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ABSTRACT: The combination of an in situ formed MnL;
complex (HL = Hacac or R(C=0)CH,CO,R) and a chiral
phosphoric acid HX* allows for a fully catalytic, asymmetric
synthesis of 4H-chromenes starting from 2-alkyl-substituted
phenols. The aerobic oxidation toward a transient ortho-
quinone methide was efficiently catalyzed by a manganese(III)
species MnL; while the ensuing Michael addition of p-
dicarbonyl compounds proved to be catalyzed by a chiral
manganese phosphate MnL,X*.

lthough ortho-quinone methides (0-QMs) have been

known since 1907' and have been shown to play an
important role in many biological processes, they have only
recently come into focus as viable intermediates in synthetic
organic chemistry.” Featuring a highly reactive 1-oxabutadiene
system they have been employed in [4 + 2]-cycloadditions,
Michael additions, and 67-electrocyclizations. In recent years a
broad variety of asymmetric processes have been developed to
fully exploit their synthetic potential.” In general, 0-QMs can be
formed in situ by various procedures, e.g. by thermolysis,”
photolysis,® tautomerization,’ oxidation,” and acid- or base-
mediated’ transformations. Out of this potpourri of methods,
the oxidative approach occupies a special role because it is the
only way to obtain stable and isolable 0-QMs.® Accordingly,
they have proved to be a valuable testing ground for the
diversification of 0-QMs through catalytic, enantioselective
ensuing transformations. One-pot procedures combining the
oxidative generation of an 0-QM and subsequent functionaliza-
tion, especially in a catalytic and asymmetric fashion, have only
been reported in select cases, but typically require super-
stoichiometric quantities of a metal-based oxidant.”

In recent years our group has developed a number of
Bronsted acid catalyzed processes for the highly enantiose-
lective synthesis of nitrogen and oxygen heterocycles from in
situ generated 0-QMs."° For the latter, we started from ortho-
hydroxy benzhydryl alcohols 1, which were easily dehydrated
with chiral BINOL-based phosphoric acid HX*'" to form o-
QMs of structure 2, and we reacted them with various 7z-
nucleophiles. For example, the reaction with p-diketones §
furnished 4H-chromenes 3 with excellent enantioselectivity
(Scheme 1).'® The chiral phosphoric acid triggered the
dehydration toward the 0-QM intermediate 2 and controlled
the enantioselective Michael addition of the #-diketone § at the
same time.
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However, some very electron-rich ortho-hydroxy benzhydryl
alcohols 1 decomposed rapidly before a productive reaction
could occur. We reasoned that an oxidative approach starting
from more stable 2-alkyl-substituted phenols 4 could
significantly expand the substrate scope of the Michael addition
(Scheme 1).

Herein, we report the successful execution of this strategy
which features a relay catalysis approach with two different, in
situ generated metal catalysts and establishes a catalytic
oxidative access to 0-QMs using oxygen as a cheap terminal
oxidant.

Our investigation commenced with the model reaction of 2-
(4-methoxybenzyl)-sesamol (4a) and 1,3-cyclohexanedione
(5a) as substrates in the presence of the chiral phosphoric
acid HX* which was previously identified as the most selective
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chiral catalyst for the conjugate addition of f-diketones.'”* The
examination of known oxidants for the in situ synthesis of o-
QMs proved disappointing (Table 1). Whereas DDQ_and

Table 1. Screening of Oxidants”

1) HX* (56 mol %) PMP O
ox1dant solvent ) 2
R
< 2) pTsOH @0 mol %) < |
CHCl3 1h,40°C O 0" "R
5aR = —CHZCHZCHZ— 3aa R = -CH,CH,CH,-
5b R =Me 3ab R =Me
entry oxidant (equiv) s solvent  yield (%)” er’
1 DDQ (22) 5a  CH,C, 17 92:8
2¢ Ag0 (15) sa  CHCI 19 82:18
3 MnO, (5.0) Sa  PhMe 37 54:46
4 K;[Fe(CN)g] (2.2) sa  PhMe 0 -
S Mn(acac); (2.2) - CHCI, 50 57:43
6 Mn(acac); (2.2) Sb CHCl, 68 69:31
7 Mn(acac), (0.1), O, Sb CHCl, 81 85:15
8 Mn(hfacac), (0.1), O, Sb CHCl, 0 -
9 Mn(dpm), (0.1), O, sb  CHCI 76 78:22
10 Mn(dbm); (0.1), O, sb  CHCL 80 86:14

“Reaction conditions: sesamol 4a (0.1S mmol, 1.0 equiv), nucleophiles
5a/b (1.5 equlv), catalyst HX* (5 mol %), oxidant, 1.2 mL of solvent
12-36 h, rt. “Isolated yield. “Determined by chiral HPLC. %40 °C.
“4H-Chromene 3aa was directly obtained after step 1. PMP = para-
methoxyphenyl, DDQ_= 2,3-dichloro-5,6-dicyano-1,4-benzoquinone,
Hacac = acetylacetone, Hdpm = dipivaloylmethane, Hhfacac =
hexafluoroacetylacetone, Hdbm = dibenzoylmethane.

Ag,O gave rise to the desired product 3aa with good
enantioselectivity, the yields were low in both cases (entries 1
and 2). MnO, proved to be more effective in terms of yield;
however, a significant loss of asymmetric induction was
observed (entry 3). No reaction was noticed with K;[Fe(CN)]
as oxidant (entry 4). In all four cases a heterogeneous reaction
medium was generated, and we speculated that a soluble
oxidant might improve the efficacy of this transformation.

Hence, we concentrated on Mn(acac); as oxidant which
upon reduction to Mn(acac), would also liberate 1 equiv of
acetylacetone (Sb) as the nucleophile for the subsequent
Michael addition. To our delight, the desired product 3ab was
isolated in 50% yield using 2.2 equiv of this complex (entry
5)."" The addition of another 1.5 equiv of acetylacetone (5b) to
the reaction mixture further increased the overall yield to 68%
(entry 6)."* At this point we hypothesized that an interference
of the manganese complex with the phosphoric acid might be
causing the observed erosion of enantioselectivity compared to
the reaction with DDQ as oxidant. Indeed, reducing the
amount of Mn(acac); to 10 mol % and using oxygen as the
terminal oxidant not only increased the yield and enantiomeric
excess of 4H-chromene 3ab but also altered the overall process
to a catalytic protocol (entry 7).

As a final parameter the nature of the B-dicarbonyl ligand of
the oxidation catalyst was optimized. To ensure that this
reaction was not limited to acetylacetone (5b) as a nucleophile,
several manganese precatalysts were tested. These complexes
were decorated with dummy ligands which should not react
with the 0-QM itself due to either electronic (entry 8) or steric
factors (entries 9 and 10), but could be replaced by the
nucleophile (e.g, Sb) to generate the active catalyst. It turned
out that the use of Mn(dbm); (Hdbm = dibenzoylmethane) as
a precatalyst perfectly matched our expectations and gave

identical results as in the Mn(acac);-catalyzed reaction
(compare entries 7 and 10).

After the identification of Mn(dbm);/O, as a superior
catalytic system for the oxidative generation of 0-QMs, we
revisited all other reaction parameters (solvent, temperature,
concentration, equivalents of nucleophile, phosphoric acid
catalyst) and screened several additives (see Supporting
Information). As a result, the optical purity of product 3ab
could be slightly improved by reducing the amount of chiral
phosphoric acid HX* to 3 mol % and by diluting the reaction
mixture (Scheme 2). The robustness of this method was

Scheme 2. Substrate Scope”
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“Reaction conditions: sesamols 4a—k (0.15 mmol, 1.0 equiv),
acetylacetone (5b) (1.5 equiv), catalyst HX* (3.0 mol %), Mn(dbm),
(10 mol %), 2.4 mL of CHCl,, 24 h, rt; isolated yields after column
chromatography; er determined by chiral HPLC. bAbsolute
configuration was determined by comparison with our previous
results;'** see Table 2. “1 mmol scale, air as oxidant.

documented by running the reaction in an open flask on a 1
mmol scale and using air as the oxidant. Both the yield and the
enantiomeric excess of 3ab remained constant under these
conditions (Scheme 2).

With these optimized reaction conditions in hand, the
process could easily be applied to a variety of 2-benzyl-
substituted sesamols 4a—g. Electron-donating and -withdraw-
ing substituents in the para-position as well as methoxy- and
alkyl-substituents in the meta- and ortho-positions of the benzyl
substituent were well tolerated, and the products 3ab—gb were
isolated in good yields and optical purities. Interestingly, 2-
alkyl-substituted sesamols 4i—k could also be converted to the

DOI: 10.1021/acs.orglett.7b02185
Org. Lett. XXXX, XXX, XXX—XXX


http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02185/suppl_file/ol7b02185_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.orglett.7b02185/suppl_file/ol7b02185_si_001.pdf
http://dx.doi.org/10.1021/acs.orglett.7b02185

Organic Letters

corresponding 4H-chromenes 3ib—kb without affecting the
overall outcome of the reaction.

The catalytic protocol using Mn(dbm);/O, for the
generation of the 0-QMs is not only limited to acetylacetone
(5b) as a nucleophile. Several fB-ketoesters Sc—e could be
submitted to the reaction as well. Yields remained good, but the
enantioselectivity decreased significantly (Scheme 3). Further-

Scheme 3. Substrate Scope”
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“Reaction conditions: phenols 4al—-n (0.15 mmol, 1.0 equiv),
nucleophiles Sb—e (1.5 equiv), catalyst HX* (3.0 mol %), Mn(dbm),
(10 mol %), 2.4 mL of CHCl,, 24 h, rt; isolated yields after column
chromatography; er determined by chiral HPLC. PMP = para-
methoxyphenyl.

more, no product was formed using 1,3-cyclohexanedione (Sa)
as the nucleophile. Phenols with 3,4-methoxy substituents
instead of the 3,4-dioxolane ring were tolerated as substrates as
well but furnished 4H-chromenes 3lb—nb in moderate yields
and rather low enantioselectivity (Scheme 3).

In order to gain a deeper understanding of the reaction
mechanism we performed several control experiments. First, we
tackled the obvious question of whether the Michael addition
of the nucleophile to the 0-QM was catalyzed by the
phosphoric acid itself or rather by a manganese phosphate
complex (Table 2). Indeed, when the stable 0-QM 2a was
treated with acetylacetone (Sb) in the presence of phosphoric
acid HX*, product 3ab was obtained, but with an inverted
absolute configuration compared to the same reaction with
Mn(acac); (entries 1 and 2). This switch in enantioselectivity
has been observed before and occurs when metal phosphates
act as catalysts instead of the corresponding chiral phosphoric
acid."* The conclusion that Mn(acac),X* was in fact the active
catalyst for the Michael addition was further supported by using
Mn(acac),X* as a separately prepared chiral catalyst which
provided product 3ab with comparable selectivity (entry 3)."
In addition, it could be shown that Mn(acac); (generated from
Mn(dbm); and acetylacetone (5b)) was also capable of
catalyzing the examined Michael addition (entry 4).

Next, the overall process starting from sesamol 4a as a
substrate was examined. No differences were observed when
phosphoric acid HX* was replaced by the aforementioned
manganese phosphate complex as a chiral catalyst (compare
entries S and 6). Interestingly, employing solely Mn(acac),X*
in the presence of acetylacetone (Sb) did not catalyze the
desired transformation and starting material 4a was completely
reisolated which indicated that the manganese phosphate

Table 2. Control Experiments”

PMP
O =
<o o 0 1) catalyst, CHClj, PMP O
2a Oy 1t "
or + Me —M > O Me
PMP 2) pTsOH (20 mol %) < \
o 0% "Me CHCl3, 1h, 40 °C o) 0" Me
< 5b 3ab
o OH
4a
entry 2/4a catalyst t (h) yield (%)b er’
1 2a  Hx* 4 91 8:92
2 2a Mn(acac),” + HX* 24 82 75:25
3 2a  Mn(acac),X*" 4 97(9s") 7327
4 2a  Mn(dbm),? 4 94 50:50
5 42 Mn(dbm)," + HX* 24 79 87:13
6 42 Mn(dbm),€ + Mn(acac),X* 24 80 87:13
7 42 Mn(acac),X* 24 0 -
8 4a Mn(acac),’ + HX*9 24 77 81:19

“Reaction conditions: substrate 2a/4a (0.15 mmol, 1.0 equiv),
acetylacetone (5b) (1.5 equiv), catalyst, 2.4 mL of CHCl;, O,, rt
bIsolated yield. Determlned by chiral HPLC. 5 mol %. “10 mol %.73
mol %. €7 mol %. "Under argon atmosphere. PMP = para-
methoxyphenyl.

complex did not catalyze the initial oxidation (entry 7). Finally,
it was shown that the catalytic process could be initiated from
Mn(acac), by aerobic oxidation (entry 8).

Based on these mechanistic investigations, we draw the
following picture of the process in solution (Scheme 4): First,

Scheme 4. Mechanistic Considerations
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the ligands of the manganese precatalyst Mn(dbm), are
replaced by acetylacetone (Sb). 30% of the so formed
Mn(acac), further reacts irreversibly with the phosphoric acid
HX* to give rise to the mixed manganese phosphate complex
Mn(acac),X*. This complex acts as an effective chiral catalyst
for the Michael addition of acetylacetone (5b) toward the o-
QM 2a but is not capable of phenol oxidation and 0-QM
formation. For this task, the remaining Mn(acac), is required,
and the oxidation catalyst is regenerated by oxygen as the
terminal oxidant.

In general, the nature of the oxidation as well as Michael
addition catalyst (MnL; and MnL,X*) depends on the
structure of the applied nucleophile (5) because the f-
dicarbonyl compound also functions as a ligand for the
manganese complexes. This could explain the differences
observed when f-ketoesters Sc—e are used as reaction partners
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instead of acetylacetone (Sb). Additionally, 1,3-cyclohexane-
dione (5a) is not able to act as a bidentate ligand due to its
cyclic structure and neither the active oxidation catalyst nor the
manganese phosphate are formed, eventually resulting in no
product formation.

In conclusion, we have developed a novel protocol to
synthesize electron-rich 4H-chromenes 3 using a relay catalysis
strategy. The approach comprises a catalytic, aerobic oxidation
of 2-alkylphenols 4 toward a transient 0-QM 2 which was
trapped subsequently in a catalytic Michael addition with f-
dicarbonyl S. These two central steps were catalyzed by two
coexisting manganese complexes which were generated in situ
from the precatalyst Mn(dbm); in the presence of a phosphoric
acid HX* and an excess of the S-dicarbonyl 5. A species of the
generalized structure MnL; appeared to be the oxidation
catalyst whereas the manganese phosphate complex MnL,X*
controlled the enantioselective Michael addition. The reaction
was found to be very sensitive to structural changes within the
phenolic substrate and the $-dicarbonyl compound. Studies to
further elucidate the exact oxidation mechanism and expand the
substrate scope are currently underway in our laboratories.
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