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ABSTRACT: A highly efficient asymmetric synthesis of dihy-
dronaphthalenes is disclosed. The process represents a hew addi-
tion to the limited asymmetric reactions of isobenzopyryliums, a
family of versatile 10z aromatic species. Excellent asymmetric in-
duction can be achieved for the first time without an anchoring
group in the 4-position or a metal catalyst that were both required
previously in these reactions. The success is attributed to the unu-
sual chiral counter anion (meanwhile also the nucleophile) gener-
ated in situ from the chiral phosphate and the boronic acid as well
as the leaving group. Preliminary control experiments provided im-
portant insight into the reaction mechanism.

1,2-Dihydronaphthalenes represent an important structural motif
in many natural products and biologically active molecules, such
as podophyllic aldehyde and pycnanthulignenes A-D.! They are
also important synthetic intermediates toward various tetrahy-
dronaphthalene molecules (e.g., natural product podophyllotoxin).t
Consequently, many strategies have been developed for their syn-
thesis (achiral or racemic).? However, regarding their asymmetric
synthesis, for a long time the traditional dearomatization of elec-
tron-deficient naphthalenes represents the major approach, which
not only suffers from limited substrate scope (electron-deficient),
but also requires the use of either chiral auxiliary or stoichiometric
chiral ligands.® Indeed, truly catalytic asymmetric approaches re-
main scarce. Among the few known approaches, the desymmetri-
zation of oxabenzonorbornadienes is probably the most explored.*
Therefore, additional catalytic asymmetric strategies remain in
high demand. Here we report an efficient organocatalytic approach
using isobenzopyrylium ions.

Isobenzopyrylium ions are a family of versatile species, serving
as key intermediates or substrates in a range of useful reactions.>”
Their unique reactivity and stability are probably owing to the 10z-
electron aromatic structure. However, unfortunately it is also this
aromatic planar structural feature that impedes the development of
their asymmetric reactions, presumably due to the lack of obvious
coordination sites to interact with chiral catalysts for efficient chiral
induction. Indeed, catalytic asymmetric transformations of isoben-
zopyryliums are surprisingly underdeveloped, despite their signifi-
cant synthetic utility.” Moreover, in all these limited examples, an
anchoring group, either a metal or a hydrogen bond donor/acceptor
(e.g., OH or O), is required in the 4-position (Figure 1).” The an-
choring group is believed to provide key interaction with the chiral
catalyst/ligand for efficient asymmetric induction. It is also worth
noting that all these reactions employed metal catalysts. In the pre-
sent work, we address the challenge by achieving excellent chiral
induction without an anchoring group (A = H) or a metal catalyst.

Literature: (ref. 7)

wX* 3—» * Anchoring group (A) required for chiral induction

e A = metal or H-bond donor/acceptor (e.g. OH, O7)
o All metal-catalyzed

This work:
e No anchoring group (A = H)
e Excellent chiral induction
* Organocatalytic

isobenzopyrylium
(107, aromatic, planar)

Figure 1. Isobenzopyryliums in catalytic asymmetric reactions.

We began the study with acetal 1aa as the isobenzopyrylium pre-
cursor and (E)-(4-methoxystyryl)boronic acid 2a as the nucleophile.
The chiral phosphoric acid Al was initially employed as the cata-
lyst.8® We were pleased to observe the smooth formation of the
desired dihydronaphthalene product 3a, albeit with moderate effi-
ciency and almost no enantioselectivity (Table 1, entry 1). Dicar-
bonyl 1a-A was also observed, presumably resulting from the de-
composition of acetal laa. Further evaluation of other BINOL-
derived phosphoric acids identified A6 as the catalyst of choice,
providing almost quantitative transformation to 3a with excellent
diastereoselectivity and good enantioselectivity (>20:1 dr, 84% ee,
entry 6). Other solvents (e.g., CHCIs, toluene, ether, MeCN, DCE,
and hexane) could not improve the enantioselectivity. Other acids
derived from spiroindane or VAPOL proved inferior (entries 7-11).

Aiming at further improving the enantioselectivity of the process,
we next evaluated the effect of the acetal leaving group. Interest-
ingly, as shown in Table 2, slightly increased enantioselectivity was
observed with ethylene glycol as the leaving group (1ad). Leaving
groups with a longer alkyl chain or a larger size or protected eth-
ylene glycol could not further improve the results. Subsequent op-
timization with different parameters achieved the best results with
MgSOs as the additive at 0 °C (84% yield, 93% ee, entry 10). It is
worth noting that the reaction efficiency and enantioselectivity both
decreased significantly when substrate 1aa and ethylene glycol (1
equiv) were used together to mimic substrate 1ad (entry 11). The
corresponding boronate (2b, vide infra) might be generated in situ
and affect the reaction efficiency. However, with only a catalytic
amount of ethylene glycol, good results could still be observed (en-
try 12).

With the optimized conditions, we next examined the reaction
scope. As shown in Scheme 2, a wide range of acetal substrates
with different substituents at different positions all reacted
smoothly with 2a to form the corresponding dihydronaphthalene
products 3 with good to excellent efficiency and stereoselectivity.
The reaction is amenable to both electron-withdrawing and elec-
tron-donating groups. Various functional groups, including nitrile,
ester, ketone, acetal, halogen, and silyl-protected alcohol, are well
tolerated. It is worth mentioning that although substrates with an
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Table 1. Catalyst Screening?

Ph

R catalyst
10 mol%)
O+ (OB Apyp — _ (10 mal%) _ JPMP
DCM (0.1 M)
OMe

rt, 22 h
1aa 2a PMP = (p-OMe) CeH4 1a-A
entry catalyst conversion yield of 3a (1a-A) drof 3a ee of 3a

1 (R)-A1 87% 43% (6%) 6.2:1 2%
2 (R)-A2 87% 68% (5%) 13:1 2%
3 (R)-A3 88% 62% (10%) 6.8:1 22%
4 (R)-A4 >99% 88% 5.8:1 25%
5 (R)-A5 >99% 91% 6.6:1 42%
6 (R)-A6 >99% 99% >20:1 84%
7 (R)-B1 >99% 69% 8.9:1 —2%
8 (R)-B2 69% 41% 13:1 -14%
9 (S)-B3 >99% 88% 10:1 56%
10 (R)-B4 91% 64% (7%) 10:1 -38%
1 (R)-C 60% 24% 4.0:1 0

R

e

OO o’P\OH
R

A1:R=Ph

A2: R = SiPh;

A3: R = 2,4,6-(Pr);CeH,

A4: R = 1-naphthyl

A5: R = 9-phenanthryl

A6: R = 9-anthryl
@ Reaction scale: 1aa (0.05 mmol), 2 (0.15 mmol). The conversion,
yield, and dr values were based on NMR analysis of the crude prod-
uct using CHzBr2 as internal standard. The ee value was determined

by HPLC with a chiral column.

B1: R = 3,5-(CF3),CeH3
B2: R = 2,4,6-('Pr);CgH,
B3: R = 9-phenanthryl
B4: R = 9-anthryl

Cc D: R = 9-anthryl

Table 2. Effect of the Leaving Group?

Ph
A (R)-A6 (10 mol%)
(0] + 2a 3a + 1a-A
DCM (0.1 M)
1a LG rt, 22 h
entry LG (1a) conv. yield 3a (1a-A) dr (3a) ee (3a)
1 O'Pr (1ab) >99% >99% >20:11  85%
2 OBn (1ac) >99% 94% >20:11  82%
3 O\/\OH (1ad) 90% 62% (20%)  >20:1  88%
4 O 0oMe (1ae) >99%  >99% >201  84%
5 O._~_OH (1af) >99% 55% (21%)  >20:11  82%
6 O™ 0H (1ag) 89%  73% (7%) 114 56%
Me_ Me
7 0 X _OH (1ah) >99%  90% (2%)  >20:1  47%
8b 1ad >99% 82% (14%)  >20:11  91%
gb,c
1ad >99% 70% (15%)  >20:1  82%
1024 1ad >99% 84% (10%)  >20:1  93%

1129 1aa+ yo >~ (1eq) 81%  30%(16%) >2011  61%

OH

bd 4 + N
12 aa+ HO ©0.1eq)

>99% 86% >20:1 90%

@ The conversion, yield, and dr values were based on NMR analysis
of the crude product using CH2Br2 as internal standard. The ee
value was determined by HPLC with a chiral column. ® Run at 0 °C.
¢ Run with 4A MS (10 mg/0.05 mmol 1a) as additive. ¢ Run with
MgSOa4 (10 mg/0.05 mmol 1a) as additive.

aryl-substituent at the 3-position generally gave excellent enanti-
oselectivity, the reaction of an alkyl- or non-substituted analogues
resulted in low enantioselectivity under the standard conditions (28%
ee for 3p and 36% ee for 3x). However, a brief survey of different
catalysts established that the [Hs]BINOL- and spiroindane-derived

chiral phosphoric acids D and B3 (structures shown in Table 1)
could catalyze the formation of 3p and 3x in 84% ee and 50% ee,
respectively. Other boronic acids are also suitable nucleophiles.
Heterocycles such as thiophene can also be incorporated in the
products (3m and 4h). It is noteworthy that in all these cases the
stereocontrol was achieved without the presence of an anchoring
group in the 4-position of the hypothetical isobenzopyrylium inter-
mediates.

Our proposed mechanism is depicted in Scheme 1. We believe
that the acetal substrate 1 may equilibrate with dicarbonyl 1-A and
acetal 1-B. These equilibriums can be facilitated by the acid cata-
lyst. Indeed, 1-A could be observed initially and then gradually
consumed during the reaction progress. Moreover, in the absence
of a boronic acid nucleophile, treatment of substrate 1 with the acid
catalyst could quickly establish the equilibrium, with 1A being ma-
jor. It is believed that all these species could react to form the key
isobenzopyrylium intermediate 5,° in which the leaving alkoxy
group, the boronic acid, and the chiral phosphate may combine to
form a well-organized cyclic counter anion.'* This intimate inter-
action could be regarded as the formation of a tight boronate anion
with the negative charge shifted to the boron center, which might
also be induced to be chiral.}? Such an unusual chiral counter anion,
also serving as the reactive nucleophile with chiral moiety in close
proximity, might provide key contribution to the observed excellent
asymmetric induction even in the absence of an anchoring group in
the cation moiety.'® Subsequent [4+2] cycloaddition forms the bi-
cyclic zwitterion 6, which then undergoes intramolecular elimina-
tion to form the observed dihydronaphthalene product.** Further
investigations are required to provide more details of the mecha-
nism.

Scheme 1. Proposed Mechanism

We also evaluated other boron-based nucleophiles 2b-d. Unfor-
tunately, all of them gave inferior results with 1ad under the stand-
ard conditions. Notably, the outcome with boronate 2b suggests
that the possible in situ generation of 2b from ethylene glycol and
boronic acid 2a is not involved under our standard conditions. The
pinacol boronate 2c and trifluoroborate 2d resulted in either no
product formation or no enantioselectivity. These results are con-
sistent with the possible involvement of the boronic acid hemiester
with a hydroxy group for effective interaction with the phosphate
moiety.

PMP
v/\?,o
()
2b (36% yield, 70% ee)

PMP PMP
~ > Bpin S~ BEK

2c (no desired prdt.) 2d (43% yield, 0% ee)
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Scheme 2. Substrate Scope
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R
R NS A6 (10 mol%) O R
J_ o + A Xx-B(OH), _ PMP
MgSO,, DCM, 0 °C .
24-36 h 34
CO,Me O, p-Tol
0._Ph O _A-Np
“NAr
JPMP JPMP
O‘ O‘ PMP PMP JPMP PMP
90 O o O I
1 Ar=
3a 3b 3c 3d 3e 3f 3g 3h

97% yield, 91% ee 81% yield, 84% ee  76% yield, 97% ee 87% yield, 96% ee 91% yield, 90% ee

3i 3 3k 3l 3m
82% yield, 95% ee  96% yield, 94% ee  84% yield, 90% ee 90% yield, 97% ee  83% yield, 94% ee

Oy PMP Oy PMP 0y PMP Oy Ph Oy -Ph Oy P
F F3C MeO
3q 3r 3s 3t 3v

3u
92% yield, 96% ee  88% yield, 91% ee 53% yield, 90% ee  82% yield, 68% ee 72% yield, 77% ee  (78% yield, 50% ee)° | 84% yield, 80% ee

89% vyield, 93% ee 76% yield, 97% ee

93% yield, 94% ee  81% yield, 90% ee  88% yield, 96% ee | Ph(4a),
| 87% yield, 92% ee
CF3 i p-Tolyl (4b),
Oy, /Bu | 92% yield, 97% ee

4-(MeO)CgH, (4c),
93% vyield, 94% ee
(p-F)CeHj (4d),

85% yield, 95% ee
3,5-Me,CgH, (4e),
84% yield, 93% ee
3-(MeO)CgHy (4f),
h 76% yield, 85% ee

O _H :
Oy PMP D 3,5-(MeO)CqHy (49),
JPMP PMP NPMP | 73% yield, 83% ee
: s
B, e
3w

~PMP
e 0

3p
3n 30 o/ i o
72% yield, 92% ee  92% yield, 94% ee stleld'zs/oeeb
o yleld, 9% o yleld, 947 (80% vyield, 84% ee)

TBSO ‘
84% yield, 36% ee |

2 Reaction scale: 1 (0.2 mmol) and 2 (0.6 mmol). Isolated yield, all with >20:1 dr. ® Run with catalyst (R)-D. ¢ Run with catalyst (S)-B3.

Acetal 7 was also subjected to the standard conditions. Product 8
was obtained, but with no enantioselectivity (eq. 1).1° The results
suggest that boronic acid 2a is chemically competent for nucleo-
philic addition to oxocarbenium species. Next, dicarbonyl 1s-A
could also react to form the desired product 3s with comparable
efficiency and enantioselectivity (eq. 2), thereby consistent with the
proposed equilibriums in Scheme 1.

standard
conditions
0 + pwp X BOH, NI 0 0)

OMe 2 68% vyield X
7 a 0% ee 8
PMP
(o] PMP

F. PMP standard
o) +  2a conditions F. WPMP
| (2)
[¢] 79% yield

96% ee
1s-A 3s

Finally, we have done some derivatizations to demonstrate the
utility of our dihydronaphthalene products (Scheme 3). The C=C
bond can easily undergo epoxidation, aziridination, hydrogenation,
and dihydroxylation to form the corresponding tetrahydronaphtha-
lene products (9-12) in excellent enantiomeric excess. The X-ray
crystallography of the aziridine 10 also confirmed the product
structure and absolute stereochemistry.

In summary, we have developed a highly efficient enantio- and
diastereoselective synthesis of dihydronaphthalenes from isoben-
zopyrylium ions. It is not only a new addition to the small family
of catalytic asymmetric synthesis of the important dihydronaphtha-
lene scaffolds, but also a new example of the limitedly developed
asymmetric reactions of the versatile isobenzopyrylium species.
More importantly, our reaction represents the first demonstration
of excellent asymmetric induction on the planar isobenzopyryliums
without an anchoring group or a metal catalyst that were both em-
ployed previously. The excellent stereocontrol is presumably at-
tributed to the unusual chiral counter anion generated in situ from
the chiral phosphate and the boronic acid nucleophile as well as the

Scheme 3. Representative Product Transformations

Oy _PMP Oy P-Tol
PMP PMP
mCPBA H,, Pd/C
(0]
9 11
86% yield 92% vyield
dr >20:1, 94% ee 92% ee
(from 3j) (from 4c)
‘%NCINa 0504,NkA PMP
Oy, p-Tol PhNMesBrs ; acetone/H,0
Tol i ~PMP
« P-10l o
P o '
= 1 \'r s oy OH
e = AL
[ VAR
10 “N N\ 12
l/ \, w LN
87% yield I 75% yield
dr >20:1, 99% ee £ | dr=3.1:1,94% ee
(from 4b) Xrayof 10/ ™ /'*-'-'- (from 3j)
o h ._,_._‘ ]

leaving group. The mild reaction exhibits good substrate scope and
functional group compatibility. The highly enantioenriched dihy-
dronaphthalene products can be easily transformed to other useful
molecules. Preliminary control experiments provided insight into
the reaction mechanism. Additional mechanistic investigations are
underway.
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