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Oxidative dearomatizations are useful tools in complex molecule synthesis and the development of
enantioselective variants offers substantial opportunities for the field. In this article, we describe
a platform for a formal enantioselective dearomatization that employs chiral nonracemic a-
hydroxyphosphonates derived from salicylaldehydes to direct diastereoselective functionalization of the
phenolic core. As a requisite first step, we developed a new bis(oxazoline)Cu(i)-catalyzed
hydrophosphonylation (Pudovik reaction) of salicylaldehydes, allowing access to enantioenriched
material in one step. The derived a-hydroxyphosphonates participated in complementary stereoselective
dearomatization sequences. A tandem phosphono-Adler—-Becker oxidation/[4 + 2]-cycloaddition
furnished bicyclo[2.2.2]-octanes bearing phosphonoepoxyketone functionalities in excellent regio- and
diastereoselectivity for both steps. Alternatively, oxidation with phenyliodine(in) diacetate (PIDA) provided
access to either 2,5- or 2,4-cyclohexadienones, with the latter reacting in a complementary [4 + 2]-
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stereochemical relay from the a-hydroxyphosphonate adducts to the derived dearomatized Diels—Alder
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Introduction

Enantioselective phenol dearomatization is a desirable tool in
small molecule synthesis, providing access to the latent func-
tionality within the nucleus of readily available hydroxyarene
feedstocks.® This enabling paradigm reveals useful reactive
nonaromatic building blocks (Scheme 1A), but it can carry
limitations associated with electronic constraints of the
substrate and catalyst (i), inherent characteristics of the reac-
tion mechanism (ii),> and the challenges associated with over-
coming aromatic stabilization energy.®* Current methods for
enantioselective phenol dearomatization™* invoke the use of
reagents such as hypervalent iodine,>® enzymes,’ transition
metals,'** or chiral phase transfer catalysts,’> with varying
degrees of success and efficiency. Among these examples,
naphthol dearomatizations are comparatively more common,
although highly enantioselective catalytic phenol spiro-
lactonizations®” serve to demonstrate the functional group
tolerance of chiral hypervalent iodine oxidations and the
promise of the approach. Advances in enantioselective dear-
omative fluorination reactions of both naphthols and phenols
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downstream synthetic modifications to the stereochemically defined cycloadducts.

reveal the continual progression of this field.'*** These exam-
ples simultaneously allude to the extant challenges in devel-
oping complementary enantioselective oxidative
dearomatization reactions with the same degree of selectivity
and generality.

Within the scope of readily available phenols, salicylalde-
hydes might possess a unique opportunity for stereo-
differentiating dearomatization reactions.'®* We hypothesized
that heretofore unknown enantioselective aldehyde additions
could be leveraged as a source of absolute stereochemical
information to be relayed through a diastereoselective
dearomatization/cycloaddition sequence to access value-added
complex cyclohexanes (Scheme 1B). A key facet of this
approach is the decoupling of the asymmetric catalysis (I — II,
step 1) and dearomatization events (II — III/IV, step 2), which
we anticipated would confer greater synthetic flexibility by
permitting variable oxidation conditions to access distinct non-
aromatic products (I and IV). Strategically, the source of
chirality would ideally serve as a versatile functional handle for
downstream transformations and thwart unwanted reactivity at
the carbonyl - protecting it — until later in the sequence.

With these design criteria in mind, the use of a-hydrox-
yphosphonates was considered.”® Their stereocontrolled
synthesis is usually accomplished through the addition of a tri-
or pentavalent phosphorus compound to an aldehyde (i.e., the
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A. stereoselective phenol/naphthol oxidative dearomatization
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Scheme 1 Proposed reaction platform for enantioselective dearomatization of salicylaldehydes.

Pudovik reaction),” which has been shown to be reversible
under alkaline conditions.>**?%*" We sought to employ chiral
nonracemic a-hydroxyphosphonates (II) derived from salicy-
laldehydes (I) as a point of entry to value-added complex
cyclohexanes (V and VI) via oxidative dearomatizations of salicyl
alcohol derivatives. Furthermore, we hoped to expand the
possible product diversity by employing either a dearomative
epoxidation (Adler-Becker oxidation) or an oxidation with
phenyliodine(m) diacetate (PIDA).*>** While the latter has been
demonstrated enantioselectively,®” there are no known exam-
ples of an enantioselective variant of the former.” This point is
further emphasized by a recent report that demonstrates both
the challenges and potential utility of the Adler-Becker reaction
in complex molecule synthesis.>* We envisioned that this inte-
grated strategy might enable access to enriched dearomatiza-
tion products through either oxidation pathway, relying instead
on the ability of the nascent stereogenic hydroxyphosphonate to
induce  diastereoselectivity in the  dearomatization/
cycloaddition cascade. Literature precedent®*° suggested
the possibility of applying related tandem oxidative dearoma-
tization/Diels-Alder reactions to trap the resulting dienones
(Scheme 1B, step 3); however, this work would have several key
distinctions. First, this method would provide access to cyclo-
adducts in enantioenriched fashion, which has not been

Chem. Sci.

achieved previously using Adler-Becker oxidation chemistry.
Second, we anticipated that slow or reversible diene dimeriza-
tion might allow for a greater scope of employable dienophiles
relative to the prior art. Lastly, the phosphonate functionality
would serve as a functional handle for enhanced synthetic
utility.

Several potential reactivity and stereochemical challenges
emerged upon consideration this experimental plan. First,
there are scant reports for the synthesis of racemic salicyl a-
hydroxyphosphonates*>** and no extant methods for accessing
enantioenriched variants, a circumstance that stands in
contrast to the plethora of reported reactions for other
benzaldehydes.**** Enantioselective nucleophilic additions of
other nucleophiles to salicylaldehydes are known,**** but they
are usually illustrated as single examples within a scope of
benzaldehydes. One reason for this rarity may be the acidic
nature of the phenolic proton, which results in deactivation of
the electrophile upon deprotonation by a basic catalyst. Second,
the phosphonate group's impact on the efficiency and selectivity
of the oxidative dearomatization and subsequent dienone
functionalization was an open question. Adler-Becker reactions
in which the aryl-benzylic C-C bonds experience free rotation
are rare and exhibit variable stereocontrol.>**® Lastly, we sus-
pected that the presence of the phosphonate might affect the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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well-established propensity of cyclohexadienones to dimerize by
[4 + 2]-cycloaddition.***>-¢2

Herein, we describe an integrated approach to stereo-
selective dearomatization reliant on the development of a new
enantioselective Cu(n)-catalyzed addition of P! nucleophiles
to salicylaldehydes (Scheme 1C). The derived a-hydrox-
yphosphonates can be processed by distinct oxidative dear-
omatization paths to give dienone intermediates that
participate in diastereoselective cycloadditions operating under
divergent stereocontrol mechanisms; consequently, Pudovik
adducts are convertible to chiral building blocks with enantio-
meric carbocyclic core structures and complementary periph-
eral functionality based on the oxidation path selected.

Results and discussion

Development of a copper-catalyzed hydrophosphonylation of
salicylaldehydes

Our initial efforts began with investigating the asymmetric
Pudovik reaction using a bis(oxazoline)Cu(u) (box) complex.
Work by Evans and coworkers demonstrated that a (box)Cu(i)
complex bearing mildly basic acetate ligands promotes the
asymmetric nitroaldol reaction of aldehydes.®® Based on the
similar pK, values of dialkyl phosphites and nitroalkanes,®*®
we speculated that a similar system might successfully promote
the title reaction; however, salicylaldehyde is absent from the
Evans work, making a direct comparison difficult. Direct
application of literature conditions from a catalytic hydro-
phosphonylation of aryl and styrenyl aldehydes*® to our desired

Table1l Abbreviated optimization of the catalytic asymmetric Pudovik
reaction

j ”'1 OH
/ '\ H
H

(S) p...R

P1 R=Ph HQO

P2 R =0OMe P1-214 (R= Ph)

P3 R = Ot catalyst (20 mol %) p3.5 1 (R = OMe)

1.2 equiv solvent (0.1 M), rt, 24 h 2.1 (R = OEt)
Entry  Solvent Phosphite  Yield® (%) er’
1 THF P1 72 65:35
2 MeOH P2 n.d. 81:19
3 THF P3 63 82:18
4 MeCN P3 21 81:19
5 DCM P3 10 81:19
6 Et,O P3 42 81:19
7 MeOH P3 47 87:13
8 EtOH P3 58 90:10
9° EtOH P3 95 88:12
10° PrOH P3 86 88:12
119 CH,CL,/'PrOH (1:10)  P3 90 90:10
12¢ CH,Cl,/'PrOH (1:7) P3 97 90:10
?Yields determined by 'H NMR spectroscopic analysis using

phenanthrene as an internal standard. ? Enantiomeric ratio
determined by HPLC analy51s Reaction performed at 0.5 M usmg
1.5 equiv. phosphite. ¢ Reaction performed at 0.25 M using 1.5 equiv.
phosphite.
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substrate (salicylaldehyde 1.1) highlighted the unique chal-
lenges posed by salicylaldehydes, affording the desired product
in 25% yield (by "H NMR spectroscopy) and 51 : 49 er. Further
experiments revealed that 20 mol% of an in situ prepared
inda(box)Cu(u) complex (Table 1) catalyzed nucleophilic addi-
tion of diphenylphosphine oxide to salicylaldehyde 1.1 in good
yield but poor enantioselectivity (entry 1). Using dimethyl
phosphite and switching from THF to MeOH as the solvent

Table 2 Reaction scope of the copper bis(oxazoline)-catalyzed
asymmetric Pudovik reaction of salicylaldehydes

OEt R H 9
$ X catalyst (20 mol %)
O\‘f‘—oa . Q—§ PO3Et2
H o IPrOHICH,Cl, (7:1)
OH 24h, 1t
H
{"POsEL, "P03Et2 & PO3Et2
OH
OH
21 2.2 23
yield 85% yield 45% yield 68%
er 90:10 er 955 er 928
Me
H
(1PO4EL, PosE‘Z (o ‘POaEtz
OH
OH
2.4 25 26
yield 63% yield 61% yield 48%
er 92:8 er 937 er 937
Cl
H
(11POsEL, ( *POgEtz ( ‘P03E12
OH
OH
2.7 2.8 29
yield 76% yield  77% yield  70%
er 8713 er 90:10 er 88:12
O,N
H
! "PO3Et, & 'P03Et2 & ‘P03E12
OH
OH
210 2.1 212
yield 39% yield 48% yield 51%
er 87:13 er 90:10 (>99:1)2 er 964

without phenolate chelation

H H H
11PO4EL, 1 'PO3EL, HO {1 'POsEt,
OH OH OH

o

MeO OH OMe MeO
213 2.14° 2.159
yield 49% (78%)° yield 15% yield 0%
er 90:1 er 61:39 er nd.

challenging substrates

Br
H
11PO4EL, ' 'P03Et2 PO3Et2
OH OH

3%

'Pr OH
2.16 24179 2.18¢
yield 0% yield 21% yield 14‘?
er nd. er nd er nd.

¢ Enantiomeric ratio after recrystalhzatlon from CH,Cl,. ” Reaction run
on 5.0 mmol scale. ° NMR yield. ¢ EtOH, 1.2 equiv. phosphite.
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produced a marked improvement in enantioselectivity (entry 2).
Using diethyl phosphite, the reaction proceeded with moderate
selectivity in various solvents (entries 3-6), with methanol
providing the a-hydroxyphosphonate 2.1 in 47% NMR yield and
87:13 er (entry 7). The use of diisopropyl phosphite was also
evaluated but showed decreased yield with respect to diethyl
phosphite (not shown). Several other box, py(box), and inda(-
box) ligands were screened (see SI for additional optimization
details), but no other ligand further improved the observed
enantioselectivities. A solvent screen revealed that protic
solvents gave markedly higher rates of conversion and selec-
tivities, with isopropanol and ethanol outperforming other
branched and straight-chain alcohols. This trend in coordi-
nating solvents is in agreement with other (box)Cu(u)-catalyzed
aldehyde additions.*® Lowering the reaction temperature to 0 °C
reduced conversion and yield by 10% and had no impact on the
enantioselectivity. Increasing the reaction temperature or
extending the reaction times also did not produce a significant
change to the enantioselectivity. The catalyst loading could be
reduced to 5 mol% with no impact on enantioselectivity;
however, increased catalyst loadings enabled full conversion of
starting material while only requiring 1.5 equivalents of phos-
phite at 0.5 M (entry 9). Ultimately, isopropanol was used
instead of ethanol due to increased conversion and consistency
across all substrates. Small amounts of dichloromethane as
a cosolvent were found to promote more complete conversion of
starting material with negligible effect on enantioselectivity
(entries 11 and 12).

The system tolerated both electron-poor and electron-rich
arenes as well as various substitution patterns on the arene,
providing a-hydroxyphosphonates in moderate to good yields

H
\ o EtO‘ OEt
Me, @P\
OH T ? T
=0 | N
AR O wN o =0~y )
/ \ LCug ) - o~ SN
. + 071N =7
>70 l  2HOAC - >
o OEt M (indabox)Cu-A
SP=0OFEt e = putative ternary activated
ﬁ complex
P3 = nucleophilic addition to X-
type ligand?
catalyst
1.11 th
CH,Cly, 1t H N
Br. )
o T "
O, | «N
Br\ et ) _
0) N
7Br \ |
O
Br H
Cu(indabox)(1.11),
211 (EtO)zPOH
CHCl/ProH CCDC 2475547
t, 22 h
yield® 27%
er 88:12

Fig. 1 Simplified mechanistic scheme and a test of ligand exchange.
2 Yield determined by *H NMR spectroscopic analysis using mesitylene
as an internal standard.

Chem. Sci.

View Article Online

Edge Article

with enantiomeric ratios equal to or exceeding 87:13, with
most products equal to or exceeding 90:10 er (Table 2). The
enantiomeric ratio of a-hydroxyphosphonate 2.11 was further
upgraded by recrystallization from dichloromethane, affording
the desired product as a single observable enantiomer by chiral
HPLC. The reactions could be scaled up to at least 5.0 mmol
scale without detriment to the yield or enantioselectivity of the
transformation. Arenes with substitution at the 6-position
proved challenging in this system (2.16-2.18), likely due to
steric crowding during phosphite addition.

The configuration of the new asymmetric center was estab-
lished as (S) through an X-ray diffraction study of a derivative
(vide infra). This stereochemical outcome constitutes a reversal
in aldehyde enantiotopic facial preference relative to prior art,*
indicating a probable change in stereocontrol mechanism. The
unique nature of the salicylaldehyde electrophile emerged as
the most probable source of this stereochemical reversal. As
a point of departure, we formulated a simple mechanism for
evaluation. Twofold X-ligand exchange in the (indabox)
Cu(OAc), complex with one equivalent each of salicylaldehyde
and diethyl phosphite was proposed to liberate HOAc (2 equiv.)
and create the reactive ternary complex (indabox)Cu-A (Fig. 1).
Maximal LUMO-lowering Lewis acid activation of the carbonyl
should occur in the ligand plane and optimal HOMO-raising
activation of the nucleophilic phosphite should be realized in
the apical site, consistent with precedent and established
trends with Cu(u).*” When the (indabox)Cu(OAc), complex was
treated with 3,5-dibromosalicylaldehyde (1.11, 2 equiv.), the
crystalline bis(phenolate) octahedral complex (indabox)
Cu(1.11), was obtained through X-ligand exchange (Fig. 1). As
expected, based on Jahn-Teller considerations,*** the pheno-
late ligands lie in the ligand plane while the chelating aldehydes

major (si face addition)
OEt
Eto~|5/0 T

o N
RQ?);CU;T) — ()

minor (re face addition)

0 o5 )|
~E\

AG? 5 = 0 keal/mol AGE 5 = 1.6 keal/mol

EtO OEt EtO OEt
\/ \ 7/
0-P P-0
/ \
c c
0—"Cu=g o0-Ci~p

) 7/
<= 22

B “ N PQ
@ L 0
L 90 X “ Q\ _”ﬂ.,ji..
e I% el ){. 'V 59
o P oD ° &y
e - -
® " \\’ wm‘ 4
“1g S WGoF
\ J}’ b} @

Fig. 2 Density functional theory-(DFT) calculated transition states for
enantioselectivity-determining step of the of Pudovik reaction.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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reside in apical sites. Admixture of this complex with diethyl
phosphite led to the Pudovik adduct 2.11. The direct outer
sphere addition of phosphite to (indabox)Cu(1.11), was deemed
unlikely: the re-face of the aldehydes is more exposed for
nucleophilic attack in this complex, which would lead to the
minor (R)-product.

Carbonyl additions via the ternary complexes were evaluated
using density functional theory at the level of M062X approxi-
mate functional and a compound Pople basis set in chloroform
solvent (Fig. 2, see the SI for additional details). Visual inspec-
tion suggested differences in steric crowding for phosphite
approach in the cyclic diastereomeric transition states, and the
impact of these interactions was reflected in the lower calcu-
lated barrier for addition to the si-face (AAG* = 1.6 kcal mol ).
The analysis is predicated on a pre-equilibrium isomerization
away from the more stable geometric isomer into one that is
more reactive, intersecting with a more typical model of in-
plane coordination of chelating substrates for Cu(u).®® The
absolute barrier for the P-C bond forming step is quite low
(8.6 keal mol ') despite the fact that nucleophilic addition to an
anionic (X-type) ligand is obligatory.

To examine if the product could be acting as an additional
stereodifferentiating ligand, we simulated the reaction at 50%
conversion in the presence of freshly prepared catalyst (at the
same concentration as our optimal conditions) using enantio-
enriched 2.1. The reaction proceeds to completion with no
effect on stereoselectivity, indicating that the presence of
enantioenriched  product does not influence the
stereoselectivity-determining step. The ortho-phenol proved
critical for the title reaction to proceed: poor yield and
enantioselectivity was observed with 2-methoxybenzaldehyde
and 0% yield with p-vanillin (2.14 and 2.15). These observations
further underscore the importance of covalent substrate
activation.

Relaying chirality through a tandem dearomatization/
cycloaddition sequence

With a developed method to access enantioenriched phenolic a-
hydroxyphosphonates, we began investigating the behavior of
these products in oxidative dearomatizations. Adaptation of
Adler-Becker reactions conditions from a previous report from
our lab* enabled a one-pot oxidative dearomatization/
acylnitroso Diels-Alder cycloaddition; however, competitive
oxidation of the a-hydroxyphosphonate to the putative corre-
sponding acylphosphonate could not be suppressed. With this
initial success, we examined the scope of suitable dienophiles
and arenes that could be tolerated in this one-pot trans-
formation. Pudovik adduct 2.2 performed well under optimized
reaction conditions, furnishing maleimide adduct 4.1 in 78%
yield and 11:1 dr (Table 3). As anticipated by our hypothesis,
the stereochemical information imparted by the asymmetric
Pudovik reaction was extended in the Adler-Becker oxidation to
the adjacent spirocyclic center and the ensuing cycloaddition
occurred diastereoselectively. The relative stereochemistry of
the cycloaddition was confirmed by X-ray crystallographic
analysis of cycloadduct 4.1, with the Adler-Becker oxidation

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 3 Scope of one-pot Adler oxidation/[4 + 2]-cycloaddition

NalOy4 (1.05 equiv)

RGN B0, H
X \'POsEL _EtNBnCl(5mol %)
— oH =
oH (2-10 equiv) DCE Hy0 (2.5:1)
0°Cto85°C,25h
Dienophile scope
o EtOR H S EtOsE, H
PhN b = 9= MeO.C
— B )0
o7 md No o "gw g
41
yield  78% CCDC 2475545 y|eld 71%
dr 111 dr 1111
rr >20:1
Et,03FE  H EtOsP H qosp H
MeOCz;I&A O: NCZ;I&A :
Me 0 Me o
4.3 4.4
yield 51% yield 49% yleld 74%
dr >20:1 dr  13:1 dr 9:1
rr >20:1 rr >20:1 rr >20:1
u POsEt,
E4OR, } PO3E12 E4OP, i
MeO,C o Me BnOZC\N
MeO,C
Me o Me o} Me
4.6 4.7
yield 27% yield 70% yleld 49%
dr >20:1 dr >20:1 dr >20:1
rr >20:1
Arene scope
PO Et: PO;Et;
E O Me B
H
PhN To) PhN o
(o} (o}
o o
4.9 4.107 4.112
yield 53% yield 89% yield 90%
dr >20:1 dr 121 dr 10:1

¢ The reaction was performed at 0.03 M.

occurring stereoselectively and the subsequent cycloaddition
occurring exclusively syn to the epoxide oxygen.*

Efforts to expand the scope to higher LUMO dienophiles
were initially met with a few challenges. In addition to
competing with oxidation to the achiral acyl phosphonate, di-
enone dimerization was competitive with the desired [4 + 2]-
cycloaddition. Under standard reaction conditions, dimer 4.7
was isolated in 70% yield in a double diastereoselective cyclo-
addition. We hypothesized that this dimerization may be
reversible at higher temperatures while the desired cycloaddi-
tion may provide a thermodynamic sink to sequester the target
cycloadducts.” Indeed, subjecting the spiroepoxydienone
dimer to 10 equiv. of dienophile at 85 °C produced the desired
Diels-Alder adducts with excellent conversion and high regio-
and diastereoselectivities. Oxidation occurred in under 3 h at 0-
23 °C, at which point a dienophile could be added and the
temperature raised to 85 °C to promote monomerization and
the desired [4 + 2]-cycloaddition. Under these modified condi-
tions, both normal and inverse-electron demand Diels-Alder
cycloadducts were accessed in good yields and selectivities.
Performing the reaction between 0 and 23 °C enabled access to
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Evaluation of oxidants for Pudovik adduct 2.6

MeO
H
2 (' 'PO3Et, B
o on " |
(0] OH oM
H MeO ] ¢
(+)-2.6 H
(' 'PO3Et, (. POsEL,
OH o
o e}
()-5 (+)-6.1
i 0
observed by "H NMR yield 97%
PIDA oxidation and cycloadditions of Pudovik adduct 2.5
MeO OMeQ
H MeO H
.n.[P] “"[P]
+)-.
s —= MeO OH ~~ MeO o
2 OMeO g’HOJ-H
[P] = PO4Et, [P]
(£)-6.2 (+)-dimer-6.2
o
MeO
c NPh
MeO
yield 53% 0’HO—H O
dr >20:1 POSEt,
()7

Pudovik adduct 2.13 enables access to monomeric dienone 6.3

Br, Br
H b H
POEt, —= POSEt,
OH OH
Med  OH MeO™ J\1e0
(#)-2.13 (£)6.3
yield 85%

Scheme 2 Exploration of PIDA as alternative phenol oxidant. (a)
NalOy4, DCE : H,O (2.5:1), TEBACL 0 to 23 °C, 3 h. (b) PIDA, MeOH, 0 to
23 °C, 20 min. (c) N-Phenylmaleimide, CH,Cl,, 150 °C, 3 h.

acylnitroso Diels-Alder adduct 4.8 in 49% yield as a single
diastereomer and regioisomer. Maximum efficiency in the
nitroso Diels-Alder reaction was achieved by dropwise addition
of a hydroxycarbamate solution to a chilled mixture of starting
material with excess sodium periodate, establishing an excess
of diene relative to the active nitroso species, which has a very
short lifetime.**”"”> While alkyl-substituted arenes were well-
suited in this platform, unproductive reactivity was observed
when using either of the methoxy-substituted Pudovik adducts
(2.5 and 2.6), presumably due to formation of the corresponding
quinone species (e.g. quinone (+)-5, Scheme 2). Brominated
arenes 2.9 and 2.11 also underwent oxidation and cycloaddi-
tion; however, bromide displacement during oxidation led to
complex reaction mixtures and incomplete conversion. Despite
these substrate constraints, this method addresses the major
limitations of our initial report,* providing comparable prod-
ucts in enantioenriched fashion and demonstrating an expan-
sive scope of suitable dienophiles for this dearomative
manifold.

In complementary investigations, o-hydroxyphosphonate
(£)-2.1 underwent dearomative oxidation by PIDA in methanol
to give 2,5-cyclohexadienone (+)-6.1 in 71% yield (not shown).
Under similar conditions, a-hydroxyphosphonate 2.6 could also
be dearomatized to give dienone (+)-6.1 in 97% yield. Sus-
pecting that the regioselectivity of this oxidation might be
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heavily influenced by arene substitution patterns,* we sub-
jected a-hydroxyphosphonate (+)-2.5 to the same conditions to
afford dimerized (+)-6.2. We anticipated that dienone (+)-6.2
might behave similarly to the spiroepoxydienones with respect
to cycloaddition reactivity. Indeed, heating of dimeric (+)-6.2 at
150 °C in the presence of N-phenylmaleimide provided the
desired cycloadduct (£)-7 in 53% yield as a single diastereomer
after purification. While this experiment demonstrated the
propensity of these substrates to undergo both a reversible
dimerization and a diastereoselective [4 + 2]-cycloaddition, we
desired a platform that would enable cycloadditions to proceed
under milder conditions.

2-Methoxy-4-substituted phenols oxidize to the correspond-
ing 2,4-cyclohexadienones and dimerize much more slowly than

Table 4 Scope of [4 + 2]-cycloaddition with racemic dienone (+)-6.3

Br,

H X=Y (2-10 equiv) MeQ
(WPOsEty —0 Y,
oH CH,Cl, (0.1 M), 1t MeO %
MeO HOX “H
OMe O o
(£)63 POsEt,
Dienophile scope
Br Br “
o] o & ‘(ﬁ
MeO MeO A -
NPh NBn L \ o
MeO MeO = ¢ AT
o’HOX—-H © FHoX H O
ug o
POsEt, POSEt, vl L
(£)-8.1 (#)8.2 e T
yield 63% yield 66% CCDC 2475546
dr >20:1 dr >20:1

challenging substrates

Br

MeO
MeO CN
7HOX —H
PO3Ety PO3Et, PO3Et,
(+)-8.37 (+)-8.4° (+)-8.5°
yie:jd §g°/; yield  40% yield?  56%
r N

mixture of isomers mixture of isomers

Acrylate [4 + 2] and Cyclization

R Br
}\ MeO
()63 COMe o
MeO
[P1= POsEt CH,Cl, G1PI-\ L oH OMe
R
H
Br Br cat. TSOH
MeQ MeQ
(0] (0]
MeO MeO Br
o IPIN+0 o’IPIN+0 MeO
H Me
H 0o
MeO
()86 ()87 SN TG
yield 61% yield 66% "?
dr >20:1 dr >20:1 H

@2 equiv. X=Y. ? CbzNHOH (1.1 equiv.), CuCl, (0.1 equiv.), 2-ethyl-2-
oxazoline (0.2 equiv.), air, 23 °C, 21 h. ©40 °C, 28 h. 4 Yields
determined by "H NMR spectroscopic analysis using mesitylene as an
internal standard.
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the corresponding 4-unsubstituted phenols.” Aryl a-hydrox-
yphosphonate (£)-2.13 was subjected to PIDA oxidation condi-
tions to afford ortho-quinone monoketal (+)-6.3 in 85% yield.
Dimerization of this compound was slow in the solution phase
and could be mitigated by immediate isolation to give mono-
ketal (+)-6.3 as a crystalline solid. Subsequent [4 + 2]
cycloadditions with normal-electron demand dienophiles pro-
ceeded well, furnishing cycloadducts (£)-8.1-8.3 in good yields
and good to excellent diastereoselectivities (Table 4). Given the
promising preliminary data using a-hydroxyphosphonate
(£)-6.3 with the maleimide and PTAD dienophiles, we screened
a nitroso carbamate dienophile and acrylonitrile ((+)-8.4 and
(£)-8.5); however, these cycloadditions proved to be poorly di-
astereoselective and regioselective, giving complex mixtures
that could not be purified further. Cycloadditions with methyl
acrylate and methyl methacrylate proceeded smoothly, afford-
ing a mixture of the predicted cycloadduct and the corre-
sponding lactonized products (+)-8.6 and (+)-8.7. The addition
of catalytic quantities of p-toluenesulfonic acid (TsOH) to the
reaction mixture converted the intermediate hydroxy esters to
the lactones, which were isolated in 61% and 66% yields,
respectively.

In contrast to quinone monoketal (£)-6.3, the enantio-
enriched dienone (S)-6.3 did not readily crystallize, even upon
purification. The corresponding oil dimerized upon standing at
room temperature; however, this challenge was addressed by

Table5 Scope of one-pot [4 + 2]-cycloaddition with enantioenriched
Pudovik adduct 2.13

Imide scope
Br
H PIDA, MeOH;
(1 POsEt;, —————————————>
OH then X=X
MeO OH o N o
213 R
CH,Cl,
Br Br
(o] [e]
MeQ MeQ
NPh NBn
MeO MeO
G7HOX H O G7HOX H O
PO;Et, POsEt,
8.1 8.2
yield 53% yield 55% yield 67%
dr >20:1 dr >20:1 dr 121
Acrylate [4 + 2] and Cyclization
Br
MeQ
213 PIDA, MeOH; (o]
= R MeO
[P1=POsEt  gpop /J\ , CH,Cl, &7TP1\.-OH OMe
CO,Me uR
Br B, cat. TsOH
MeO MeQ
(o] (0] B
MeO MeO "
o’[P1 lli ] o’IP] ’\,/I o MeO
H HYe o
8.6 8.7 MeOo - 5
yield  40% yield  38% R
dr  20:1 dr >20:1 H
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devising a one-pot oxidative dearomatization/[4 + 2]
cycloaddition sequence. This strategy enabled the synthesis of
enantioenriched cycloadducts in good yields and moderate to
excellent diastereoselectivities (Table 5). This one-pot process
enabled access to enantioenriched cycloadducts 8.1-8.3, all
with comparable yields to those reactions performed in two
steps with the racemic material. The acrylate cycloadditions
also proceeded smoothly in one-pot fashion, providing lactones
8.6 and 8.7 as single diastereomers in synthetically useful yields
upon subjecting the crude reaction to catalytic quantities of
TsOH. The enantioenrichment of the cycloadduct 8.7 matched
that of the starting material, confirming that no racemization
occurred during the oxidation or cycloaddition. This PIDA
oxidation/[4 + 2]-cycloaddition sequence offers a complemen-
tary strategy to access cycloadducts bearing enantiomeric
carbocyclic cores relative to the products from the Adler-Becker
chemistry.

Complementary oxidation pathways reveal distinct
mechanisms of stereoinduction

The influence of the stereogenic center established during the
enantioselective phosphite/salicylaldehyde addition manifests
itself in different ways depending on the chosen oxidant. For
the Adler-Becker oxidation, the stereochemical outcome can be
understood in stages (Fig. 3a). First, the cyclic I(VII) interme-
diate II-NalO, can lead to diastereomeric products depending
on the illustrated gray or blue 90° bond rotation between the
arene-benzylic C-C bond during the oxidative cyclization that
extrudes the reduced I(V) fragment. The stereochemical relay to
the ipso-carbon is highly selective, possibly due to a preference
for the ¢trans-phosphono epoxy ketone in the favored path.”*”* In
the second stage, the diastereotopic faces of III are sterically
differentiated in a manner that precludes reagent approach syn
to the phosphonate, thereby completing the stereochemical
relay from the ipso-carbon to the asymmetric centers estab-
lished in the cycloaddition.

The diastereofacial preference exhibited by hydrox-
yphosphonate dienones was ascertained by X-ray crystallo-
graphic analysis of cycloadduct (£)-8.2. Computational
investigation suggested that hydrogen bonding between the o-
hydroxyphosphonate and the incoming dienophile dictated the
facial selectivity of the cycloaddition (Fig. 3b, directed model).
Substrate pre-organization through internal chelation (Fig. 3b,
internal chelate model) does not figure prominently as
a stereocontrol feature (AAG* = 0.5-3.0 kcal mol *, see Table S4
for more details). Exocyclic hydroxyl-directed cycloadditions
have been reported;”*”” however, this mode of selectivity
generally requires a metal chelating agent to strengthen the
interaction between the exocyclic alkoxy group and the
incoming dienophile to achieve high selectivity.”**° A previous
study from our own laboratories also suggests the hydrogen
bonding through an exocyclic hydroxyl group can influence
diastereoselectivity; however, the exact consequences of addi-
tional substitution appear system-dependent.*”

The hydrogen-bonding hypothesis is further corroborated in
this work by the decreased selectivity observed with acrylonitrile
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Fig. 3 (a) Steric constraints imposed by the rigid dialkoxyphosphinyl

epoxide govern the facial selectivity of the cycloaddition. (b)
Hydrogen-bonding between the a-hydroxyphosphonate and the di-
enophile directs facial selectivity of the cycloaddition.

adduct (+)-8.5, since this dienophile is unlikely to participate in
the same degree of hydrogen bonding in the cycloaddition
transition state as those dienophiles in the maleimide and
acrylate cycloadditions. We hypothesize that the a-hydrox-
yphosphonate acts as a strong directing group due to enhanced
acidity and hydrogen bond donor capability of the hydroxyl
proton relative to that of an aliphatic or benzylic alcohol.

Leveraging the o-hydroxyphosphonate as a functional handle

To demonstrate the practicality of the described enantio-
selective dearomatization strategy, we desired a method that
would leverage the a-hydroxyphosphonate as a diversifiable
functional group. There exist several literature precedents for
both the reductive epoxide opening and phosphonate expulsion
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EtOsP 4

> o
a o P b
41 ~ BhN OH . PhN Z OH
yield 92% H yield 64% o

dr 51 07 4 Me o]
10 "

Br Br

c MeO d

81 ——
yield 77% MeO o Vvield 51%
o] o o

Et,04P
12 13

Scheme 3 Phosphite removal through reductive and oxidative paths.

(@) Zn/AcOH, MeOH; (b) LIHMDS, TMSCL; then TFA, EtOH; (c) DMP,
CH,Cl,; (d) Cu(OTf),, MeOH.
tranformations;***  however, single-electron reductants

including Cp,TiCl and SmI, proved inadequate for promoting
keto epoxide opening.*” Instead, Zn/AcOH proved effective in
opening epoxide 4.1 to the corresponding o-hydrox-
yphosphonate 10 in excellent yield and modest di-
astereoselectivity.®® While the diastereomers were separable by
chromatography, the selectivity proved inconsequential for
phosphite removal in the subsequent step. The reported alka-
line retro-Pudovik conditions®*' resulted in elimination of
water and formation of a vinyl phosphonate species. To
circumvent this competitive elimination, we developed an
alternative procedure wherein deprotonation of intermediate 10
with excess LIHMDS and trapping of the a-alkoxyphosphonate
with 1.2 equivalents of TMSCI provided the corresponding B-
keto aldehyde 11 in 64% yield (Scheme 3), which existed
predominantly as the enol tautomer. In contrast, the more
sterically congested cycloadduct 8.1 could be oxidized to the
corresponding acyl phosphonate 12, which proved unexpectedly
recalcitrant to nucleophilic acyl substitution.”® To address that
challenge, we developed a Cu(u)-catalyzed esterification that
proceeded to afford methyl ester 13 in 51% yield.

Conclusions

In summary, we have developed a platform for the enantio-
selective dearomative functionalization of salicylaldehydes
using an integrated asymmetric catalysis/oxidative dearomati-
zation sequence. Stereodefined salicyl a-hydroxyphosphonates
were synthesized using a new catalytic asymmetric Pudovik
reaction. We anticipate that the reported Cu(u)-catalyzed
transformation will inform further development of new
enantioselective nucleophilic additions to salicylaldehydes. In
the latter half of the described strategy, oxidative dearomatiza-
tion enabled diversification of the phenolic cores to access
distinct classes of enantioenriched cycloadducts with excellent
diastereo- and regiocontrol. Lastly, we demonstrated the
removal of the phosphonate functionality to access densely
functionalized and stereochemically complex polycyclic scaf-
folds with ample functionality for applications towards complex
molecule synthesis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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