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The first highly enantioselective oxa-Piancatelli rearrangement has
been developed. This process which is catalyzed by a chiral BINOL-
derived phosphoric acid rearranges a wide range of furylcarbinols
into densely substituted y-hydroxy cyclopentenones in high yield
with excellent diastereo- and enantioselectivities (up to 99:1 er).
This reaction exhibits a high functional group tolerance and was
applied to complex bioactive molecules as well. The products were
further manipulated into value-added molecular scaffolds further
highlighting their versatility and synthetic utility.

The Piancatelli rearrangement, a unique process that directly
transforms furylcarbinols into functionalized cyclopentenones,
was first discovered by Piancatelli in 1976." This reaction proceeds
through an acid catalyzed dehydration of the furyl-2-carbinol to
generate a highly reactive furanoxonium ion, which suffers nucleo-
philic attack of H,O and undergoes ring-opening to form a
pentadienyl cation. Subsequent conrotatory 4mn-electrocyclization
provides y-hydroxy cyclopentenones with ¢rans diastereoselectivity
(Scheme 1A).> The products are important molecular scaffolds,
which are not only present in several natural products,® but also
serve as precursors for the synthesis of various bioactive com-
pounds and naturally occurring molecules such as prostaglandin
derivatives,>®* sibirinone,” and verrillin.®

Significant advancements in the development of new catalytic
systems, including those based on Lewis acids, have occurred over
the past two decades and led to the invention of a large family of
catalytic transformations involving various internal and external O-
, N- and C-nucleophiles, albeit only in racemic fashion.” Rueping,
Sun, and Patil then independently reported the first catalytic,
enantioselective processes, namely chiral Brensted acid catalyzed
enantioselective aza-Piancatelli rearrangements (Scheme 1B).® For
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Scheme 1 Catalytic Piancatelli rearrangement.

the original oxa-Piancatelli rearrangement, however, only a single
enantioselective process has been reported to date with a chiral
vanadium complex which delivers a small selection of products
with generally moderate enantioselectivity.’

Major challenges associated with the asymmetric oxa-
Piancatelli rearrangement are the attenuated nucleophilicity of
H,O in comparison to anilines'® and an undesired isomerization
of the products yielding difficult to separate mixtures.'"'*> More
importantly, in comparison to the aza-Piancatelli variant, the key
step of ring-opening the hemiacetal to the pentadienyl cation is
significantly retarded due to the reduced resonance effect of the
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hydroxyl group.”? Considering the importance of densely sub-
stituted and enantiomerically enriched y-hydroxy cyclopente-
nones, the development of an efficient, highly enantioselective
process is highly desirable.”

We herein report the BINOL phosphoric acid-catalyzed, highly
enantioselective oxa-Piancatelli rearrangement (Scheme 1C). We
envisioned that introduction of an electron-donating group at the
C3 position of the furyl-2-carbinol would not only increase the
stability of the in situ generated furanoxonium ion, but more
importantly aid in the ring-opening of the hemiacetal into the
pentadienyl cation through its resonance effect. The catalyst-
induced 4m-electrocyclic ring closure would eventually provide
the desired y-hydroxy cyclopentenones in enantiomerically highly
enriched form (Scheme 1C).

Accordingly, we began our investigations with the optimiza-
tion of the catalyst and reaction conditions for p-methoxyphenyl
(PMP) substituted secondary furyl-2-carbinol 1a and tertiary
furyl-2-carbinol 2a in dichloromethane at 25 °C. In the presence
of 10 mol% (R)-BINOL-derived phosphoric acid 3a as catalyst
and H,O (2.0 equiv.) as an additive, the reaction of secondary
alcohol 1a proceeded in the expected fashion to generate the
v-hydroxy cyclopentenone 4a with promising enantioselectivity,
albeit in only a 44% yield. Similarly, tertiary alcohol 2a also
participated in the reaction under the same reaction conditions,
providing the product 5a in moderate yield with good enantios-
electivity (Scheme 2). Screening of various BINOL phosphoric
acids 3b-3g and different solvents revealed that catalyst 3g in a
1.5:1 mixture of toluene and dichloromethane as the solvent
was optimal for the reaction and afforded the product 4a in 96%
isolated yield with 98:2 er (for further details, see the ESI}). In
addition, the conditions optimized for 1a were equally effective
for tertiary alcohol 2a, providing the product 5a in 93% isolated
yield with 99:1 er (Scheme 2, bottom).

After optimizing the catalyst and reaction conditions for 1a
and 2a (Scheme 2), we sought to test scope and limitations of this
novel process (Table 1). Overall, it is quite generally applicable,
and furyl-2-carbinols (1a-1n) bearing either electron-donating or
electron-withdrawing substituents at various positions of the aryl
ring at the carbinol center smoothly underwent the reaction to
provide the corresponding rearranged products 4a-4n as single
diastereomers with high yields and excellent enantioselectivities
(Table 1A). The relative and absolute configuration of 4j was
determined by single crystal X-ray diffraction analysis, and those

3 9 o : Ar
i H (;1(0zrgoel {:i)v) b :
N pn 22ETCW QR Q o
o R solvent (0.1 M) Ph Pf

OH 25°C, 36 h . d TOH
12 45 OO
Ar
1a:R=H 4a;R=H (>20:1 dr) 3
2a:R=Ph 5a:R=Ph

3e: Ar = 2,6-Et,CgH3
3f: Ar = 2,4,6-'PryCoH,
3g: Ar = 9-anthracenyl

3a: Ar = 2,3,5,6-Me,CgH
3b: Ar = 2,6-Me,-4-BuCgH,

3c: Ar = 2,4,6-MeyCoHy
3d: Ar = 2,4,6-Et,CH,

Initial conditions : 3a, CH,Cl,
4a: 44% yield, 86:14 er
5a: 64% vyield, 98:2 er

Optimal conditions : 3g, PhMe/CH,Cl, (1.5:1)
4a: 96% vyield, 98:2 er
5a: 93% vyield, 99:1 er

Scheme 2 Optimization of the reaction conditions.
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Table 1 Scope with respect to secondary furyl-2-carbinols?

R! 39 (10 mol %) Rl o
H,0 (2.0 equiv)
@ e
0 PhMe/CH,Cl, (1.5:1) 4
OH 25°C,36h OH
1 4(>20:1 dr)

R' = p-Methoxyphenyl (PMP)
4a: R? = Ph, 96%, 98:2 er

4b: R? = 4-MeCgHy, 97.5:2.5 er

4c: R? = 2-MeCgHg, 95%, 97:3 er
4d: R? = 3,5-Me,CgHs, 88%, 97:3 er
4e: R? = 3-OMeCgHa, 87%, 97:3 er

\w(\ /r“ X-ray of 4j
(CCDC 2295678)
(4j: >99.9:0.1 er after

single recrystallization)

(A) Aryl

4f: R? = 4-SMeCgH,, 64%, 98.5:1.5 er
4g: R? = 4-PhCgH,, 84%, 97:3 er

4h: R? = 2-FCgH,, 84%, 99:1 er

4i: R? = 4-CICgHg, 86%, 97:3 er

4j: R2 = 4-BrCqHg, 92%, 97.5:2.5 er
4k: R? = 3-BrCgHy, 84%, 98:2 er

41: R? = 4-CF3CgHy, 89%, 97:3 er
4m: R% = 4-CNCgH,, 82%, 96.5:3.5 er
4n: R? = 4-CO,MeCgH, 98%, 97:3 er

)
=
el
ou.@o
>
=

(B) Polyaromatic hydrocarbon (C) Heterocycle
4r: R2 = 3-Thienyl, 56%, 98:2 er

4s: R? = 2-Thienyl, 56%, 97:3 er

O,
4t 71%
R? :'\@:(? 97525er

40: R? = 1-Naphth, 97%, 96:4er  R?=

4p: R? = 2-Naphth, 67%, 96:4 er

4q: 78%, 97:3 er

(D) Alkyl
— 4u: R? = Et, 65%, 97:3 er DN ph/\/li

\b_‘“kyl 4v:R?= Heptyl, 66%, 99:1 er 4y: 77%, 98:2 er  4z: 68%, 98:2 er

/ 4w: R? = -Pr, 69%, 99:1 er 4aa: R? = Cyclopentyl, 59%, 99:1 er

OH 4x: R? = j-Bu, 77%, 97.5:2.5 er 4ab: R% = Cy, 66%, 98:2 er

R2=Ph (E) 3-Substitution
[o} 4ac: R' = Ph, 84%, 97:3 er

4ad: R" = 4-MeCgHy, 91%, 97:3 er
4ae: R = 2-MeCgH,, 87%, 96:4 er
OH 4af: R' = 4-FCgHy, 89%, 97:3 er

4ag: R' = 2-FCgH,, 75%, 97:3 er
4ah; R" = 1-Naphth, 83%, 94:6 er
4ai: R' = 3-Thienyl, 86%, 94:6 er

¢ Reaction conditions: 0.1 mmol of 1, 0.2 mmol of H,0, and catalyst 3g
(10 mol%) in 1.0 mL toluene/CH,Cl, (1.5:1). The diastereomeric ratio
(dr) was determined by "H NMR of the crude reaction mixture and was
>20:1 in all cases. Yields correspond to the isolated product after
chromatographic purification. The er was determined by HPLC analysis
on a chiral stationary phase.

of other products were assigned by analogy (CCDC 2295678;
Table 1)."* Apart from simple aryl substituents, alcohols contain-
ing polyaromatic hydrocarbons 10-1q also effectively participated
in the reaction and generated the products 40-4q in good yields
with high er (Table 1B). Moreover, we successfully incorporated
pharmaceutically relevant heterocycles into our products. For
example, cyclopentenones carrying a 3-thiophenyl (4r), 2-thio-
phenyl (4s), and dioxolane substituent (4t) were obtained
in moderate to good yields with excellent enantioselectivity
(Table 1C). As observed by Piancatelli and coworkers, alkyl- and
cycloalkyl-substituted furyl-2-carbinols are generally more resis-
tant towards an acid catalyzed rearrangement. Thus, they typi-
cally require more drastic reaction conditions to effect the oxa-
Piancatelli rearrangement or do not rearrange at all."® To our
great delight, both alkyl- and cycloalkyl substituted furyl-2-
carbinols efficiently reacted under the optimized reaction condi-
tions (Table 1D). For example, y-hydroxy cyclopentenones con-
taining linear (4u and 4v) and branched alkyl groups (4w and 4x)
as well as homoallyl (4y) and homobenzyl (4z) groups were
isolated with good yields and excellent enantioselectivities. Addi-
tionally, cycloalkyl substituted furyl-2-carbinols successfully par-
ticipated in this reaction and gave rise to products 4aa and 4ab in
moderate to good yields and with high enantioselectivity again.
The yield of these reactions was slightly reduced compared to
those with aryl-substituted carbinols likely based upon the

This journal is © The Royal Society of Chemistry 2024
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attenuated resonance stabilization of the cationic intermediate.
The effect of the C3-substituent on the rearrangement was also
briefly investigated (Table 1E). The PMP-group could be easily
replaced with a phenyl (4ac), p- and o-tolyl (4ad and 4ae), and p-
and o-fluorophenyl groups (4af and 4ag) without compromising
either yield or enantioselectivity. 1-Naphthyl and thiophenyl-
substituted cyclopentenones 4ah and 4ai, however, were obtained
with somewhat diminished er.

The oxa-Piancatelli rearrangement of tertiary furyl-2-carbinols
was studied next (Table 2). A diverse array of tertiary carbinols
carrying either electron-rich (e.g,, Me, OMe, SMe, and Ph) or
electron-withdrawing (e.g., Br, Cl, F, and CF;) groups at the meta-
and para-positions of the aryl ring at the carbinol center were well
tolerated and provided the products 5a-5k in uniformly high
yield and with excellent enantioselectivity (Table 2A). In addition
to aryl substituents, substrates 5l-50 with polyaromatic and
heterocyclic groups underwent this reaction with equal efficacy.
ortho-Substituted diaryl alcohols failed to deliver the desired
products, possibly due to severe steric congestion in the transient
planar pentadienyl cation. However, unsymmetrically substituted
alcohol 2p with o-tolyl and phenyl groups at the carbinol center
delivered cyclopentenone 5p with a quaternary stereocenter in
high yield and with 10:1 dr and 97:3 er. Likewise, tertiary
furylcarbinols bearing o-isopropylphenyl and 1-naphthyl substi-
tuents furnished products 5r and 5s with excellent yields and
high diastereo- and enantioselectivity. In accordance with pre-
vious reports,'* tertiary furylcarbinols containing an alkyl sub-
stituent at the carbinol center were readily dehydrated to yield
stable alkenes as the major products.’® Next, the scope of the

Table 2 Scope with respect to tertiary furyl-2-carbinols®

R 39 (10 mol %) R o
R R H20 (2.0 equiv) w{\@s
o R? PhMe/CH,Cl, (1.5:1) / R
OH 25°C,36h OH
2 5
1= p-Methoxyphenyl (PMP) (A) Carbinol center

[o] 5a: R? = Ph, 93%, 99:1 er

5b; R? = 4-MeCgHj, 96%, 98.5:1.5 er

5¢: R? = 3,5-Me,CgH3, 90%, 98:2 er

OH 5d: R% = 3-OMeCgHy, 86%, 98:2 er
5e: R? = 4-SMeCgHj, 83%, 98.5:1.5 er
5f: R? = 4-PhCgHy, 96%, 99:1 er

59: R? = 4-BrCgHy, 97%, 99:1 er

5h; R? = 3-BrCqHj, 99%, 99:1 er

5i: R? = 4-CICgH,, 94%, 99:1 er

5j: R2 = 3-FCgHy, 97%, 99:1 er

5k: R? = 4-CF3CqHy, 99%, 98.5:1.5 er
51: R? = 2-Naphth, 94%, 99:1 er

RZ=

s
O'O sm:82%, 982¢er 2= | ) R2&©[°> 50:83%, 99:1 er
5n: 71%, 98:2 er o

PVIP. I 5p: R? = 2-MeCgHy, 89%, 10:1 dr, 97:3 er
Igge"“ 5q: R2 = 2-OMeCgHg, 96%, 1.6:1 dr, 98:2 / >99.5:0.5 er

RZ  Br: R2 = 2-i-PrCqHy, 88%, >20:1 dr, 95:5 er

oW
I

5s: R? = 1-Naphth, 91%, 11.4:1 dr, 98.5:1.5 er
R2=R%= Ph (B) 3-Substitution
o 5t: R' = Ph, 89%, 98:2 er 5x: R' = 2-FCgH,, 81%, 99:1 er

R‘
\bQPh 5u: R! = 4-MeCgHy, 97%, 99:1 er
Ph 5v: R = 4-FCgH,, 87%, 99:1 er

H 5w: R" = 2-MeCgH,, 44%, 97.5:2.5 er

5y: R' = 3-Thienyl, 93%, 97.5:2.5 er
5z: R" = 2-Furyl, 82%, 96.5:3.5 er
5aa: R = Br, 88%, 94:6 er

o

“ Reaction conditions: 0.1 mmol of 2, 0.2 mmol of H,0, and catalyst 3g
(10 mol%) in 1.0 mL toluene/CH,Cl, (1.5: 1). The dr was determined by
"H NMR of the crude reaction mixture. Yields correspond to the isolated
product after chromatographic purification. The er was determined by
HPLC analysis on a chiral stationary phase.
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reaction was extended to tertiary furyl-2-carbinols carrying differ-
ent substituents at the C3 position in place of the PMP-group
(Table 2B). A range of other 2-aryl-substituted y-hydroxy cyclo-
pentenones 5t-5x were obtained with generally high enantio-
control, irrespective of the electronic nature of the aryl group.
Moreover, heteroaryl residues (5y and 5z) were equally effective
for promoting the oxa-Piancatelli rearrangement. Intriguingly, a
simple bromine substituent capable of releasing electron density
into the furan ring also enabled the reaction affording the
product 5aa in high yield and with good enantioselectivity.

The mild reaction conditions of this transformation and the
efficiency displayed by secondary furyl-2-carbinols 1a-1ai
allowed the use of substrates with complex bioactive residues
showcasing the functional group compatibility of this process
(Scheme 3). For example, furylcarbinols derived from
L-menthol 6a, (S)-f-citronellol 6b, and geraniol 6c smoothly
participated in the oxa-Piancatelli rearrangement to generate
the products 7a-7c¢ in high yields and with excellent diastereos-
electivities (20:1 dr). Similarly, the rearrangement of 6d and 6e
derived from (—)-borneol and (+)-fenchol, respectively, occurred
efficiently to produce the corresponding cyclopentenones 7d
and 7e with excellent yield and selectivity. p-Galactopyranose-
derived alcohol 6f was successfully transformed into 7f with
high diastereocontrol (>20:1 dr). Notably, such as estradiol 6g
and cholesterol 6h, also reacted in the expected fashion to give
rise to the products 7g-7h as single diastereomers in high
yields.

The scalability of our protocol was demonstrated by perform-
ing the reaction of 1a on a 2.0 mmol scale (Scheme 4A). Under
the optimal reaction conditions, product 4a was obtained in
94% yield with the same level of enantiopurity as in the smaller
scale reaction.

To show the synthetic utility of this process, the enantioen-
riched y-hydroxy cyclopentenones were converted into synthe-
tically useful building blocks (Scheme 4A). Toward this goal,
the free hydroxy group of 4a was protected with the TBS group
to obtain the silyl ether 8 in 88% yield. Reduction of 8 with
LiBH, in the presence of CeCl;-7H,0 was completely regio- and
diastereoselective and furnished the alcohol 9 in 64% yield.
Treatment of 8 with vinylmagnesium bromide resulted in the

3g (10 mol %)
PMP H0 (2 0 equiv)

iﬁ

Bioactive complex derivatives

>Q‘~<W (A SR

7a: >201 dr, 80%
from L-Menthol from (S)-(-)

PhMe/CHZCIZ (15:1)
o 25°C, 36 h

7b: >20:1 dr, 87%
)-B-Citronellol

@ A~
o L
¥, «42\?

7e: >20:1dr, 92%
from (+)-Fenchol

7c: >20:1dr, 81%, er = 95:5 er
from Geraniol

7d: >20:1 dr, 96%
from (=)-Borneol

7f: >20:1dr, 91%
from D-galactopyranose

79: >20:1 dr, 88%
from Estradiol

7h: >20:1 dr, 81%
from Cholesterol

Scheme 3 Substrates with complex bioactive residues.
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(A) Scale-up and Sy
3 9 TBSCI 2
910 mol %) DMAP, Et;N PP
H,0 (2.0 3
1a _ HO @0equy) (2.0 equiv) Ph
(2.0 mmol) PhMe/CHZC\Z (1.5:1) “omo, :
25°C, 36 h 0-25°C, 24 h oTBS
5a 4a 8: 88% yield
(99:1en) 9;1r%> yé%l(i (22_7225) ar 97.5:2.5 er
TBSOTF Y EtO LiBH,
2,6-Lutidine 0°C.1h /" CeCly7H,0
CHyCl, MeOH
0°C,2h 0°C,2h
o H, o HO \\ OH
PMP. Pd-C PMP,, PMP. | PMP,
oPho [ QPR Ph Ph
Ph EtOAc Ph
B 25°C,5h 2 3 3
oTl oTBs oTBS OoTBS
" 12 10 9
97% yield, 99:1 er 76% yield 63% yield, 1.2:1dr 64% yield
>20:1dr, 99:1 er 97:3/97.5:25 er >20:1dr, 97.5:2.5 er
(B) Control experiments
o H standard
standard ! PMR -
A\ ph  conditions \Ph )OI\ : A s conditions
—_— N, : -
Q\é’”‘ () Ph ~ Ph” “Ph [ N (i) l
P : o
OH OH : jar  OH decomposition of
5 16%yield 1% yield starting material

Scheme 4 (A) Scale-up reaction and synthetic elaborations of y-
hydroxycyclopentenones. (B) Control experiments.

formation of tertiary alcohol 10 in 63% yield, albeit with only
1.2:1 dr. However, both diastereomers of 10 were separable
through chromatographic purification. In all cases, the reac-
tions proceeded with only minimal or no deterioration of
enantiopurity. TBS-protection of 5a using TBSOTf afforded
the silyl ether 11 in 97% yield. Selective hydrogenation of the
electron-deficient olefin of 11 was achieved with catalytic Pd/C,
and the resulting poly-substituted cyclopentanone 12 was
obtained as a single diastereomer in 76% yield.

Two control experiments with C3-unsubstituted furyl-2-carbinols
were conducted under otherwise identical reaction conditions: while
the secondary furyl-2-carbinol (R' = H, R* = Ph) only gave rise to
decomposition of the substrate, the tertiary furyl-2-carbinol 2’ (R =
H, R*, R? = Ph) did produce the desired Piancatelli product 5, albeit
in only 16% yield. Again, significant decomposition of starting
material was observed leading to 11% of benzophenone as the only
isolable side product (Scheme 4B, eqn (i)). Furthermore, shifting the
p-methoxy-phenyl (PMP) group from C3 to the C4 position within
the furan nucleus of 1a prevented the PMP group from stabilizing
the furanoxonium ion through its resonance effect. As a result,
carbinol 1a’ carrying a PMP group at the C4 position failed to
produce any product under standard conditions (Scheme 4B,
eqn (ii)). These control experiments corroborate our initial mecha-
nistic assumption about the role of the resonance-stabilizing C3-
substituent.

In conclusion, we have developed the first catalytic, highly
enantioselective oxa-Piancatelli reaction. This one-step and opera-
tionally simple process is catalyzed by a chiral BINOL-derived
phosphoric acid and converts a wide range of easily accessible
furyl-2-carbinols into highly valuable, substituted y-hydroxy cyclo-
pentenones with typically high yields and excellent levels of dia-
stereo- and enantioselectivity. The synthetic potential of this
reaction is apparent in the light of the prostaglandin class of natural
products and was further demonstrated by transforming the pro-
ducts into other densely functionalized, chiral structural motifs.
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