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Abstract: A mechanistic study investigating the substitution pat-
tern depending regioselectivity of enantioselective BINOL-Ti-
catalyzed Diels—Alder reactions of juglone-based dienophiles with
1-oxygenated dienes is reported. The different influences of resi-
dues both on the diene as well as on the dienophiles are investigated
giving a detailed picture of their role on the regioselectivity.
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Enantioselective Diels—Alder (D-A)' reactions are one of
the most powerful transformations in organic chemistry.?
The formation of two new c-bonds and up to four stereo-
genic centers allows a fast construction of molecular com-
plexity. In particular, the Lewis acid catalyzed
asymmetric D—A reaction is of enormous interest to syn-
thetic chemists and a large number of catalysts have been
developed for this purpose.?? In 1990, Mikami and co-
workers reported a BINOL-Ti-derived catalyst (‘Mika-
mi’-catalyst)* which was applied in enantioselective (het-
ero)-Diels—Alder reactions.’ In spite of the fact that the
exact catalyst structure is still unknown, many studies ap-
plying the ‘Mikami-catalyst’ were presented.*® Of partic-
ular interest was the finding that the BINOL-Ti complex
could catalyse a D—A reaction of 5-hydroxy-1,4-naphtho-
quinone (juglone, 1a) with 1-acetoxybuta-1,3-diene (2a)
with very high regio- and high enantioselectivities to form
1-acetoxy-8-hydroxy-9,10-dioxo-1,4,4a,9,9a,10-hexahy-
droanthracene (3A) (Scheme 1).7
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Scheme 1 (S)-BINOL-Ti-catalyzed D—A reaction of Juglone (1a)
with 1-acetoxybuta-1,3-diene (2a)
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The so formed structural motif can be found within a large
number of bioactive natural products, for example, in the
polyketide family of altersolanols, shown in Figure 1.2
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Figure 1 Structures of altersolanol A-F

Some of the related targets have been addressed in total
synthesis by means of similar D—A reactions, but mostly
in a racemic or diastereoselective manner.” However,
there are only few examples of nonracemic total syntheses
of natural compounds applying a BINOL-Ti-catalyzed
enantioselective D—A reaction as the key step.6#>10 A pos-
sible reason for this lack of application is the inherent re-
gioselectivity problem with unsymmetrically substituted
1,4-naphthoquinones as the dienophiles. This arises from
the double activation of the C=C bond by the two carbonyl
groups present in the molecules. Several groups have
studied the influence of dienophiles, dienes, and of simple
Lewis acids, such as Et,0-BF; AICl;, B(OAc);, and Mgl,,
on the orientation of the diene in the transition state and
therefore on the regiochemical outcome of the reaction.!!
It was found that significantly polarized, electron rich
dienes, with a strong electron-donating group at the 1-po-
sition give the highest regioselectivities.!'f Furthermore, it
was reasoned that the intramolecular hydrogen bond leads
to a polarization of the C=C bond and thus enables an ori-
entation of the diene as shown in Figure 2.

The Corey group has devised a set of rules for a very sim-
ilar system, which predict the coordination of a Lewis acid
catalyst at the most basic carbonyl group in the molecule.
They also state that: °...the more nucleophilic end of the
diene, will attach to the carbon B to the carbonyl group
that coordinates with the catalyst, i.e., the more electro-
philic carbon.’!? The basicity of the two carbonyl groups
is also remotely influenced by electron-withdrawing or
electron-donating groups attached to the aromatic back-
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Figure 2 Polarization of 5-hydroxy-1,4-naphthoquinone and 1-oxy-
genated dienes influenced by the residues attached to them

bone of the 1,4-naphthoquinones 1a and 1b (Figure 2) as
shown by Corey and Kelly.!'*!? The Kelly group found
during their investigations that the Lewis acid Mgl,
shows, in contrast to all the other tested Lewis acids, a
completely inverted regioselectivity.!'c

During our investigations towards the total synthesis of al-
tersolanols, the synthetic potential of chiral ‘Mikami’-cat-
alyzed D-A reactions was investigated. However, 5-
hydroxy-7-methoxy-1,4-naphthoquinone (1b) and 1-
[(tert-butyldimethylsilyl)oxy]-3-methylbuta-1,3-diene
(2b) were chosen as the dienophile and diene, respectively
(Scheme 2). To our surprise, a reversed regioselectivity
was observed by applying the original ‘Mikami’-catalyst
in the above D—A reaction, very similar to the one pub-
lished by Mikami.
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Scheme 2 Unexpected formation of the undesired regioisomer 3B

Therefore, we decided to investigate the regiochemical
outcome of a cycloaddition between 5-hydroxy-1,4-naph-
thoquinone derivatives 1 and different 1-oxygenated
dienes 2a—d. The aim of this study was to elucidate the in-
fluence of the three different groups (R, R?, and R?) to the
regioselectivity. Juglone (1a, R! = H), which was com-
mercially available and 5-hydroxy-7-methoxy-1,4-naph-
thoquinone (1b, R' = OMe), which has an additional
methoxy group in the 7-position installed, thus showing
the same substitution pattern as the altersolanol com-
pounds, were chosen as model substrates. First we wanted
to analyze the inherent regioselectivity of the racemic, un-
catalyzed reaction.

The results presented in Table 1 clearly show the indepen-
dent influences of the three residues. One can see that a
change of an acetyl group to a TBS group (R?) leads to a
slightly increased regioselectivity (Table 1, entry 2 vs. 3,
4vs.5,6vs.7,and 8 vs. 9), a result which is consistent
with the aforementioned findings of Boeckman et al.'' In-
troducing a methyl group in the 3-position of the diene (R?
= Me) also leads to a better selectivity towards the regio-
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isomer A (entry 2 vs. 4, 3 vs. 5), which can be explained
in the same way. Surprisingly with 7-methoxylated dieno-
phile 1b a strong decrease of the orientation control and —
in one case (entry 8) — even the complete loss of regiose-
lectivity is observed. At this point, it is worth mentioning
that in all cases full endo-selectivity was achieved, none
of the exo-product could be observed at all.

Table 1 Investigation on the Influence of the Substituents to the
Regioselectivity of the Racemic, Uncatalyzed D—A Reaction

Entry R! R? R? A:B (rac)®  Yield (%)®

(rac)

1¢ H Ac H (2a) 80:20 (3) quant

2 H Ac H (2a) 80:20 (3) 99

3 H TBS H (2d) 81:19 (4) 60

4 H Ac Me (2¢) 88:12 (5) 97

5 H TBS Me (2b) 90:10 (6) 97

6 OMe Ac H (2a) 57:43 (7) 78

7 OMe TBS H (2d) 60:40 (8) 85

8 OMe Ac Me (2¢) 50:50 (9) 83

9 OMe TBS Me (2b) 66:34 (10) 89

10° OMe TBS Me(2b)  66:34(10) 86

2 Regioselectivities were determined by '"H NMR analysis of the crude
reaction mixture.

b Isolated yield after column chromatography.

¢ According to literature.”

4 Reaction performed in toluene.

For the assignment of the individual isomers, an isolation,
purification, and most difficult, a separation of the two
isomers was necessary. However, during standard purifi-
cation (chromatography on silica gel) a fast aromatization
was observed, which is well documented.”!'%f" Never-
theless, careful exclusion of air and acidic conditions, en-
abled the isolation of analytically pure compounds 3-10.
The stereochemical analysis was performed using one-
and two-dimensional NMR studies as shown in Figure 3.

i
OH O

Figure 3 a) Selected HMBC-correlations and b) *J, 4, coupling con-
stants showing the relative regio- and stereochemistry in 3—10
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In all cases, a small coupling constant between 1-H and
9a-H (*J, 9, = 3.6-3.9 Hz) was observed, indicating the
endo-stereochemistry. A distinct assignment of the two
regioisomers was done using HMBC correlations. The 'H
NMR spectra of the two regioisomers 3—10 A and 3-10 B
were found to be almost identical only differing in the
chemical shifts of the phenolic OH group. Here a clear
trend could be observed showing a shift of the OH group
belonging to regioisomers A of 0.24 to 0.60 ppm down-
field relative to the signal of regioisomers B (see Table 2).

Table2 Chemical Shifts (ppm) of OH Groups Belonging to the Two
Different Regioisomers

Entry R! R R? SA 5B A3

1 H Ac H 11.99 1175 024
2 H TBS H 12.21 11.64 057
3 H Ac Me 12.01 1175 026
4 H TBS  Me 12.22 11.65 057
5 OMe  Ac H 12.32 1203 029
6 OMe TBS H 12.52 1193 059
7 OMe  Ac Me 12.35 1203 033
8 OMe TBS  Me 12.53 1193 0.60

The OH signals shown in Table 2 were used for the deter-
mination of the regioselectivity of the D—A reactions via
NMR analysis of the crude reaction mixtures and for the
assignment of the two regioisomers of products 7 and 8,
which could not be separated by MPLC, in case the as-
signment by HMBC correlation was not possible. Addi-
tionally, the assignments (endo-selectivity and
regioselectivity) were proven by X-ray crystal structure of
adduct 6A (Figure 4).13

Figure 4 Single crystal structure of 6A "

For the investigation towards the ‘Mikami’-catalyzed D—
A reaction, “molecular sieves-free” catalyst was prepared
as described by Mikami and Posner.”!% In order to be able
to compare relative reaction rates, the experiments were
stopped after 2 hours and the conversions were analyzed
by '"H NMR spectrosocpy. The experiment was repeated

Synthesis 2014, 46, 25242532

as described by Mikami,” and to our surprise it was found
that the reported regioselectivity could not be reproduced
(Table 3, entries 1 and 2). In our case, the regioisomer B
was formed as the major isomer in very good enantiose-
lectivity (er 97:3) and regioisomer A was formed as the
minor product with only moderate enantioselectivity (er
76:23). However, it is commonly known that the prepara-
tion process (i.e., source of the MS, water content of MS)
of the catalyst plays an essential role on the stereochemi-
cal outcome, particularly on the enantiomeric ratio. But
such a dramatic change in the regioisomer preference has
never been reported. When the same reaction was repeat-
ed in toluene instead of dichloromethane as a solvent (en-
try 3), the ratio changed back to isomer A being the major
product, but still not to the same extent as shown by
Mikami. The reaction proceeded considerably slower
(19% vs 37% conv.) and with a lower er for isomer B
(82:18 vs 97:03) and basically unchanged er for isomer A.

From Table 3 one can see that while cycloadditions with
juglone (1a) gave mixed results regarding the regioselec-
tivity, reactions with 7-methoxyjuglone (1b) gave prod-
ucts with good (17:83, entry 8) to very good (1:99, entry
9 and 10) regioselectivities, an observation which is in
agreement with the result in Table 1. The enantiomeric ra-
tios of all the products were found to be moderate (60:40,
entry 4, to 77:23, entry 7) for regioisomers A but good to
excellent (97:03 to 99:1) for regioisomers B. This obser-
vation can be understood taking into account that the
uncatalyzed background reaction is faster for the regioiso-
mers A. In cases where TBS was used as protecting group,
decomposition of the diene was observed during the reac-
tion leading to lower conversions compared to the reac-
tions with the acetate protecting group. The
decomposition of TBS-protected dienes can be avoided
when toluene is used as a solvent (Scheme 2) instead of di-
chloromethane. Unfortunately, this leads also to a de-
creased enantiomeric purity of the product. However, the
reaction with 1-acetoxy-3-methylbuta-1,3-diene (2¢) and
5-hydroxy-7-methoxy-1,4-naphthoquinone (1b) (entry 9)
proceeds with excellent conversion and perfect regio- and
enantioselectivities.

In conclusion, we could show that a surprising and very
strong remote influence of the methoxy group in 7-posi-
tion is responsible for the change of regioselectivity of a
juglone-like dienophile 1b in the reaction shown in
Scheme 2 (Table 3, entries 2—6 vs entries 7—10). In addi-
tion to that electronic effect, a less strong steric effect of a
methyl group in 3-position of the dienes (R*) was dis-
closed. The methyl group also shifts the product distribu-
tion towards regioisomer B (Table 3, entries 7 and 8 vs
entries 9 and 10). A mixture of electronic and steric ef-
fects leads to mixed results when the acetyl group in 1-po-
sition was changed to a TBS group — a TBS group is a
more electron-donating and at the same time a sterically
more hindered group compared to an acetyl group. While
in one case use of a TBS group leads to a preferred forma-
tion of regioisomer B (Table 3, entry 5 vs entry 6) in other
cases an opposite effect is observed (Table 3, entry 2 vs
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Table 3 Investigation on the Influence of the Substituents to the Regioselectivity of the D—A Reaction Applying the Chiral ‘Mikami’ Catalyst

OH O OR? OH O
‘Mikami’-cat. (10 mol%) H
O‘ S CH,Cly, 2 h, 20 °C
"
R! P g
(0]
1a,b 2a-d
(2.5 equiv)

Entry (Prod) R! R? R3 Conv. after 2 h (%)* A:B (cat.)? er (%) A° er (%) B®
1°(3) H Ac H - 99:01 88:12-98:2 -
23) H Ac H 37 28:72 76:23 97:03
34(3) H Ac H 19 66:34 73:27 82:18
4(4) H TBS H 18 78:22 60:40 99:01
5(5) H Ac Me 74 26:74 70:30 97:03
6 (6) H TBS Me 26 01:99 - 99:01
7(7) OMe Ac 41 10:90 77:23 96:04
8(8) OMe TBS 15 17:83 n.d. n.d.
909 OMe Ac Me 93 01:99 - 99:01

10 (10) OMe TBS Me 29 01:99 - 99:01

2 Conversions and regioselectivities were determined by 'H NMR analysis of the crude reaction mixture.

® The er values were determined by HPLC analysis. n.d.: not detected.
¢ According to literature.7
4 Reaction performed in toluene.

entry 4 and entry 7 vs entry 8). A number of studies to-
wards the structure of the ‘Mikami’-catalyst and towards
optimal preparation conditions, with focus on the role of
molecular sieves and the nature of the catalytically active
species, have been published.*!%%!4 Reports, claiming di-
chlorotitanium 3,3'-dimethylbinaphthoxide (BINOL-Ti-
Cl,) being the catalytically active species, have been
disproved, as, for example, by a strong positive nonlinear
effect.”'** However, any attempts on disclosing the real
nature of the ‘Mikami’-catalyst as well as any attempts in
synthesizing structurally defined active BINOL-Ti-com-
plexes is still elusive, thus making it impossible to pro-
pose a structure for the transition state of the
cycloaddition. Nevertheless, with the studies shown, pre-
diction of the regioselectivity outcome of similar chiral
Lewis acid catalyzed D—A reactions should be facilitated.

Unless otherwise specified, all reactions were carried out using
standard Schlenk techniques under dry N, with magnetic stirring.
Glassware was oven dried at 120 °C overnight. Solvents were dried
and purified by conventional methods prior to use. All reagents
were used as purchased from commercial suppliers without further
purification. Common solvents for chromatography [petroleum
ether (PE) (bp 40-60 °C), EtOAc] were distilled prior to use. Flash
column chromatography was performed on silica gel 60, 0.040—
0.063 mm (230400 mesh). Preparative medium pressure liquid
chromatography (MPLC) was performed with a packed column (25
x 300 mm or 40 x 475 mm; Si 60, 15-25 pm) and a UV detector
(205 nm). TLC (monitoring the course of the reaction) was per-
formed on precoated plastic sheets with detection by UV (254 nm)

© Georg Thieme Verlag Stuttgart - New York

and/or by coloration with cerium molybdenum solution. [phospho-
molybdic acid (25 g), Ce(SO,),"H,0 (10 g), concd H,SO, (60 mL),
H,0 (940 mL)]. IR spectra were recorded on a FT-IR-Perkin Elmer
(SpectrumOne), fitted with an ATR sampling accessory. 'H and '*C
NMR spectra were recorded at r.t. in CDCl; on a Bruker
Avance/DRX 600 NMR spectrometer at 600 and 151 MHz, respec-
tively, relative to internal standard TMS ("H: 8 TMS = 0.00) or rel-
ative to the resonance of the solvent ['3C: § (CDCl,) = 77.0]. Higher
order & and J values are not corrected. '3C signals were assigned by
means of C, H, COSY, and HSQC, or HMBC spectroscopy. Enan-
tiomeric ratios were determined by HPLC analysis using Dionex
(UltiMate® 3000) equipped with Chiralpak IC, Chrialpak IA,
Chiralpak AS, Chiracel OB, and Chiracel OD-H columns. Optical
rotations were measured on a Perkin-Elmer Model 341 polarimeter
using a quartz cell with 1 mL capacity and a 10 cm path length.
Melting points are uncorrected. Chiral Ti-BINOL based catalyst
was prepared according to literature procedure and dissolved in an-
hydrous toluene in order to obtain a stock solution (0.03 mg/mL); a
detailed description is given in the Supporting Information.”!%

Racemic Diels—Alder Reactions; General Procedure A (GP A)
In a Schlenk-tube, equipped with a magnetic stirring bar, dienophile
1a or 1b was dissolved in anhydrous CH,Cl, (4 mL/mmol). Diene
1a, 1b, 1c, or 1d (3 equiv) was added via a syringe in one portion
and the reaction mixture was stirred at 20 °C for the allotted time.
After full conversion (TLC, eluent: PE-EtOAc, 90:10) a small sam-
ple was taken and analyzed by 'H NMR spectroscopy in order to de-
termine the regioselectivity of the reaction. The reaction mixture
was directly submitted to a short column chromatography to afford
the cycloaddition products 3—10 as a mixture of two regioisomers.
If applicable the two regioisomers were separated by means of
MPLC.

Synthesis 2014, 46, 25242532
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1-Acetoxy-8-hydroxy-9,10-dioxo-1,4,4a,9,9a,10-hexahydroan-
thracene (3A) and 1-Acetoxy-5-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (3B)

Juglone (1a; 196 mg, 1.13 mmol) was reacted with (£)-1-acetoxy-
buta-1,3-diene (2a; 401 mg, 3.58 mmol, 3.17 equiv) according to
GP A. The was reaction stopped after 2 d and the adduct 3 was iso-
lated after column chromatography (PE-EtOAc, 85:15) as a 4:1
(A:B) mixture of regioisomers (318 mg, 99%). Regioisomers 3A
and 3B were separated using MPLC (PE-EtOAc, 85:15) yielding
pure regioisomer A and a 1:3 (A:B) mixture of the two isomers as
pale yellow solids; R,= 0.1 (PE-EtOAc, 90:10).

MS (ESL +): m/z = 304.1 [100, (M + NH,)], 309.0 [100, (M +
Na)*], 325.1 [30, (M + K)'].

Anal. Calcd for C,¢H,,05: C, 67.13; H, 4.93. Found: C, 66.94 +
0.10; H, 4.92 + 0.01.

Regioisomer A; 1-Acetoxy-8-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (3A)

Mp 132 °C.

FT-IR (Diamond-ATR, neat): 3040, 1740, 1702, 1642, 1454, 1369,
1246, 1221, 1162, 1017, 824, 714 cm™".

'H NMR (600 MHz, CDCly): 8= 1.38 (s, 3 H, COCHy), 2.24 (dddd,
J=192, 7.1, 2.7, 23 Hz, 1 H, 4-H,), 3.25 (ddd, J = 19.2, 4.8,
2.0 Hz, 1 H, 4-H,), 3.42 (dd, J = 7.1, 6.0 Hz, | H, 4a-H), 3.47 (dd,
J=6.0,4.0 Hz, 1 H, 9a-H), 5.47 (dd, J=5.1,4.0 Hz, 1 H, 1-H), 5.93
(dddd, J=10.1,5.1,2.3,2.0 Hz, | H, 2-H), 6.09 (ddd, J=10.1, 4.8,
2.7Hz, 1 H, 3-H), 7.23 (dd, J= 8.4, 1.2 Hz, 1 H, 7-H), 7.56 (dd, J =
7.5,1.2 Hz, 1 H, 5-H), 7.64 (dd, /= 8.4, 7.5 Hz, 1 H, 6-H), 11.99 (s,
1 H, 8-OH).

13C NMR (151 MHz, CDCLy): 8 = 20.0 (COCH,), 21.9 (C-4), 42.4
(C-4a), 50.7 (C-9a), 65.8 (C-1), 117.3 (C-5), 118.4 (C-8a), 122.8
(C-2), 123.0 (C-7), 131.8 (C-3), 136.8 (C-10a), 136.9 (C-6), 161.7
(C-8), 169.2 (C=0), 194.8 (C-10), 203.0 (C-9).

Regioisomer 3B; 1-Acetoxy-5-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (3B)

Mp 120 °C.

FT-IR (Diamond-ATR, neat): 3041, 1740, 1695, 1650, 1455, 1369,
1266, 1224, 1163, 1016, 824, 716 cm™.

'H NMR (600 MHz, CDCl,): § = 1.39 (s, 3 H, COCH}), 2.20-2.29
(m, 1 H, 4-H,), 3.20-3.30 (m, 1 H, 4-H,), 3.40-3.53 (m, 2 H, 9a-H,
4a-H), 5.47(dd, J=4.9,4.0 Hz, 1 H, 1-H), 5.93 (dddd, /= 10.2, 4.9,
2.3,2.3 Hz, 1 H, 2-H), 6.08 (ddd, J = 10.2, 4.8, 2.7 Hz, 1 H, 3-H),
7.26 (dd, J=8.1, 1.5 Hz, 1 H, 6-H), 7.58 (dd, J= 7.4, 1.5 Hz, 1 H,
8-H), 7.61 (dd, J=8.1, 7.4 Hz, 1 H, 7-H), 11.75 (s, 1 H, 5-OH).

13C NMR (151 MHz, CDCLy): § = 20.0 (COCHS,), 21.6 (C-4), 42.3
(C-4a), 50.3 (C-9a), 65.7 (C-1), 118.2 (C-8), 118.8 (C-10a), 123.5
(C-2), 123.8 (C-6), 131.1 (C-3), 135.7 (C-8a), 136.0 (C-7), 160.2
(C-5), 169.1 (C=0), 195.4 (C-9), 202.3 (C-10).

1-[(tert-Butyldimethylsilyl)oxy]-8-hydroxy-9,10-dioxo-
1,4,4a,9a-tetrahydroanthracene (4A) and 1-[(tert-Butyldimeth-
ylsilyl)oxy|-5-hydroxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthra-
cene (4B)

Juglone (1a; 299 mg, 1.15 mmol) was reacted with (£)-1-(tert-bu-
tyldimethylsilyl)oxybuta-1,3-diene  (2d; 635 mg, 3.45 mmol,
3.00 equiv) according to GP A. The reaction was stopped after 21 h
and the adducts 4A and 4B were isolated after column chromatog-
raphy (PE-EtOAc, 90:10) as a 7:1 (A:B) mixture of regioisomers
(250 mg, 61%). Regioisomers 4A and 4B were separated using
MPLC (PE-EtOAc, 90:10) yielding pure regioisomers A and B as
pale yellow solids; R,= 0.3 (PE-EtOAc, 90:10).

MS (ESI, +): m/z (%) =381.2 [100, (M + NH,)"], 358.8 [40, (M +
H)".

Anal. Calcd for C,H,,0,Si: C, 67.00; H, 7.31. Found: C, 66.96 +
<0.1; H, 7.39 + 0.02.
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Regioisomer A; 1-[(tert-Butyldimethylsilyl)oxy]-8-hydroxy-
9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (4A)

Mp 160 °C.

FT-IR (Diamond-ATR, neat): 2951, 2930, 2876, 2858, 1698, 1637,
1452, 1327, 1246, 1158, 1107, 1040, 950, 896, 824, 776, 698 cm™".

'H NMR (600 MHz, CDCl,): & = —0.35, —0.13 [2 s, 2 x 3 H,
Si(CH,),], 0.44 [s, 9 H, SiC(CH,),], 2.19 (dddd, J = 19.1, 7.0, 2.7,
2.7 Hz, 1 H,4-H,),3.19 (dddd,J=19.1,4.7,2.0,0.9 Hz, 1 H, 4-H,),
3.29-3.34 (m, 2 H, 4a-H, 9a-H), 4.45 (ddd, J=5.0,3.8, 1.4 Hz, 1 H,
1-H), 5.80 (dddd, J = 10.2, 5.0, 2.7, 2.0 Hz, 1 H, 2-H), 5.92 (ddd,
J=10.2,4.7,2.7 Hz, 1 H, 3-H), 7.16 (dd, J=8.4, 1.2 Hz, 1 H, 7-H),
748 (dd, J=17.5, 1.2 Hz, 1 H, 5-H), 7.56 (dd, J= 8.4, 7.5 Hz, 1 H,
6-H), 12.20 (s, 1 H, 8-OH).

3CNMR (151 MHz, CDCL,): 8 =-5.7, 4.9 [Si(CH,),], 17.5 (SiC),
21.8 (C-4), 25.1 [SiC(CH,),], 42.4 (C-4a), 53.3 (C-9a), 65.5 (C-1),
117.3 (C-5), 119.4 (C-8a), 122.4 (C-7), 126.9 (C-2), 128.8 (C-3),
136.4 (C-6), 137.8 (C-10a), 161.6 (C-8), 195.2 (C-10), 205.5 (C-9).

Regioisomer B; 1-[(fert-Butyldimethylsilyl)oxy]-5-hydroxy-
9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (4B)

Mp 138 °C.

FT-IR (Diamond-ATR, neat): 2955, 2883, 2929, 2857, 1690, 1651,
1455, 1331, 1298, 1263, 11207, 1161, 1046, 953, 894, 836, 777,
716 cm™.

'H NMR (600 MHz, CDCL,): & = —0.39, 0,13 [2's, 2 x 3 H,
Si(CH,),], 0.46 [s, 9 H, SiC(CH,),], 2.16 (dddd, J = 19.2, 7.5, 2.6,
2.6 Hz, 1 H,4-H,), 3.23 (ddd, J=19.2,4.7, 1.2 Hz, 1 H, 4-H,), 3.28
(dd, J= 6.0, 3.8 Hz, 1 H, 9a-H), 3.42 (dd, J= 7.5, 6.0 Hz, 1 H, 4a-
H), 4.45 (ddd, J= 4.8, 3.8, 1.2 Hz, 1 H, 1-H), 5.82 (ddd, J = 10.2,
4.8,2.7 Hz, 1 H, 2-H), 5.90 (dddd, J=10.2,4.7,2.6, 1.2 Hz, 1 H, 3-
H), 7.19 (dd, J = 8.3, 1.2 Hz, 1 H, 6-H), 7.54 (dd, J= 8.3, 7.6 Hz,
1 H,7-H), 7.61 (dd, J=7.6, 1.2 Hz, 1 H, 8-H), 11.64 (s, 1 H, 5-OH).

3CNMR (151 MHz, CDCly): 8 =-5.6, 4.9 [Si(CH,),], 17.5 (SiC),
21.2 (C-4), 25.1 [SiC(CH,),], 42.0 (C-4a), 52.8 (C-9a), 65.5 (C-1),
118.0 (C-8), 119.9 (C-10a), 123.4 (C-6), 127.5 (C-2), 128.3 (C-3),
135.2 (C-7), 136.2 (C-8a), 159.9 (C-5), 197.7 (C-9), 202.8 (C-10).

1-Acetoxy-3-methyl-8-hydroxy-9,10-dioxo-1,4,4a,9,9a,10-hexa-
hydroanthracene (S5A) and Acetoxy-3-methyl-5-hydroxy-9,10-
dioxo-1,4,4a,9,9a,10-hexahydroanthracene (5B)

Juglone (1a; 155 mg, 0.89 mmol) was reacted with (£)-1-acetoxy-
3-methylbuta-1,3-diene (2¢; 336 mg, 2.66 mmol, 2.99 equiv) ac-
cording to GP A. The reaction was stopped after 18 h and the adduct
5 was isolated after column chromatography (PE-EtOAc, 85:15) as
a 4.4:1 (A:B) mixture of regioisomers (259 mg, 97%). Regioiso-
mers SA and 5B were separated using MPLC (PE-EtOAc, 85:15)
yielding pure regioisomer A and a 1:2.3 (A:B) mixture of the two
isomers as pale yellow solids; R,= 0.1 (PE-EtOAc, 90:10).

Regioisomer A; 1-Acetoxy-3-methyl-8-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (5A)

Mp 141 °C.

FT-IR (Diamond-ATR, neat): 2916, 1739, 1702, 1642, 1454, 1368,
1346, 1240, 1219, 1159, 1014, 925, 901, 826, 770, 729 cm™".

'H NMR (600 MHz, CDCL,): 8 = 1.36 (s, 3 H, COCH), 1.84 (s,
3 H, 3-CHj), 2.15 (ddd, J=18.7, 7.3, 3.0 Hz, 1 H, 4-H,), 3.12 (d,
J=18.7Hz, | H, 4-Hy), 3.38 (dd, J = 6.0, 4.0 Hz, 1 H, 9a-H), 3.43
(dd,J=17.3, 6.0 Hz, 1 H, 4a-H), 5.45 (dd,J=5.5, 4.0 Hz, 1 H, 1-H),
5.67 (dd, J=5.5,3.0Hz, 1 H, 2-H), 7.22 (dd, J=8.4, 1.2 Hz, l H,
7-H), 7.55 (dd,J=7.6, 1.2 Hz, 1 H, 5-H), 7.63 (dd, /= 8.4, 7.6 Hz,
1 H, 6-H), 12.00 (s, 1 H, 8-OH).

3C NMR (151 MHz, CDCLy): § = 20.0 (COCH,), 23.5 (3-CHs),
26.9 (C-4), 43.1 (C-4a), 50.5 (C-9a), 67.0 (C-1), 117.2 (C-5), 117.7
(C-2), 118.4 (C-8a), 123.0 (C-7), 136.8 (C-6), 136.8 (C-10a), 140.5
(C-3), 161.6 (C-8), 169.3 (C=0), 194.9 (C-10), 203.3 (C-9).

MS (ESL, +): m/z (%) = 317.9 [100, (M + NH,)], 323.2 [90, (M +
Na)].
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Anal. Calcd for C;H,4,05: C, 67.99; H, 5.37. Found: C, 67.80 +
0.15; H, 5.34 £ 0.03.

Regioisomer B; 1-Acetoxy-3-methyl-5-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (5B)

Mp 110 °C.

FT-IR (Diamond-ATR, neat): 2916, 1740, 1695, 1650, 1455, 1369,
1266, 1224, 1163, 1013, 909, 723 cm™.

'HNMR (600 MHz, CDCl,): 8= 1.37 (s, 3 H, COCH,), 1.86 (s, 3 H,
3-CHy), 2.18 (dd, J= 18.6, 7.5 Hz, 1 H, 4-H,), 3.14 (d, J = 18.6 Hz,
1 H, 4-H,), 3.41 (dd, J=5.9,4.2 Hz, 1 H, 9a-H), 3.53 (ddd, J= 7.5,
5.9, 1.6 Hz, 1 H, 4a-H), 5.44-5.49 (m, 1 H, 1-H), 5.68 (dd, J= 5.3,
1.6 Hz, 1 H, 2-H), 7.26 (dd, J="7.8, 1.7 Hz, 1 H, 6-H), 7.58 (dd, J =
7.8,7.5 Hz, 1 H, 8-H), 7.60 (dd, J="7.5, 1.7 Hz, 1 H, 7-H), 11.76 (s,
1 H, 5-OH).

13C NMR (151 MHz, CDCLy): 8 = 20.0 (COCHy), 23.5 (3-CHy),
26.2 (C-4), 42.9 (C-4a), 50.1 (C-9a), 66.9 (C-1), 118.2 (C-2), 118.2
(C-8), 118.8 (C-10a), 123.8 (C-6), 135.8 (C-8a), 135.9 (C-3), 139.8
(C-3), 160.2 (C-5), 169.2 (C=0), 195.7 (C-9), 202.3 (C-10).

MS (ESI, +): m/z (%) = 323.2 [100, (M + Na)'], 317.9 [60, (M +
NH,)].

Anal. Calcd for C;H;405: C 67.99, H 5.37. Found: C, 67.86 + <0.1;
H,5.37+0.01.

1-[(tert-Butyldimethylsilyl)oxy]-3-methyl-8-hydroxy-9,10-di-
oxo-1,4,4a,9a-tetrahydroanthracene (6A) and 1-[(fert-Butyldi-
methylsilyl)oxy]-3-methyl-5-hydroxy-9,10-dioxo-1,4,4a,9a-
tetrahydroanthracene (6B)

Juglone (1a; 146 mg, 0.84 mmol) was reacted with (E)-1-(tert-
butyldimethylsilyl)oxy-3-methylbuta-1,3-diene ~ (2b; 500 mg,
2.52 mmol, 3.00 equiv) according to GP A. The reaction was
stopped after 2 h and the adducts 6A and 6B were isolated after col-
umn chromatography (PE-EtOAc, 95:5) as a 9:1 (A:B) mixture of
regioisomers (304 mg, 97%). Regioisomers 6A and 6B were sepa-
rated using MPLC (PE-EtOAc, 95:5) yielding pure regioisomers A
and B as pale yellow solids; R,= 0.5 (PE-EtOAc, 90:10).

MS (ESI, +): m/z (%) = 395.3 [100, (M + Na)*], 390.0 [50, (M +
NH,)'].

Anal. Calcd for C,,H,30,Si: C, 67.71; H, 7.58. Found: C, 67.41 +
0.06; H, 7.62 + 0.04.

Regioisomer A; 1-[(tert-Butyldimethylsilyl)oxy]-3-methyl-8-hy-
droxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (6A)

Mp 123 °C.

FT-IR (Diamond-ATR, neat): 2928, 2884, 2857, 1706, 1640, 1454,
1334, 1247, 1044, 953, 828, 768, 699 cm™.

'H NMR (600 MHz, CDCL,): & = —0.35, -0.15 [2's, 2 x 3 H,
Si(CH,),], 0.44 [s, 9 H, SiC(CH,),], 1.80 (s, 3 H, 3-CH,), 2.06 (dd,
J=18.6,7.5Hz, 1 H, 4-H,), 3.07 (d, J = 18.6 Hz, 1 H, 4-H,), 3.22
(dd, J= 6.0, 3.8 Hz, 1 H, 9a-H), 3.32 (dd, /= 7.5 Hz, 6.0 Hz, 1 H,
4a-H), 4.44 (dd,J=5.2,3.5Hz, 1 H, 1-H), 5.53(d, J=5.2 Hz, | H,
2-H), 7.16 (dd, J= 8.4, 1.2 Hz, | H, 7-H), 7.47 (dd, J=7.5, 1.2 Hz,
1 H, 5-H), 7.55 (dd, J= 8.4, 7.5 Hz, 1 H, 6-H), 12.22 (s, | H, 8-OH).

BC NMR (151 MHz, CDCl5): § =-5.6, 4.8 [Si(CH;),], 17.5 (SiC),
23.5 (3-CH,), 25.1 [SiC(CH;)s], 43.0 (C-4a), 53.1 (C-9a), 66.5 (C-
1), 117.3 (C-5), 119.4 (C-8a), 121.9 (C-2), 122.3 (C-7), 136.3 (C-
6),136.9 (C-3), 137.7 (C-10a), 161.6 (C-8), 195.2 (C-10), 205.9 (C-
9).

Regioisomer B; 1-[(fert-Butyldimethylsilyl)oxy]-3-methyl-5-hy-
droxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (6B)

Mp 122 °C.

FT-IR (Diamond-ATR, neat): 2955, 2883, 2929, 2857, 1690, 1651,
1455, 1331, 1298, 1263, 11207, 1161, 1046, 953, 894, 836, 777,
716 cm™.

© Georg Thieme Verlag Stuttgart - New York

'H NMR (600 MHz, CDCL,): & = —0.39, 0,13 [2's, 2 x 3 H,
Si(CH,),], 0.46 [s, 9 H, SiC(CH,),], 2.16 (dddd, J = 19.2, 7.5, 2.6,
2.6 Hz, 1 H,4-H,), 3.23 (ddd, J=19.2,4.7, 1.2 Hz, | H, 4-H,),3.28
(dd, J= 6.0, 3.8 Hz, 1 H, 9a-H), 3.42 (dd, J= 7.5, 6.0 Hz, 1 H, 4a-
H), 4.45 (ddd, J= 4.8, 3.8, 1.2 Hz, 1 H, 1-H), 5.82 (ddd, J = 10.2,
4.8,2.7Hz, 1 H, 2-H), 5.90 (dddd, J=10.2,4.7,2.6, 1.2 Hz, 1 H, 3-
H), 7.19 (dd, J = 8.3, 1.2 Hz, 1 H, 6-H), 7.54 (dd, J = 8.3, 7.6 Hz,
1 H,7-H), 7.61 (dd,J=7.6,1.2 Hz, 1 H, 8-H), 11.64 (s, | H, 5-OH).

3CNMR (151 MHz, CDCly): 8 = 5.6, 4.9 [Si(CH,),], 17.5 (SiC),
21.2 (C-4), 25.1 [SiC(CHy),)], 42.0 (C-4a), 52.8 (C-9a), 65.5 (C-1),
118.0 (C-8), 119.9 (C-10a), 123.4 (C-6), 127.5 (C-2), 128.3 (C-3),
135.2 (C-7), 136.2 (C-8a), 159.9 (C-5), 197.7 (C-9), 202.8 (C-10).

1-Acetoxy-8-hydroxy-6-methoxy-9,10-dioxo-1,4,4a,9,9a,10-
hexahydroanthracene (7A) and 1-Acetoxy-5-hydroxy-7-me-
thoxy-9,10-dioxo-1,4,4a,9,9a,10-hexahydroanthracene (7B)
5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 168 mg,
0.82 mmol) was reacted with (E)-1-acetoxybuta-1,3-diene (2a;
330 mg, 2.94 mmol, 3.59 equiv) according to GP A. The reaction
was stopped after 2 d and the adduct 7 was isolated after column
chromatography (PE-EtOAc, 80:20) as a 1.3:1 (A:B) mixture of re-
gioisomers (203 mg, 78%). Regioisomers 7A and 7B were purified
using MPLC (PE-EtOAc, 85:15) yielding a 1.1:1 (A:B) mixture of
the two isomers as a pale yellow solid; mp 134 °C; R,= 0.4 (PE-
EtOAc, 90:10).

FT-IR (Diamond-ATR, neat): 2943, 1740, 1699, 1632, 1613, 1574,
1443, 1370, 12194, 1219, 1161, 1128, 1011, 970, 932, 909, 846,
782,723 cm™.

MS (ESL, +): m/z (%) = 339.1 [100, (M + Na)], 334.0 [70, (M +
NH,)'].

Anal. Calcd for C;;H;40O4: C 64.55, H 5.10. Found: C, 64.32 + 0.18;
H, 5.12+£0.01.

Regioisomer A; 1-Acetoxy-8-hydroxy-6-methoxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (7A)

"H NMR (600 MHz, CDCl,): § = 1.44 (s, 3 H, COCHj), 2.19-2.26
(m, 1 H, 4-H,), 3.17-3.25 (m, 1 H, 4-H,), 3.35-3.48 (m, 2 H, 4a-H,
9a-H), 3.90 (s, 3 H, OCH,), 5.45 (dd, J = 5.0, 4.0 Hz, 1 H, 1-H),
5.88-5.95 (m, 1 H, 2-H), 6.02-6.09 (m, 1 H, 3-H), 6.63 (d, J =
1.5Hz, 1 H, 7-H), 7.08 (d, /= 1.5 Hz, 1 H, 5-H), 12.32 (s, 1 H, 8-
OH).

13C NMR (151 MHz, CDCLy): § = 20.2 (COCH,), 21.6 (C-4), 41.7
(C-4a), 50.4 (C-9a), 65.8 (C-1), 56.0 (OCH;), 105.1 (C-7), 105.3
(C-5), 113.0 (C-8a), 122.9 (C-3), 130.9 (C-2), 137.3 (C-10a), 163.0
(C-8), 166.3 (C-6), 169.1 (C=0), 195.4 (C-10), 200.6 (C-9).

Regioisomer B; 1-Acetoxy-5-hydroxy-7-methoxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (7B)

FT-IR (Diamond-ATR, neat): 3041, 1740, 1695, 1650, 1455, 1369,
1266, 1224, 1163, 1016, 824, 716 cm™.

'H NMR (600 MHz, CDCL,): § = 1.39 (s, 3 H, COCH;), 2.20-2.29
(m, 1 H, 4-H,), 3.20-3.30 (m, 1 H, 4-H,), 3.40-3.53 (m, 2 H, 9a-H,
4a-H), 5.47(dd,J=4.9,4.0 Hz, 1 H, 1-H), 5.93 (dddd, J=10.2, 4.9,
2.3,2.3Hz, | H, 2-H), 6.08 (ddd, J = 10.2, 4.8, 2.7 Hz, 1 H, 3-H),
7.26 (dd, J=8.1, 1.5 Hz, 1 H, 6-H), 7.58 (dd, J=7.4, 1.5 Hz, 1 H,
8-H), 7.61 (dd, J=8.1, 7.4 Hz, 1 H, 7-H), 11.75 (s, 1 H, 5-OH).

13C NMR (151 MHz, CDCLy): § = 20.0 (COCHS,), 21.6 (C-4), 42.3
(C-4a), 50.3 (C-9a), 65.7 (C-1), 118.2 (C-8), 118.8 (C-10a), 123.5
(C-2), 123.8 (C-6), 131.1 (C-3), 135.7 (C-8a), 136.0 (C-7), 160.2
(C-5), 169.1 (C=0), 195.4 (C-9), 202.3 (C-10).

1-[(tert-Butyldimethylsilyl)oxy]-6-methoxy-8-hydroxy-9,10-di-
0xo0-1,4,4a,9a-tetrahydroanthracene (8A) and 1-[(zert-Butyldi-
methylsilyl)oxy]-5-hydroxy-7-hydroxy-9,10-dioxo-1,4,4a,9a-
tetrahydroanthracene (8B)
5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 226 mg, 1.11 mmol)
was reacted with (E)-1-(fert-butyldimethylsilyl)oxybuta-1,3-diene
(2d; 541 mg, 2.94 mmol, 2.65 equiv) according to GP A. The reac-
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tion was stopped after 1 d and the adducts 8A and 8B were isolated
after column chromatography (PE-EtOAc, 93:7) as a 1.5:1 (A:B)
mixture of regioisomers (366 mg, 85%) as a pale yellow solid. Re-
gioisomers 8A and 8B could not be separated using MPLC; mp
89 °C; R,= 0.5 (PE-EtOAc, 90:10).

FT-IR (Diamond-ATR, neat): 2929, 2886, 2856, 1709, 1632, 1577,
1463, 1443, 1379, 1302, 1253, 1206, 1161, 1120, 1046, 952, 898,
838, 826, 776 cm™'.

HRMS (FT-ICR-MS, +): m/z [M + H]" caled for C,H,,0sSi:
389.17843; found: 389.17795.

Anal. Calcd for C, H,305Si: C, 65.32; H, 6.75. Found: C, 64.73 £
0.10; H, 7.27 £ 0.01.

Regioisomer A; 1-[(tert-Butyldimethylsilyl)oxy]-6-methoxy-8-
hydroxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (8A)

'"H NMR (600 MHz, CDCl;): § = -0.33, -0.12 [2 s, 2 x 3 H,
Si(CH;),], 0.48 [s, 9 H, SiC(CHj;);], 2.09-2.17 (m, 1 H, 4-H,), 3.18
(ddd, J=19.0, 4.8, 2.1 Hz, 1 H, 4-H,), 3.24 (m,, 1 H, 9a-H), 3.27
(m,, 1 H, 4a-H), 3.87 (s, 3 H, OCHs;), 4.43 (m,, 1 H, 1-H), 5.78-5.92
(m, 2 H, 2-H, 3-H), 6.59 (d, /= 2.5Hz, 1 H, 7-H), 7.03 (d, J =
2.5Hz, 1 H, 5-H), 12.51 (s, 1 H, 8-OH).

13C NMR (151 MHz, CDCLy) & = -5.7, —4.9 [Si(CH,),], 17.5 (SiC),
21.8 (C-4), 25.1 [SiC(CH,);], 42.6 (C-4a), 53.1 (C-9a), 56.0
(OCHj), 63.3 (C-1), 105.0 (C-5), 105.1 (C-7), 114.2 (C-8a), 128.6,
127.0 (C-2, C-3), 139.5 (C-10a), 164.5 (C-8), 166.1 (C-6), 195.2
(C-10), 203.9 (C-9).

Regioisomer B; 1-[(tert-Butyldimethylsilyl)oxy]-5-hydroxy-7-
hydroxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (8B)

"H NMR (600 MHz, CDCly): § = —-0.35, -0,13 [2's, 2 x 3 H,
Si(CHj;),], 0.48 [s, 9 H, SiC(CH;);], 2.09-2.17 (m, 1 H, 4-H,), 3.23
(ddd, J=19.0, 4.7, 2.2 Hz, 1 H, 4-H,), 3.25 (m,, 1 H, 9a-H), 3.36
(dd,J=7.3,6.0 Hz, 1 H, 4a-H), 3.87 (s, 3 H, OCH;), 4.43 (m,, 1 H,
1-H), 5.78-5.92 (m, 1 H, 2-H, 3-H), 6.63 (d, /= 2.5 Hz, 1 H, 6-H),
7.13(d, 1 H, 8-H), 11.92 (s, 1 H, 5-OH).

3CNMR (151 MHz, CDCly): 8 =-5.6, 4.8 [Si(CH,),], 17.5 (SiC),
21.1 (C-4), 25.1 [SiC(CH,);], 41.3 (C-4a), 52.6 (C-9a), 55.9
(OCHL,), 65.5 (C-1), 104.7 (C-8), 106.6 (C-6), 114.6 (C-10a), 127.5,
128.3 (C-2, C-3), 137.7 (C-8a), 162.5 (C-5), 165.1 (C-7), 197.8 (C-
9),201.1 (C-10).

1-Acetoxy-3-methyl-8-hydroxy-6-methoxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (9A) and 1-Acetoxy-3-
methyl-5-hydroxy-7-methoxy-9,10-dioxo-1,4,4a,9,9a,10-hexa-
hydroanthracene (9B)

5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 140 mg, 0.68 mmol)
was reacted with (F)-1-acetoxy-3-methylbuta-1,3-diene (2c;
320 mg, 2.54 mmol, 3.74 equiv) according to GP A. The reaction
was stopped after 12 h and the adduct 9 was isolated after column
chromatography (PE-EtOAc, 80:20) as a 1:1 (A:B) mixture of re-
gioisomers (193 mg, 85%). Regioisomers 9A and 9B were purified
using MPLC (PE-EtOAc, 85:15) yielding a 1:1 (A:B) mixture of
the two isomers as a pale yellow solid; mp 104 °C; R,= 0.4 (PE-
EtOAc, 90:10).

FT-IR (Diamond-ATR, neat): 2940, 1740, 1693, 1639, 1613, 1575,
1491, 1441, 1377, 1300, 1223, 1159, 1129, 1013, 927 cm".

MS (ESI, +): m/z (%) = 348.0 [100, (M + NH,)'], 353.1 [30, (M +
Na)'].

Anal. Caled for C;gH ;304 C, 65.45; H, 5.49. Found: C, 65.25 +
0.16; H, 5.46 + 0.01.

Regioisomer A; 1-Acetoxy-3-methyl-8-hydroxy-6-methoxy-
9,10-dioxo-1,4,4a,9,9a,10-hexahydroanthracene (9A)

"H NMR (600 MHz, CDCl,): § = 1.43 (s, 3 H, COCH;), 1.83 (m,,
3 H, 3-CH;), 2.10-2.17 (m, 1 H, 4-H,), 3.10 (d,J=18.5 Hz, 1 H, 4-
Hy), 3.32(dd,J=6.0,3.9 Hz, 1 H, 9a-H), 3.36-3.39 (m, 1 H, 4a-H),
3.38 (s, 3 H, OCH,), 5.44 (dd, J=5.3,4.3 Hz, 1 H, 1-H), 5.68 (dq,
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J=53,1.6 Hz, 1 H, 2-H), 6.62 (d, J = 2.5 Hz, 1 H, 7-H), 7.07 (d,
J=2.5Hz, 1 H, 5-H), 12.34 (s, | H, 8-OH).

13C NMR (151 MHz, CDCL): & = 20.3 (COCHy), 23.5 (3-CH,),
26.5 (C-4), 42.3 (C-4a), 50.2 (C-9a), 55.9 (6-OCH,), 66.9 (C-1),
105.2 (C-5), 105.3 (C-7), 113.1 (C-8a), 117.8 (C-2), 134.4 (C-10a),
140.2 (C-3), 164.6 (C-8), 166.2 (C-6), 169.3 (C=0), 195.0 (C-10),
201.1 (C-9).

Regioisomer B; 1-Acetoxy-3-methyl-5-hydroxy-7-methoxy-
9,10-dioxo-1,4,4a,9,9a,10-hexahydroanthracene (9B)

"HNMR (600 MHz, CDCl,): = 1.44 (s, 3 H, COCH;), 1.83 (d, J =
1.6 Hz, 3 H, 3-CH,;), 2.14 (dd, /= 18.6, 7.5 Hz, 1 H, 4-H,), 3.10 (d,
J=18.6 Hz, 1 H, 4-H,), 3.38 (dd, /= 5.8, 4.3 Hz, 1 H, 9a-H), 3.46
(dd, J=17.5,5.8 Hz, 1 H, 4a-H), 3.89 (s, 3 H, OCH,;), 5.45 (dd, J =
5.3,43 Hz, 1 H, 1-H), 5.66 (dq, J=5.3, 1.6 Hz, 1 H, 2-H), 6.68 (d,
J=2.5Hz,1H, 6-H), 7.10 (d,/J=2.5Hz, 1 H, 8-H), 12.00 (s, | H,
5-OH).

13C NMR (151 MHz, CDCL): & = 20.3 (COCHy), 23.6 (3-CH,),
26.3 (C-4), 42.4 (C-4a), 50.0 (C-9a), 55.9 (7-OCH,), 66.9 (C-1),
105.1 (C-8), 106.8 (C-6), 113.4 (C-10a), 118.3 (C-2), 137.4 (C-8a),
139.7 (C-3), 162.9 (C-2), 165.6 (C-7), 169.4 (C=0), 195.8 (C-9),
200.8 (C-10).

1-[(tert-Butyldimethylsilyl)oxy]-3methyl-6-methoxy-8-hy-
droxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (10A) and 1-
[(tert-Butyldimethylsilyl)oxy]-3-methyl-5-hydroxy-7-methoxy-
9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (10B)
5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 100 mg, 0.49 mmol)
was reacted with (E)-1-(tert-butyldimethylsilyl)oxy-3-methylbuta-
1,3-diene (2b; 243 mg, 1.22 mmol, 2.49 equiv) according to GP A.
The reaction was stopped after 8 h and adducts 10A and 10B were
isolated after column chromatography (PE-EtOAc, 90:10) as a 2:1
(A:B) mixture of regioisomers (173 mg, 89%) as a pale yellow sol-
id. Regioisomers 10A and 10B were separated using MPLC; mp
102 °C; R,= 0.3 (PE-EtOAc, 90:10).

HRMS (FT-ICR-MS, +): m/z [M + Na]" caled for C,,H;,05Si + Na:
425.17602; found: 425.17586.

Anal. Calcd for C,,H;,O5Si: C, 65.64; H, 7.51. Found: C, 65.22 +
0.21; H, 7.54 £ 0.04.

Regioisomer A; 1-[(tert-Butyldimethylsilyl)oxy]-3methyl-6-me-
thoxy-8-hydroxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene
(10A)

FT-IR (Diamond-ATR, neat): 2929, 2884, 2857, 1707, 1627, 1557,
1443, 1380, 1295, 1258, 1204, 1160, 1128, 1045, 1021, 995, 952,
896, 826, 775, 699 cm ™.

'H NMR (600 MHz, CDCl,): & = —0.34, 0,14 [2 s, 2 x 3 H,
Si(CH,),], 0.47 [s, 9 H, SiC(CH,),], 1.80 (s, 3 H, 3-CH,), 2.04 (m,,
1 H, 4-H,), 3.05 (m,, 1 H, 4-H,), 3.16 (dd, J = 6.0, 3.6 Hz, 1 H, 9a-
H), 3.26 (dd, J= 7.6, 6.0 Hz, 1 H, 4a-H), 3.87 (s, 3 H, OCH,), 4.41
(dd, J =54, 3.6 Hz, 1 H, 1-H), 5.53 (m,, 1 H, 2-H), 6.61 (d, J =
2.5Hz, 1 H, 7-H), 7.13 (d, J= 2.5 Hz, | H, 5-H), 12.53 (s, | H, 8-
OH).

13C NMR (151 MHz, CDCL,): 8 =-5.6, 4.8 [Si(CH,),], 17.5 (SiC),
23.4 (C-3), 25.2 [SiC(CH,);], 26.5 (C-4), 43.2 (C-4a), 53.0 (C-9a),
55.9 (OCH,), 66.3 (C-1), 105.0 (C-5), 105.0 (C-7), 114.2 (C-8a),
122.0 (C-2), 136.7 (C-3), 139.4 (C-10a), 164.4 (C-8), 166.0 (C-6),
199.2 (C-10), 203.6 (C-9).

Regioisomer B; 1-[(tert-Butyldimethylsilyl)oxy]-5-hydroxy-7-
methoxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (10B)
FT-IR (Diamond-ATR, neat): 2929, 2857, 1692, 1643, 1613, 1577,
1441, 1379, 1305, 1253, 1220, 1159, 1127, 1047, 954, 828, 776 cm".

'H NMR (600 MHz, CDCl,): & = —0.36, 0,15 [2 s, 2 x 3 H,
Si(CH,),)], 0.47 [s, 9 H, SiC(CH,)s], 1.79 (s, 3 H, 3-CHy), 2.04 (m,,
1 H, 4-H,), 3.10 (m,, 1 H, 4-H,), 3.16 (dd, /= 6.1, 4.0 Hz, 1 H, 9a-
H),3.37(dd, J=7.8, 6.1 Hz, 1 H, 4a-H), 3.86 (s, 3 H, OCH,), 4.42
(dd, J=5.1, 4.0 Hz, 1 H, 1-H), 5.53 (m,, 1 H, 2-H), 6.62 (d, J =
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2.6 Hz, 1 H, 6-H), 7.13 (d, J= 2.6 Hz, 1 H, 8-H), 11.90 (s, 1 H, 5-
OH).

13C NMR (151 MHz, CDCly): 8 =-5.5, 4.8 [Si(CH,),], 17.6 (SiC),
23.4 (3-CH,), 25.2 [SiC(CH,),], 25.8 (C-4), 41.9 (C-4a), 52.4 (C-
9a), 55.9 (OCH,), 65.6 (C-1), 104.6 (C-8), 106.6 (C-6), 114.5 (C-
10a), 122.4 (C-2a), 136.4 (C-3), 137.8 (C-8a), 162.5 (C-5), 165.0
(C-7), 198.1 (C-9), 201.2 (C-10).

Ti-BINOL-Catalysed, Enantioselective Diels—Alder Reactions;
General Procedure B (GP B)

In a Schlenk tube, equipped with a magnetic stirring bar, dienophile
1a or 1b was dissolved in anhydrous CH,Cl, (4 mL/mmol) before
10 mol% of the Ti-catalyst stock solution (0.03 mg/mL, 0.10 equiv)
were added via a syringe. Diene 2a, 2b, 2¢, or 2d (3 equiv) was add-
ed via a syringe in one portion and the reaction mixture was stirred
for 2 h at 20 °C. The crude mixture was analyzed by '"H NMR spec-
troscopy in order to investigate the conversion of the reaction and
the regioselectivity distribution. The reaction mixture was directly
submitted to a short column chromatography and the product con-
taining fractions were analyzed by means of HPLC (see Supporting
Information for copies of chromatograms).

1-Acetoxy-8-hydroxy-9,10-dioxo-1,4,4a,9,9a,10-hexahydroan-
thracene (3A) and 1-Acetoxy-5-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (3B) (Table 3, entry 2)
Juglone (1a; 30 mg, 0.17 mmol) was reacted with (E)-1-acetoxybu-
ta-1,3-diene (2a; 48 mg, 0.43 mmol, 2.53 equiv) according to GP B.
The was reaction stopped after 2 h, analysed by '"H NMR spectros-
copy, and filtered over a short column of silica gel (PE-EtOAc,
85:15). Enantiomeric ratios were determined using HPLC.

Conversion: 37%; A/B = 28:72, er (3A) = 76:23, er (3B) = 97:03
(Chiralpak IC, flow rate 0.5 mL/min, 20% i-PrOH-80% heptane).

1-Acetoxy-8-hydroxy-9,10-dioxo-1,4,4a,9,9a,10-hexahydroan-
thracene (3A) and 1-Acetoxy-5-hydroxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (3B) (Table 3, entry 3)
Juglone (1a; 30 mg, 0.17 mmol) was reacted with (E£)-1-acetoxybu-
ta-1,3-diene (2a; 48 mg, 0.43 mmol, 2.53 equiv) in toluene
(1.7 mL) according to GP B. The was reaction stopped after 2 h, an-
alysed by "H NMR spectroscopy, and filtered over a short column
of silica gel (PE-EtOAc, 85:15). Enantiomeric ratios were deter-
mined using HPLC.

Conversion: 19%; A/B = 66:34, er (3A) = 73:27, er (3B) = 82:18
(Chiralpak IC, flow rate 0.5 mL/min, 20% i-PrOH-80% heptane).

1-[(tert-Butyldimethylsilyl)oxy]-8-hydroxy-9,10-dioxo-
1,4,4a,9a-tetrahydroanthracene (4A) and 1-[(fert-Butyldimeth-
ylsilyl)oxy]-5-hydroxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthra-
cene (4B) (Table 3, entry 4)

Juglone (1a; 30 mg, 0.17 mmol) was reacted with (E)-1-(tert-butyl-
dimethylsilyl)oxybuta-1,3-diene (2d; 79 mg, 0.43 mmol, 2.53 equiv)
according to GP B. The was reaction stopped after 2 h, analysed by
"H NMR spectroscopy, and filtered over a short column of silica gel
(PE-EtOAc, 90:10). Enantiomeric ratios were determined using
HPLC.

Conversion: 18%; A/B = 78:22, er (4A) = 60:40, er (4B) = 99:01
(Chiracel OD-H, flow rate 0.5 mL/min, 0.2% i-PrOH-99.8% hep-
tane).

1-Acetoxy-3-methyl-8-hydroxy-9,10-dioxo-1,4,4a,9,9a,10-hexa-
hydroanthracene (SA) and 1-Acetoxy-3-methyl-5-hydroxy-
9,10-dioxo-1,4,4a,9,9a,10-hexahydroanthracene (5B) (Table 3,
entry 5)

Juglone (1a; 30 mg, 0.17 mmol) was reacted with (E)-1-acetoxy-3-
methylbuta-1,3-diene (2¢; 49 mg, 0.39 mmol, 2.29 equiv) accord-
ing to GP B. The was reaction stopped after 2 h, analysed by 'H
NMR spectroscopy, and filtered over a short column of silica gel
(PE-EtOAc, 80:20). Enantiomeric ratios were determined using
HPLC.
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Conversion: 74%; A/B = 26:74, er (5A) = 70:30, er (SB) = 97:03
(Chiralpak IC, flow rate 0.5 mL/min, 20% i-PrOH-80% heptane).

1-[(tert-Butyldimethylsilyl)oxy]-3-methyl-8-hydroxy-9,10-di-
oxo-1,4,4a,9a-tetrahydroanthracene (6A) and 1-[(fert-Butyldi-
methylsilyl)oxy]-3-methyl-5-hydroxy-9,10-dioxo-1,4,4a,9a-
tetrahydroanthracene (6B) (Table 3, entry 6)

Juglone (1a; 30 mg, 0.17 mmol) was reacted with (E)-1-(tert-butyl-
dimethylsilyl)oxy-3-methylbuta-1,3-diene (2b; 85 mg, 0.43 mmol,
2.53 equiv) according to GP B. The was reaction stopped after 2 h,
analysed by "H NMR spectroscopy, and filtered over a short column
of silica gel (PE-EtOAc, 95:5). Enantiomeric ratios were deter-
mined using HPLC.

Conversion: 26%; A/B=01:99, er (6A) =n.d., er (6B) =99:01 (Chi-
ralpak IC, flow rate 0.5 mL/min, 0.2% i-PrOH-99.8% heptane).

1-Acetoxy-8-hydroxy-6-methoxy-9,10-dioxo-1,4,4a,9,9a,10-
hexahydroanthracene (7A) and 1-Acetoxy-5-hydroxy-7-me-
thoxy-9,10-dioxo-1,4,4a,9,9a,10-hexahydroanthracene (7B)
(Table 3, entry 7)

5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 30 mg, 0.15 mmol)
was reacted with (E)-1-acetoxybuta-1,3-diene (2a; 41 mg,
0.37 mmol, 2.47 equiv) according to GP B. The reaction was
stopped after 2 h, analysed by '"H NMR spectroscopy, and filtered
over a short column of silica gel (PE-EtOAc, 85:15). Enantiomeric
ratios were determined using HPLC.

Conversion: 41%; A/B = 10:90, er (7A) = 77:23, er (7B) = 96:04
(Chiralpak IC, flow rate 0.5 mL/min, 20% i-PrOH-80% heptane).

1-[(tert-Butyldimethylsilyl)oxy]-6-methoxy-8-hydroxy-9,10-di-
oxo-1,4,4a,9a-tetrahydroanthracene (8A) and 1-[(fert-Butyldi-
methylsilyl)oxy]-5-hydroxy-7-hydroxy-9,10-dioxo-1,4,4a,9a-
tetrahydroanthracene (8B) (Table 3, entry 8)
5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 30 mg, 0.15 mmol)
was reacted with (£)-1-(tert-butyldimethylsilyl)oxybuta-1,3-diene
(2d; 46 mg, 0.37 mmol, 2.47 equiv) according to GP B. The reac-
tion was stopped after 2 h, analysed by '"H NMR spectroscopy, and
filtered over a short column of silica gel (PE-EtOAc, 93:7). For this
compound no separation on HPLC using different column and sol-
vents could be achieved.

Conversion: 15%; A/B = 17:83, er (8A) =n.d, er (8B) =n.d.

1-Acetoxy-3-methyl-8-hydroxy-6-methoxy-9,10-dioxo-
1,4,4a,9,9a,10-hexahydroanthracene (9A) and 1-Acetoxy-3-
methyl-5-hydroxy-7-methoxy-9,10-dioxo-1,4,4a,9,9a,10-hexa-
hydroanthracene (9B) (Table 3, entry 9)
5-Hydroxy-7-methoxy-1,4-naphthoquinone (1b; 30 mg, 0.15 mmol)
was reacted with (E)-1-acetoxy-3-methylbuta-1,3-diene (2¢; 46 mg,
0.37 mmol, 2.47 equiv) according to GP B. The reaction was
stopped after 2 h, analysed by 'H NMR spectroscopy, and filtered
over a short column of silica gel (PE-EtOAc, 85:15); mp 111 °C;
[a]p2° +420.7 (¢ 0.27, CHCI;). Enantiomeric ratios were determined
using HPLC.

Conversion: 93%; A/B=01:99, er (9A) =n.d., er (9B) =99:01 (Chi-
ralpak IC, flow rate 0.5 mL/min, 20% i-PrOH-80% heptane).

1-[(tert-Butyldimethylsilyl)oxy]-3methyl-6-methoxy-8-hy-
droxy-9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (10A) and 1-
[(tert-Butyldimethylsilyl)oxy]-3-methyl-5-hydroxy-7-methoxy-
9,10-dioxo-1,4,4a,9a-tetrahydroanthracene (10B) (Table 3, en-
try 10

5-¥{ydzoxy-7-methoxy-1,4-naphth0quin0ne (1b; 30 mg,
0.15 mmol) was reacted with (E)-1-(tert-butyldimethylsilyl)oxy-3-
methylbuta-1,3-diene (2b; 73 mg, 0.37 mmol, 2.47 equiv) accord-
ing to GP B. The was reaction stopped after 2 h, analysed by 'H
NMR spectroscopy, and filtered over a short column of silica gel
(PE-EtOAc, 90:10). Enantiomeric ratios were determined using
HPLC.
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Conversion: 29%; A/B = 01:99, er (10A) = n.d., er (10B) = 99:01
(Chiralpak IC, flow rate 0.5 mL/min, 0.2% i-PrOH-99.8% hep-
tane).
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