution pattern thoroughly investi-
gated, we turned the focus towards the ether moiety. In case of

= Me, = Ph, the rearrangement delivered para-alkylated
product 5a exclusively in 92% yield (Scheme 3). We reason that
a type-II intermediate was unfavored due to steric interaction
of the phenyl group of the migrating ether chain and the
C-5 methyl group.

Further, we were delighted to find that cyclic ethers were
also very well tolerated, though in this case, the reaction was
completely ortho-selective forming compound 6b as sole product
in quantitative yield. Here, we assume that the steric congestion
at C-2 would be too severe, hence the rearrangement selectively
takes place at C-6. Simple allyl-ethers gave rise to a 1 : 1.6 5c : 6c
product mixture favoring ortho-alkylation. This observation fits
well with previous observations as steric interactions between
C-5 methyl and a “slim” ether moiety is most likely favored over
quaternarization at C-2. In case of = Me, = H, the para-
rearrangement pathway is slightly favored over ortho and com-
pounds 5d and 6d are obtained in excellent combined yield in a
1.3 : 1 ratio. Finally, rearrangement of an alkyne ether (at 110 °C)
gave rise to a 1 : 1 mixture of para-alkylated alkyne 5e and cyclic
product 6e in moderate yield. The latter product is most likely
formed via an intramolecular electrophilic hydroarylation.26

Lastly, strong electron-withdrawing substituents at the aromatic
core represent a significant challenge and the desired rearrange-
ments proved unfeasible (see SI for details).

Conclusion

In this comparative study of enantioenriched 2,5-substituted
aryl–allyl ethers, we were able to elucidate how different types

of substituents dictate the reaction pathway between ortho-
and para-rearrangement. Through systematic variation of the
substituent pattern, it was possible to shed light onto the
steric and electronic factors governing regioselectivity.
Furthermore, we could demonstrate that the rearrangement
into the ortho- and the para-position, respectively, proceed
enantiospecifically and both regioisomers were obtained in
high enantioselectivites with virtually perfect transfer of chiral-
ity. Insights from these model systems help clarify the inter-
play of substituent effects and reaction outcome, thereby
enhancing the predictability and synthetic utility of this stereo-
retentive transformation.
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