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ABSTRACT: Unexpected dimerization of a methoxymethyl-protected
xanthone occurred upon treatment with an aryl lithium reagent generated
from 2-bromo-1,3-dimethylbenzene and n-butyllithium. The hydrogen
between two directing ethereal oxygen atoms was not abstracted, but that
adjacent to the carbonyl group was removed to afford a dimeric compound
containing two directly connected fluorescent xanthone and xanthene &
units. Starting from this discovery, three dimeric dyes were constructed,
and their optical properties were examined. Although the two fluorescent
units were orthogonal in each dye, efficient energy transfer was observed in
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dimeric dye 16 in three solvent systems. In contrast, solvent-dependent
energy transfer was detected for another dimeric dye, S. After close investigation, we found that the orientation factor (k) is the
main factor influencing Forster resonance energy transfer in these dyes.

B INTRODUCTION

Fluorescent dyes such as fluorescein and rhodamine are
essential tools in chemical and molecular biology." Recently,
as represented by TokyoGreen,> on/off fluorescent systems
using xanthene-based skeletons have been rationally developed
through the reaction of the carbonyl groups on xanthone
derivatives with aryl metal species. The electronic properties of
these systems have been tuned by introducing substituents onto
the aryl group (Figure 1).
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Figure 1. Synthesis of a xanthene dye from the corresponding
xanthone.

We have extensively investigated the synthesis of (di)-
benzoxanthones* and (di)naphthofluoresceins® possessing
additional benzene units on one or both sides of xanthone
and fluorescein. These compounds showed potential for
multicolor fluorescent sensing and exhibited fluorescent
emission in the near-infrared region (>700 nm) with large
Stokes shifts. During these studies, when we treated
methoxymethyl (MOM)-protected xanthone 1° with the aryl
lithium reagent formed from 2-bromo-1,3-dimethylbenzene
and n-butyllithium (n-BuLi) in THF, we noticed that two new
fluorescent products were generated along with regular
coupling product 2 (10% yield). We isolated these fluorescent
products, and subsequent NMR spectroscopic characterization
indicated that they have similar frameworks. The spectroscopic
data suggested that one was a dimer of xanthone 1 with three

-4 ACS Publications  © 2015 American Chemical Society

4603

MOM groups and the other was the same dimer framework
with an additional butyl group.

Abrams reported that in the direct deuterium labeling of
simple xanthone with lithium amide deprotonation first
occurred on C-4 of xanthone proximal to the bridged ether
oxygen and then on C-1 adjacent to the carbonyl group.”
Compared with simple xanthone, 1 has an additional OMOM
group on C-3 that could act as a directing group in lithiation.
Therefore, we anticipated that lithiation could occur at C-4 and
then the lithiated xanthone 1 could react with an unlithiated
xanthone 1 to form a dimeric product. In addition, another
fluorescent product could be derived by further lithiation at C-$
of the dimeric product and subsequent reaction with
bromobutane through halogen—lithium exchange.

However, judging from 2D NMR spectra (COSY, NOESY,
HMQC, and HMBC) of the products, the carbonyl group at C-
9 clearly acted as a directing group, so the proton at C-1 of
xanthone 1 was abstracted by the aryl lithium reagent acting as
a base. The xanthone then dimerized to afford compound 3 in
14% vyield. A proton at C-8 of dimeric compound 3 was
abstracted and trapped by bromobutane to give compound 4 in
14% yield. The three MOM groups in each molecule were then
removed without difficulty under acidic conditions to generate
compounds 5 (75%) and 6 (92%) from 3 and 4, respectively
(Scheme 1).* Because compound $ is simply composed of
xanthene and xanthone, and is expected to exhibit interesting
optical properties caused by the orthogonal arrangement of the
two fluorescent units,” we examined S and its related dimeric
compounds more closely.
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Scheme 1. Unexpected Dimerization of Xanthone 1 Treated
with a Bulky Aryl Lithium Reagent”
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“The yield of 3 was improved to 61% by using LDA as the base. Refer
to the main text for details.

B RESULTS AND DISCUSSION

Synthesis of Dimeric Dyes. First, we modified the
reaction conditions by using LDA as the base instead of the
bulky and more nucleophilic aryl lithium reagent to
preferentially obtain the desired dimerization product. Despite
changing the base, the target dimerization reaction proceeded
without difficulty to afford dimeric product 3 in 61% yield in
THF at —78 °C. We next applied the dimerization reaction
conditions to the series of (di)benzoxanthones 7—14 depicted
in Figure 246

Surprisingly, among these (di)benzoxanthones, only com-
pound 9 gave desired dimeric product 15 in 42% yield (Scheme
2). The structure of compound 15 was clarified by 2D NMR
spectroscopy. LDA induced deprotonation at C-8 rather than
C-6 of compound 9, forming a species that reacted with

OR
sy e S~y
o) OR RO (¢) OR
7 OR 8
o o
gog‘ona

7~14: R = MOM

Figure 2. MOM-protected (di)benzoxanthones 7—14.
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Scheme 2. Synthesis of Homodimeric Compound 16

(i) LDA, THF, 42%. (ii) 4 M HCI, dioxane, 95%.

another 9. Dimerization was followed by dehydration along
with removal of the MOM group at C-10" of one xanthone
moiety. The xanthone—xanthene dimeric fluorescent dye 16
was formed in 95% yield by deprotection of 15 under acidic
conditions.

Because the xanthone—xanthene dimer was expected to
behave as a unique energy transfer system from the donor
xanthone unit to the acceptor xanthene unit, judging from
preliminary fluorescence measurements, we next constructed a
heterodimeric compound. We chose compound 9 as a donor
unit and compound 8 as an acceptor unit among (di)-
benzoxanthones 7—14 because of the overlap of the emission
profile of 9 with the absorption profile of 8. A mixture of
compounds 9 and 8 (1.2 equiv) was treated with LDA (1.5
equiv) to give expected heterodimer 17 as well as homodimer
15 in respective yields of 22 and 7%. Compound 17 was treated
with 4 M hydrochloric acid in dioxane to give desired 18 in
79% vyield (Scheme 3).

Scheme 3. Synthesis of Heterodimeric Compound 18

ors (i) LDA
+g ———

?(i) LDA, THF, 7% (15), 22% (17). (ii) 4 M HCI, dioxane, 79%.

Optical Properties of Dimeric Dyes. With dimeric
fluorescent dyes S, 16, and 18 in hand, we next investigated
their optical properties. In particular, we aimed to determine
(1) how energy transfer from the donor xanthone unit to the
acceptor xanthene unit was affected by their orthogonal
arrangement” and (2) the dependence of energy transfer in
the dimeric dyes on pH'® because each dye molecule contained
three pH-sensitive phenolic hydroxyl groups.

We measured the UV—vis and fluorescent spectra of 16 in
various aqueous buffered media (pH 1—12) to assess its
potential for use in bioimaging. Photographs of 16 under UV
(365 nm) and natural light as well as its UV—vis and
fluorescent spectra are depicted in Figure 3. Dimeric dye 16
had poor solubility in aqueous solution and formed a
precipitate under acidic and neutral conditions. In the pH
range of 9—12, the highest fluorescence intensity was observed
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Figure 3. (a) UV—vis and (b) fluorescence spectra of compound 16
under various pH conditions. Photographs of compound 16 at various
pH values under (c) natural light and (d) 365 nm UV light.
Conditions: [16] 20 X 107 M for UV—vis and fluorescent
measurements. [16] = 1.0 X 10~ M for photographs. HCI-KCI buffer
(pH 1), citrate-phosphate buffer (pH 3, S, 7), Tris-HCl buffer (pH 8,
9), and glycine-NaOH buffer (pH 10, 11, 12). ppt, precipitation.

at pH 10 (Figure 3b), whereas the UV—vis spectra of
compound 16 at pH 10—12 were comparable (Figure 3a).
Next, UV—vis and fluorescence spectra of dimeric fluorescent
dyes S, 16, and 18 were scrutinized in three different solvent
systems, methanol, 8.3 X 1072 M NaOH in methanol, and
glycine-NaOH buffer solution (pH 10). The UV—vis and
fluorescence spectra of the corresponding fragments in dimeric
dyes were also measured as reference compounds 19-23
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Figure 4. Structures of reference compounds 19—23.

Figure 5 shows the UV—vis and fluorescence spectra of
dimeric dye § and its fragments 19'** and 20" in the three
solvent systems. Focusing on the UV spectra (Figure Sa,c,e),
the UV spectrum of § is almost the sum of those of constituents
19 and 20 in each medium. Thus, the two fragments of $ do
not interact in the ground state. Regarding the fluorescence
spectra (Figure Sb), fragment 19 exhibits a peak at around 429
nm and fragment 20 emits at 518 nm in methanol solution.
When the xanthone unit of § was irradiated at 316 nm,
negligible fluorescence was observed from the xanthone unit at
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Figure S. (3, ¢, ) UV—vis and (b, d, f) fluorescence spectra of dimeric
dye § and its fragments 19 and 20. Conditions: [§, 19, 20] = 2.0 X
10~ M, (a, b) methanol, (¢, d) 8.3 X 107> M NaOH/methanol, and
(e, f) glycine-NaOH buffer (pH 10), 25 °C; light path length, 1 cm.
For fluorescent spectra of dimeric dye §, the solid green line indicates
excitation of the donor xanthone unit, and the dotted pale blue line
indicates excitation of the acceptor xanthene unit.

ca. 420 nm, but considerable fluorescence was exhibited from
the xanthene unit at around 532 nm. These data indicate that
efficient energy transfer occurred from the xanthone unit as a
donor to the xanthene unit as an acceptor. In NaOH/methanol
solution (Figure Sd), the efficiency of this energy transfer
decreased, and emissions derived from both xanthone (425
nm) and xanthene (522 nm) were observed. Furthermore, the
energy transfer between the units was disrupted in buffer
solution (Figure Sf). Thus, almost no fluorescence from the
xanthene unit occurred through the energy transfer pathway,
and each unit acted as an independent fluorophore.

In the case of dimeric dye 16, additivity of UV spectra was
also confirmed in the three solvent systems (Figure 6a,c,e), so
no interaction between donor xanthone and acceptor xanthene
units was again observed in the ground state. When the donor
xanthone unit was excited, the intensity of fluorescence from
the acceptor xanthene unit was increased through energy
transfer in all three solvent systems.

For heterodimeric dye 18, the emission from the xanthene
unit was very weak, so it is not suitable for use as a fluorescent
material (see the Supporting Information).

The optical properties of dimeric dyes S and 16 are
summarized in Table 1. Here, the quantum yield of the donor
unit @) was calculated based on the intensity of absorption of
the donor xanthone unit and the area of fluorescence from the
acceptor xanthene unit, whereas the quantum yield of the
acceptor unit ®(,) was determined from the absorption and
fluorescence of the acceptor xanthene unit. The ratio ®4)/®,)
indicates the efficiency of energy transfer from the xanthone
unit to the xanthene one. Because the units of dimer § act as

DOI: 10.1021/acs.joc.5b00479
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Figure 6. (a, ¢, ) UV—vis and (b, d, f) fluorescence spectra of dimeric
dye 16 and its fragments 21 and 22. Conditions: [16, 21, 22] = 2.0 X
10~° M, (a, b) methanol, (¢, d) 8.3 X 107> M NaOH/methanol, and
(e, f) glycine-NaOH buffer (pH 10), 25 °C; light path length, 1 cm.
For fluorescent spectra of dimeric dye 16, the solid green line indicates
excitation of the donor xanthone unit, and dotted pale blue line
indicates excitation of the acceptor xanthene unit.

Table 1. Optical Properties of Dimeric Dyes S and 16

Dy (nm)*

dye medium dis  Aam @y (am)” D/ Dy AC
5 MeOH 316 532 027 (315) 0.68 216
483 0.40 (450) 49
NaOH/MeOH 349 522 0.0062 (360) 0.28 173

497 0.022 (450) 25
Buffer (pH 10) 366 514  0.0004 (360) 0.04 148

489 0.009 (450) 25
16 MeOH 363 550  0.20 (360) 0.77 187
516 0.26 (450) 34
NaOH/MeOH 383 630  0.081 (360) 0.54 247

545 0.15 (540) 85
Buffer (pH 10) 389 625  0.006 (360) 0.35 236

535 0.018 (540) 90

“®y), quantum yield obtained through the energy transfer pathway
following excitation of the donor xanthone unit. ®,), quantum yield of
the directly irradiated acceptor xanthene unit. The excitation
wavelength A, is shown in parentheses. bQuantum yields were
determined using a solution of quinine sulfate in 1 M H,SO, as a
reference standard (® = 0.56) for A, = 315—360 nm, fluorescein in
0.1 M NaOH as a standard (® = 0.98) for A, = 450 nm, and
dinaphthofluorescein'® in buffer (pH 10) as a standard (® = 0.14) for
Aex = 540 nm. “Difference between the wavelengths of emission and
absorption maxima.

two independent fluorescent dyes, especially in buffer medium,
@)/ P, is obviously lower in buffer than in methanol. In
contrast, for dimer 16 where the fluorescence did not originate
from the donor xanthone unit, relatively high values of CI)(d)/
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®(,), 0.35—0.77, were maintained regardless of the kind of
solvent along with very large differences between absorption
and emission wavelengths A (4., — A4,) of around 200 nm.
The quantum yield ® of fragment molecule 21 was 28% in
methanol,* whereas those of 16 were 20% for irradiation of the
donor xanthone and 26% for irradiation of the acceptor
xanthene. The resulting @4,/ ®,) of 0.77 in methanol indicates
that rapid and effective energy transfer occurs in dimeric dye
16.

To elucidate the mechanism of effective energy transfer of
dimer $, the most stable conformations of both the ground and
excited states of neutral and monoanionic forms of 5 were
estimated using density functional theory (DFT) at the
B3LYP/6-31+G level for the ground-state calculations and
the configuration interaction singles method (CIS/6-31+G) for
the excited-state calculations.''

The optimized structures of § are illustrated in Figure 7. The
calculated dihedral angle, defined by the four atoms in blue in

(a) ground state of free form 5

(b) excited state of free form 5

: f

)Y p-1027°
&

9

9

(d) excited state of anionic form 5

Figure 7. Optimized structures of dimeric compound $ in ground and
excited states. (a) Free form in the ground state, (b) free form in an
excited state, (c) anionic form in the ground state, and (d) anionic
form in an excited state.

each structure, of the neutral form of § in the ground state is
86.5° (Figure 7a), whereas that of the monoanionic form in the
ground state is 92.6° (Figure 7c). Thus, the xanthone and
xanthene units are orthogonal in the ground state. These data
clearly support the additivity of the UV spectra of § in the three
different solvent systems (Figure Sace). In contrast, the
dihedral angles of the excited states of free and anionic $§
increased to 102.7° and 125.4°, respectively. Because the two
fluorophore units in $ are not orthogonal in the excited state, it
is unsurprising that effective energy transfer was observed in
methanol. We should rather examine why emissions derived
from both xanthone and xanthene were observed from dimeric
dye § in basic methanol and why fluorescence originated from
only the donor xanthone in $ in basic buffer medium.

DOI: 10.1021/acs.joc.5b00479
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A simplified Jablonski diagram (Figure 8) reveals that after
vertical excitation and internal conversion, electrons in the
excited S, state relax back to the ground state Syp mainly
through nonradiative relaxation, fluorescence, and energy
transfer, which have rates of k,p, kap, and kr(,), respectively.'*
When kyp, is sufficiently larger than kr,), fluorescence from the
donor will be observed. Conversely, if kr,) > kg, then
fluorescence from the acceptor will be predominant, and if kr(,
& kqp, then fluorescence from both the donor and acceptor will
be observed.

Sip

knrD kfID

knrA

sOD SOA

Figure 8. Simplified Jablonski diagram. k,p, rate of nonradiative decay
from the donor; kyp, rate of fluorescence from the donor; kr(,), rate of
energy transfer; k., rate of nonradiative decay from the acceptor; and
kqa, rate of fluorescence from the acceptor.

In the Forster resonance energy transfer mechanism, the rate
of energy transfer kr(r) is given as follows'**

9000(In 10)
1287°n*N,

2
kr(r) = QDK6 [
(i
(1)

where Qp is the quantum yield of the donor in the absence of
the acceptor, « is the orientation of the donor emission dipole
moment with respect to that of the acceptor absorption dipole
moment, 7 is the fluorescent lifetime of the donor, r is the
distance between donor and acceptor units, n is the refractive
index of the medium, N, is Avogadro’s number, and the
integral term indicates the overlap of the donor emission
spectrum with the absorption spectrum of the acceptor.
Because kyp is constant under the given conditions, kr,
plays an important role in determining the dominant relaxation
process. Thus, to explain the fluorescent behavior of dimer § in
various solvent systems (Figure S), its kr(;y in methanol should
be vastly greater than that in basic aqueous medium. On the
basis of this idea, the individual terms in eq 1 were scrutinized.
Measured and calculated values of individual terms are as
follows; Qp (quantum yield of fragment 19) is 0.32 in methanol
and 0.73 in buffer (pH 10), 7, (fluorescent lifetime of fragment
19) is 4.4 ns in methanol and 2.8 ns in buffer (SpH 10), r is
constant in this case, and n* is 3.12 in methanol'® and 3.16 in
water.'® These terms accordingly show the limited influence of
kr(;y on the fluorescence of S. For the integral term in eq 1, the
overlap between the emission of the donor xanthone unit and
absorption of the acceptor xanthene unit of dimer dye §
partially depended on the solvent system. The emission
ascribed to the donor xanthone unit shifted to shorter
wavelength when the solvent was changed from methanol to
buffer; the emission from xanthone fragment 19 appeared at
429 nm in methanol, 426 nm in NaOH/methanol, and 416 nm
in basic buffer. Meanwhile, the absorbance of the acceptor
xanthene moved to longer wavelength, with the absorbance
from xanthene fragment 20 appearing at 458 and 488 nm in

] fo T Fy(2) e, (A% di
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methanol, 503 nm in NaOH/methanol, and 492 nm in buffer.
Although these shifts may be used to interpret the larger kr(, in
methanol than in basic aqueous medium, there is still sufficient
overlap of the emission and absorption peaks to allow energy
transfer. Therefore, the integral term is not a deciding factor of
kr(). Through elimination of other factors, we find that x
should be an important parameter determining the likelihood
of energy transfer. As the medium becomes basic and phenolic
hydroxyl groups become phenolate and/or the water content
increases, the dihedral angle between xanthone and xanthene
moieties becomes orthogonal. If two dipole moments are
orthogonal, in principle, energy transfer from donor to acceptor
should not be observed. This interpretation seemingly
contradicts the results of the DFT calculations depicted in
Figure 7. However, the DFT calculation gives the most stable
conformation of the S1 state of an individual molecule in
vacuum at absolute zero, whereas in real systems, the
interactions between excited dimers and polar water molecules
are not negligible. In the case of dimeric dye 16, even though
the two aromatic rings are orthogonal, the corresponding
dipole moment is at an angle to the aromatic rings, so the scalar
product of the dipole moments is not zero.

The above consideration is supported by the fluorescence
lifetime (z) of dimer dye S calculated by considering the
excitation and emission of the donor unit and its fragment 19
(Table 2). In methanol, because the fluorescence from the

Table 2. Fluorescence Lifetimes (7, 10~ s) of Dimer 5 and
Its Fragment 19 Based on the Excitation and Emission of
Xanthone Units

compound S 19
Methanol 3.8, 1.2° 44°
NaOH/methanol 4.0, 1.7¢ 3.7¢
Buffer (pH 10) 2.8% 2.8°
e = 295 nm, A, = 429 nm. °,, = 295 nm, A, = 419 nm. 4, = 295

nm, A, = 416 nm.

donor xanthone fragment of 5 was quite weak, 7 was calculated
using a low photon count. In methanol and NaOH/methanol
solvent systems, in which energy transfer from xanthone to
xanthene units in dimer dye 5 was observed, two-component 7
of 3.8 and 1.2 ns in methanol and 4.0 and 1.7 ns in NaOH/
methanol were determined. On the basis of comparison with 7
of the donor fragment 19 (4.4 ns in methanol and 3.7 ns in
NaOH/methanol), the shorter component was ascribed to the
energy transfer process.

Bl CONCLUSIONS

We described the synthesis of novel xanthone and xanthene
dimeric dyes and examined their optical properties in three
solvent systems. In dimeric dye 16, effective energy transfer
between units was observed in all three solvent systems despite
their orthogonal conformation. In contrast, energy transfer in
dimeric dye 5 was affected by the solvent system. We believe
that this difference is caused by k in the Forster equation.
Studies to develop fluorescent dyes with high quantum yield
and large A (Ao — Ag) based on orthogonal dimeric dye
skeletons are currently in progress.

B EXPERIMENTAL SECTION

Synthesis of Dimeric Compounds from MOM-Protected
Xanthone and Aryl Lithium (Figure 1). A solution of n-BuLi (1.60

DOI: 10.1021/acs.joc.5b00479
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M n-hexane solution; 0.395 mL, 0.632 mmol) was added dropwise to a
solution of 2-bromo-1,3-dimethylbenzene (88 uL, 0.664 mmol) in dry
THF (4 mL) under a N, atmosphere at —78 °C. After stirring for 105
min, a solution of 1 (100 mg, 0.316 mmol) in dry THF (3 mL) was
added dropwise at same temperature. After SO min, the reaction
solution was warmed to room temperature and stirred for a further 50
min. The reaction mixture was poured into ethyl acetate and water.
The organic layer was successively washed with water twice and then
brine, dried over Na,SO,, filtered, and concentrated under reduced
pressure. The residue was purified by column chromatography (SiO,;
n-hexane/AcOEt = S:1 — 1:1) to afford 2 (11.2 mg, 10% yield),
dimeric compound 3 (12.8 mg, 14% yield), and compound 4 (13.7
mg, 14% yield).

9-(2,6-Dimethylphenyl)-6-(methoxymethoxy)xanthen-3-one (2).
Yield 10%; brown oil; IR (neat) 2956, 2929, 2362, 1641, 1598,
1151, 1153, 1078 cm™'; 'H NMR (400 MHz, CDCL,) § 7.35 (t, ] = 7.6
Hz, 1H), 7.21 (d, ] = 7.6 Hz, 2H), 7.18 (d, ] = 2.0 Hz, 1H), 6.94 (d, ]
= 8.8 Hz, 1H), 6.89 (d, ] = 9.6 Hz, 1H), 6.86 (dd, J = 8.8 Hz, 2.0 Hz,
1H), 6.58 (dd, J = 9.6 Hz, 2.0 Hz, 1H), 6.46 (d, ] = 2.0 Hz, 1H), 5.28
(s, 2H), 3.52 (s, 3H), 2.00 (s, 6H); *C NMR (100 MHz, CDCL,) &
185. 9, 161.8, 158.4, 154.5, 149.1, 136.0, 132.0, 130.6, 130.0, 129.2,
128.6, 127.8, 118.5, 114.5, 114.4, 105.9, 103.3, 94.4, 56.5, 19.8; HRMS
(EI', double-focusing magnetic sector) calcd for C,3H,,0, (M + H)",
361.1430; found, 361.1440.

1-Butyl-3,6-bis(methoxymethoxy)-8-[3-(methoxymethoxy)-6-
oxo-xanthen-9-yllxanthen-9-one (4). Yield 14%; yellow solid; mp
63—66 °C; IR (KBr) 2960, 1643, 1598, 1550,1518, 1444, 1375 cm™;
"H NMR (400 MHz, CDCl;) 6 7.25 (d, ] = 2.4 Hz, 1H), 7.18(d, ] =
2.4 Hz, 1H), 6.97 (d, ] = 8.8 Hz, 1H), 6.97 (d, ] = 9.6 Hz, 1H), 6.96
(d, ] =24 Hz, 1H), 6.79 (dd, ] = 8.8 Hz, 2.4 Hz, 1H), 6.78 (d, ] = 2.4
Hz, 1H), 6.71 (d, ] = 2.4 Hz, 1H), 6.54 (dd, ] = 9.6 Hz, 2.0 Hz, 1H),
649 (d, ] = 2.0 Hz, 1H), 5.31 (s, 2H), 5.27 (s, 2H), 5.26 (s, 2H), 3.54
(s, 3H), 3.51 (s, 3H), 3.49 (s, 3H), 3.06—2.92 (m, 2H), 1.28—1.11 (m,
4H), 0.69 (t, J = 7.2 Hz, 3H); *C NMR (100 MHz, CDCl,) § 185.8,
175.4, 161.2, 160.9, 160.8, 159.2, 158.9, 157.5, 153.9, 151.1, 148.8,
135.0, 130.4, 129.6, 128.6, 117.3, 1172, 116.1, 115.8, 115.7, 114.6,
113.9, 105.6, 103.9, 103.1, 101.0, 94.7, 94.4, 94.2, 56.7, 56.4, 56.4, 34.7,
332, 224, 13.8; HRMS (EI", double-focusing magnetic sector) caled
for CygH;50, (M + H)*, 627.2236; found, 627.2230.

General Procedure To Protect Hydroxy Groups with
MOMCI. The following preparation of a MOM-protected xanthone
is typical. To a stirred solution of 3,6-dihydroxyxanthone (2.10 g, 9.20
mmol) in dry DMF (20 mL) cooled in an ice bath was added NaH
(60% dispersion in mineral oil, 0.92 g 23.0 mmol, 2.5 equiv)
portionwise. After 15 min, MOMCI (1.5 mL, 20.2 mmol, 2.2 equiv)
was added dropwise, and then the mixture was stirred for 2 h at room
temperature. The reaction mixture was poured into ethyl acetate and
water. The organic layer was separated and washed with water three
times and then brine. After being dried over sodium sulfate, the solvent
was evaporated in vacuo to give a residue. The residue was washed
with n-hexane to afford 1 (2.83 g, 97%) as a white powder.

3,6-Bis(methoxymethoxy)xanthen-9-one (1). Yield 97%; white
powder; mp 158—161 °C; IR (KBr) 3079, 3002, 2964, 2900, 2844,
2821, 2792, 1614, 1569, 1442, 1313, 1253, 1220, 1157, 1078 cm™; 'H
NMR (400 MHz, CDCL,) & 8.23 (d, ] = 8.8 Hz, 2H), 7.05 (d, ] = 2.4
Hz, 2H), 7.01 (dd, ] = 8.8 Hz, 2.4 Hz, 2H), 5.28 (s, 4H), 3.51 (s, 6H);
BC NMR (100 MHz, CDCl;) § 175.5, 162.1, 157.7, 128.1, 116.5,
113.8, 103.0, 94.3, 56.3; HRMS (ET-ICR-MS) calcd for C,,H,ONa
(M + Na)*, 339.0851; found, 339.0839.

2,9-Bis(methoxymethoxy)benzo[a]xanthen-12-one (7). Yield
80%; white powder; mp 110—111 °C; IR (KBr) 2998, 2956, 2898,
2825, 1619, 1594, 1515, 1448, 1349, 1265, 1155, 1074, 1004, 919
cm™’; '"H NMR (400 MHz, CDCl;) 6 9.82 (d, J = 2.4 Hz, 1H), 8.35
(d, J=9.2 Hz, 1H), 8.03 (d, ] = 8.8 Hz, 1H), 7.81 (d, ] = 8.8 Hz, 1H),
7.39 (d, ] = 8.8 Hz, 1H), 7.32 (dd, J = 9.2 Hz, 2.4 Hz, 1H), 7.15 (d, ] =
2.4 Hz, 1H), 7.09 (dd, ] = 8.8 Hz, 2.4 Hz, 1H), 5.45 (s, 2H), 5.31 (s,
2H), 3.58 (s, 3H), 3.54 (s, 3H); *C NMR (100 MHz, CDCl;) §
177.7, 161.6, 158.0, 156.0, 135.7, 132.6, 129.6, 128.0, 125.7, 118.1,
117.8, 115.5, 114.4, 113.7, 110.0, 102.4, 94.5, 94.3, 56.5, 56.3 (one
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peak overlapped); HRMS (FT-ICR-MS) caled for C, H,;;O¢Na (M +
Na)*, 389.1004; found, 389.0996.
3,8-Bis(methoxymethoxy)benzo[b]xanthen-12-one (8). Yield
71%; white powder; mp 166—168 °C; IR (KBr) 3052, 2958, 2900,
2823, 1658, 1621, 1469, 1438, 1392,1326, 1251, 1155, 1002, 916 cm™;
"H NMR (400 MHz, CDCl;) 6 8.78 (s, 1H), 8.25 (d, ] = 8.8 Hz, 1H),
7.94 (d, ] = 8.8 Hz, 1H), 7.65 (s, 1H), 7.36 (d, J = 2.4 Hz, 1H), 7.19
(d, ] = 8.8 Hz, 2.4 Hz, 1H), 7.06 (d, ] = 2.4 Hz, 1H), 6.99 (dd, ] = 8.8
Hz, 2,4 Hz, 1H), 5.33 (s, 2H), 5.30 (s, 2H), 3.54 (s, 3H), 3.53 (s, 3H);
BC NMR (100 MHz, CDCL) § 176.8, 162.7, 1582, 157.4, 153.0,
138.0, 131.4, 128.5, 127.9, 125.8, 119.7, 119.4, 115.9, 113.4, 112.1,
107.8, 103.0, 94.3, 94.3, 56.4, 56.3; HRMS (FT-ICR-MS) calcd for
C,1H;;0¢Na (M + Na)*, 389.1005; found, 389.0996.
3,10-Bis(methoxymethoxy)benzo[c]xanthen-7-one (9). Yield
94%; light brown powder; mp 169—171 °C; IR (KBr) 2956, 2900,
1654, 1614, 1569, 1471, 1421, 1369, 1238, 1193, 1159, 1072, 995
cm™!; '"H NMR (400 MHz, CDCl,) 6 8.54 (d, J = 9.2 Hz, 1H), 8.30
(d, ] = 8.8 Hz, 1H), 8.22 (d, ] = 8.8 Hz, 1H), 7.61 (d, ] = 8.8 Hz, 1H),
7.46 (d, ] = 2.4 Hz, 1H), 7.38 (dd, J = 9.2 Hz, 2.4 Hz, 1H), 7.28 (d,] =
2.4 Hz, 1H), 7.08 (dd, ] = 8.8 Hz, 2.4 Hz, 1H), 5.35 (s, 2H), 5.34 (s,
2H), 3.55 (s, 3H), 3.55 (s, 3H); *C NMR (100 MHz, CDCl,;) §
176.6, 162.0, 158.0, 157.2, 153.8, 138.2, 128.0, 124.0, 123.2, 122.3,
119.2, 119.1, 117.1, 116.3, 114.6, 110.5, 103.1, 94.4, 94.4, 56.4, 56.3;
HRMS (FT-ICR-MS) caled for C,;H;304Na (M + Na)*, 389.1008;
found, 389.0996.
2,10-Bis(methoxymethoxy)dibenzo[a,i]xanthen-14-one (10).
Yield 52%; brown powder; mp 175—178 °C; IR (KBr) 2952, 2923,
2852, 2827, 1650, 1623, 1515, 1473, 1444, 1351, 1268, 1151, 1079,
998 cm™!; 'H NMR (400 MHz, CDCl;) 6 9.81 (d, ] = 2.4 Hz, 1H),
8.92 (s, 1H), 8.06 (d, ] = 8.8 Hz, 1H), 7.99 (d, ] = 9.2 Hz, 1H), 7.81
(d, J = 8.8 Hz, 1H), 7.78 (s, 1H), 7.43 (d, ] = 9.2 Hz, 1H), 7.42 (s,
1H), 7.31 (dd, J = 8.8 Hz, 2.4 Hz, 1H), 7.23 (dd, ] = 8.8 Hz, 2.4 Hz,
1H), 5.46 (s, 2H), 5.35 (s, 2H), 3.60 (s, 3H), 3.56 (s, 3H); '*C NMR
(100 MHz, CDCl;) § 179.2, 158.8, 158.4, 157.3, 151.9, 137.8, 136.6,
132.9, 131.5, 129.9, 127.9, 1262, 125.7, 121.3, 119.6, 117.8, 115.9,
113.0, 111.9, 110.1, 107.8, 94.6, 94.3, 56.6, 56.3; HRMS (FT-ICR-MS)
caled for Cy,sH,0OgNa (M + Na)*, 439.1166; found, 439.1152.
Compound 11. Known.*
3,11-Bis(methoxymethoxy)dibenzo[c,h]xanthen-7-one (12). Yield
78%; pale pink powder; mp 179—181 °C; IR (KBr) 2956, 2850, 2829,
1639, 1569, 1471, 1421, 1367, 1240, 1205, 1153, 1079, 1004, 925
cm™'; '"H NMR (400 MHz, CDCl,) 6 8.55 (d, J = 8.8 Hz, 2H), 8.20
(d, ] = 8.8 Hz, 2H), 7.58 (d, ] = 8.8 Hz, 2H), 7.41 (d, ] = 2.0 Hz, 2H),
7.36 (dd, ] = 8.8 Hz, 2.0 Hz, 2H), 5.33 (s, 4H), 3.54 (s, 6H); "*C
NMR; (100 MHz, CDCl;) § 176.1, 157.8, 152.9, 138.0, 124.2, 123.6,
122.2, 119.3, 119.3, 117.0, 110.5, 94.4, 56.3; HRMS (FT-ICR-MS)
caled for CysH,0OgNa (M + Na)*, 439.1157; found, 439.1152.
3,9-Bis(methoxymethoxy)dibenzo[b,i]xanthen-13-one (13). Yield
83%; vellow powder; mp 206—208 °C; IR (KBr) 2954, 2923, 2854,
2827, 1666, 1627, 1498, 1467, 1440, 1932, 1180, 1155, 1079, 1006
cm™'; 'H NMR (400 MHz, CDCl,) & 8.84 (s, 2H), 7.96 (d, J = 9.2
Hz, 2H), 7.70 (s, 2H), 7.38 (d, ] = 2.4 Hz, 2H), 7.20 (dd, ] = 9.2 Hz,
2.4 Hz, 2H), 5.35 (s, 4H), 3.56 (s, 6H); *C NMR (100 MHz, CDCl;)
5 178.1, 157.5, 153.0, 138.5, 131.5, 128.2, 125.4, 119.2, 119.1, 111.8,
107.7, 94.2, 56.3; HRMS (FT-ICR-MS) calcd for C,qH,;0¢Na (M +
Na)*, 439.1160; found, 439.1152.
2,10-Bis(methoxymethoxy)dibenzo[a,h]xanthen-14-one (14).
Yield 85%; brown powder; mp 155—158 °C; IR (KBr) 2925, 2580,
2825, 1639, 1600, 1515, 1475, 1524, 1367, 1230, 1153, 1074, 1006
cm™; 'H NMR (400 MHz, CDCl,) § 9.86 (d, J = 2.0 Hz, 1H), 8.54
(d, J=9.2 Hz, 1H), 8.31 (d, ] = 8.8 Hz, 1H), 8.04 (d, ] = 9.2 Hz, 1H),
7.81 (d, ] = 8.8 Hz, 1H), 7.63 (d, ] = 9.2 Hz, 1H), 7.54 (d, ] = 8.8 Hz,
1H), 7.45 (d, J = 2.0 Hz, 1H), 7.37 (dd, ] = 9.2 Hz, 2.0 Hz, 1H), 7.31
(dd, J = 8.8 Hz, 2.0 Hz, 1H), 5.46 (s, 2H), 5.33 (s, 2H), 3.60 (s, 3H),
3.55 (s, 3H); °C NMR (100 MHz, CDCl,) § 1782, 158.1, 157.9,
157.5, 152.0, 137.8, 135.6, 132.6, 129.7, 126.0, 124.3, 123.6, 122.4,
119.1, 118.9, 118.2, 1182, 115.6, 114.5, 110.6, 110.2, 94.5, 94.4, 56.6,
56.3; HRMS (FT-ICR-MS) caled for C,sH,iOsNa (M + Na)*,
439.1152; found, 439.1152.
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General Procedure To Prepare Dimeric Compounds. The
following preparation of a dimeric compound 3 is typical. A solution of
LDA (1.5 M diethyl ether solution; 0.24 mL, 0.237 mmol) was added
dropwise to a solution of 1 (150 mg, 0.474 mmol) in dry THF (S mL)
under a N, atmosphere at —78 °C. After stirring for S min, the
reaction solution was warmed to 0 °C for 15 min. Then, the reaction
solution was cooled at —78 °C for 2 h. The reaction mixture was
poured into ethyl acetate and water. The organic layer was successively
washed with water twice and brine, dried over Na,SO,, filtered, and
concentrated under reduced pressure to dryness. The residue was
purified by column chromatography (SiO,; n-hexane/AcOEt = 5:1 —
2:1) to afford 3 (82.7 mg, 61% yield) as an orange amorphous solid.

3,6-Bis(methoxymethoxy)-1-[3-(methoxymethoxy)-6-oxo-xanth-
en-9-yllxanthen-9-one (3). Yield 61%; orange amorphous; mp 85—88
°C; IR (KBr) 2956, 2829, 1643, 1600, 1519, 1477, 1444, 1376, 1301,
1263, 1205, 1155, 1078, 991 cm™; '"H NMR (400 MHz, CDCl,) §
7.96 (d, J = 8.8 Hz, 1H), 7.33 (d, ] = 2.4 Hz, 1H), 7.18 (d, ] = 2.4 Hz,
1H), 7.12 (d, J = 2.4 Hz, 1H), 6.97 (dd, ] = 8.8 Hz, 2.4 Hz, 1H), 6.93
(d, J = 8.8 Hz, 1H), 6.90 (d, ] = 9.6 Hz, 1H), 6.83 (d, ] = 2.4 Hz, 1H),
6.79 (dd, J = 8.8, 2.4 Hz, 1H), 6.53 (dd, J = 9.6, 2.0 Hz, 1H), 6.49 (d, ]
= 2.0 Hz, 1H), 5.34 (s, 2H), 5.29 (s, 2H), 5.25 (s, 2H), 3.56 (s, 3H).
3.51 (s, 3H), 3.49 (s, 3H); *C NMR (100 MHz, CDCL,) § 185.9,
1742, 162.6, 161.4, 161.3, 159.1, 158.7, 157.2, 153.8, 150.4, 1354,
130.3, 129.8, 128.5, 1283, 117.6, 1164, 116.3, 115.7, 115.4, 114.4,
114.1, 105.0, 104.4, 103.3, 102.8, 94.7, 94.4, 94.4, 56.8, 56.4, 56.4;
HRMS (FT-ICR-MS) caled for C3,H,,0;0Na (M + Na)*, 593.1399;
found, 593.1418.

3,10-Bis(methoxymethoxy)-8-[3-(methoxymethoxy)-10-oxo-
benzo[c]xanthen-7-yllbenzo[c]xanthen-7-one (15). Yield 42%. red
oil; mp 224-226 °C; IR (KBr) 3072, 2956, 2902, 2827, 1618, 1521,
1477, 1417, 1367, 1245, 1153, 1078, 991 cm™"; 'H NMR (400 MHg,
CDCl,) 6 8.63 (d, ] = 9.2 Hz, 2H), 7.89 (d, ] = 8.8 Hz, 1H), 7.89 (d, ]
= 2.4 Hz, 1H), 7.54 (d, ] = 8.8 Hz, 1H), 7.46—7.37 (m, SH), 7.04 (d, ]
=9.6 Hz, 1H), 6.97 (d, ] = 8.8 Hz, 1H), 6.94 (d, J = 2.0 Hz, 1H), 6.71
(d, J = 2.0 Hz, 1H), 6.64 (dd, ] = 9.6 Hz, 2.0 Hz, 1H), 5.41 (s, 2H),
5.36 (s, 2H), 5.33 (s, 2H), 3.61 (s, 3H), 3.55 (s, 3H), 3.53 (s, 3H); °C
NMR (100 MHz, acetone-dg) & 184.9, 175.0, 162.4, 159.7, 159.3,
159.0, 154.1, 151.3, 149.3, 139.3, 138.2, 136.2, 131.1, 130.9, 1254,
125.0, 124.6, 124.4, 1243, 122.5, 120.8, 120.5, 119.6, 119.4, 119.2,
117.6, 117.1, 116.8, 116.4, 111.5, 111.3, 105.7, 105.6, 95.6, 95.1, 56.9,
56.4, 564 (two peaks overlapped); HRMS (FT-ICR-MS) calcd for
Cy4oH3000Na (M + Na)*, 693.1726; found, 693.1731.

3,10-Bis(methoxymethoxy)-8-[8-(methoxymethoxy)-3-oxo-
benzo[b]xanthen-12-yllbenzo[c]xanthen-7-one (17). Yield 22%.
orange oil; mp 166—169 °C; IR (KBr) 3203, 3062, 2952, 2904,
1623, 1602, 1533, 1475, 1415, 1367, 1249, 1147, 1076, 991 cm™'; 'H
NMR (400 MHz, CDCl,) 6 8.64 (8, ] = 9.2 Hz, 1H), 7.90 (d, ] = 8.8
Hz, 1H), 7.72 (s, 1H), 7.61 (d, ] = 2.4 Hz, 1H), 7.54 (d, ] = 8.8 Hz,
1H), 7.54 (d, ] = 9.2 Hz, 1H), 7.46—7.42 (m, 2H), 7.40 (s, 1H), 7.36
(d, ] = 2.4 Hz, 1H), 7.05 (dd, ] = 9.2 Hz, 2.4 Hz, 1H), 6.97 (d, ] = 2.4
Hz, 1H), 6.93 (d, ] = 9.2 Hz, 1H), 6.48—6.45 (m, 2H), 5.42 (s, 2H),
5.35 (s, 2H), 5.30 (s, 2H), 3.62 (s, 3H), 3.55 (s, 3H), 3.51 (s, 3H); *C
NMR (100 MHz, CDCl;) § 186.6, 174.5, 161.3, 158.8, 158.3, 158.3,
157.4, 153.4, 149.5, 149.4, 1384, 137.3, 1354, 130.8, 130.5, 129.7,
127.9, 1262, 124.5, 123.8, 122.1, 120.0, 119.5, 119.0, 1189, 117.1,
116.5, 11622, 111.5, 110.7, 108.4, 106.6, 104.6, 94.9, 94.2, 94.3, 56.9,
56.4, 56.3 (one peak overlapped); HRMS (FT-ICR-MS) calcd for
CyoH;00,0Na (M + Na)*, 693.1717; found, 693.1731.

General Procedure for the Deprotection of MOM Groups.
The following deprotection reaction is typical. A solution of 4 M
hydrochloric acid in 1,4-dioxane (0.4 mL) was added dropwise to a
solution of 3 (26.6 mg, 47.8 umol) in 1,4-dioxane (0.36 mL) and
stirred for 2.5 h at room temperature. The reaction mixture was
evaporated in vacuo to give a residue. The residue was washed with n-
hexane/EtOAc = 10:1 to give S as a yellow powder (75% yield).

3,6-Dihydroxy-1-(3-hydroxy-6-oxo-xanthen-9-yl)xanthen-9-one
(5). Yield 75%; yellow powder; mp > 300 °C; IR (KBr) 3461, 3432,
3401, 3218, 1608, 1455, 1392, 1294, 1207, 1178, 1116, 848 cm™'; 'H
NMR (400 MHz, methanol-d,) & 7.67 (d, ] = 8.8 Hz, 1H), 7.50 (d, J =
9.2 Hz, 2H), 7.27 (d, ] = 1.6 Hz, 2H), 7.16 (d, ] = 2.0 Hz, 1H), 7.07
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(dd, J = 9.2 Hz, 1.6 Hz, 2H), 6.88 (d, J = 2.0 Hz, 1H), 6.81 (d, ] = 2.0
Hz, 1H), 6.77 (dd, ] = 8.8 Hz, 2.0 Hz, 1H); *C NMR (100 MHz,
methanol-d,) § 175.7, 182.6, 170.4, 166.1, 164.5, 160.6, 160.5, 159.6,
134.8, 134.0, 128.8. 121.1, 118.1, 116.7, 115.4, 115.0, 114.8, 105.6,
103.4, 103.3; HRMS (FT-ICR-MS) calcd for C,4H;,0,Na (M + Na)*,
461.0638; found, 461.0632.

1-Butyl-3,6-dihydroxy-8-(3-hydroxy-6-oxo-xanthen-9-yl)-
xanthen-9-one (6). Yield 92%; yellow powder; mp > 300 °C; IR
(KBr) 3432, 1604, 1538, 1455, 1392, 1286, 1178, 850, 671 cm™’; 'H
NMR; (400 MHz, methanol-d,) § 7.63 (d, J = 9.2 Hz, 2H), 7.36 (d, J
= 2.4 Hz, 2H), 7.16 (dd, J = 9.2 Hz, 2.4 Hz, 2H), 7.12 (d, ] = 2.4 Hz,
1H), 6.78 (d, ] = 2.4 Hz, 1H), 6.74 (d, ] = 2.4 Hz, 1H), 6.54 (d, ] = 2.4
Hz, 1H), 2.82 (t, J = 7.2 Hz, 2H), 1.13—1.05 (m. 4H), 0.64 (t, ] = 7.2
Hz, 3H); C NMR (125 MHz, DMSO-d,) & 174.6, 172.0, 162.2,
162.0, 158.8, 157.1, 157.0, 147.4, 133.8, 131.4, 120.5, 115.3, 115.3,
115.1, 114.7, 111.6, 103.3, 102.5, 100.5, 33.8, 32.7, 21.7, 13.4 (one
peak overlapped); HRMS (EI*, double-focusing magnetic sector) calcd
for C430H,30, (M + H)*, 495.1451; found, 495.1444.

3,10-Dihydroxy-8-(3-hydroxy-10-oxo-benzo[c]xanthen-7-yl)-
benzo[c]xanthen-7-one (16). Yield 95%; red powder; mp > 300 °C;
IR (KBr) 3467, 3052, 2929, 1635, 1604, 1477, 1432, 1405, 1303, 1259,
1172 cm™; 'H NMR (400 MHz, methanol-d,) & 8.82 (d, ] = 9.2 Hg,
1H), 8.53 (d,] = 9.2 Hz, 1H), 7.71 (d, ] = 9.2 Hz, 1H), 7.65 (d, ] = 9.2
Hz, 1H), 7.58—7.55 (m, 2H), 7.40 (d, ] = 9.2 Hz, 1H), 7.36 (dd, ] =
9.2 Hz, 2.0 Hz, 1H), 7.33—7.30 (m, 3H), 7.25 (dd, ] = 9.2 Hz, 2.0 Hz,
1H), 7.23 (d, ] = 2.0 Hz, 1H), 7.16 (d, ] = 2.0 Hz, 1H), 6.95 (d, ] = 2.0
Hz, 1H); *C NMR (125 MHz, DMSO-dy) & 175.6, 173.6, 163.1,
162.7, 162.4, 159.2, 158.1, 158.0, 153.7, 153.3, 139.7, 138.4, 133.6,
131.8, 126.7, 126.0, 124.6, 123.7, 123.4, 122.9, 120.7, 120.3, 119.4,
117.6, 116.9, 116.6, 115.9, 115.4, 114.4, 113.6, 111.4, 110.1, 104.5,
103.0;, HRMS (EI', double-focusing magnetic sector) caled for
C34H,;s0, (M + H)*, 539.1123; found, 539.1131.

3,10-Dihydroxy-8-(8-hydroxy-3-oxo-benzo[b]xanthen-12-yl)-
benzo[c]xanthen-7-one (18). Yield 86%; red powder; mp > 300 °C;
IR (KBr) 3199, 2362,1600, 1521, 1477, 1394, 1344, 1251, 1199, 1153,
1120 cm™; 'H NMR (400 MHz, DMSO-dy) & 11.4 (s, 1H), 10.5 (s,
1H), 10.4 (s, 1H), 8.62 (d, ] = 9.2 Hz, 1H), 7.82 (s, 1H), 7.74 (d, ] =
9.2 Hz, 1H), 7.68 (d, ] = 8.8 Hz, 1H), 7.59 (s, 1H), 7.58 (d, ] = 8.8 Hz,
1H), 7.41 (d, J = 2.0 Hz, 1H), 7.36 (dd, ] = 9.2 Hz, 2.4 Hz, 1H), 7.28
(d, ] =24 Hz, 1H), 721 (d, ] = 2.0 Hz, 1H), 6.99 (d, ] = 9.6 Hz, 1H),
6.99 (dd, ] = 9.2 Hz, 2.4 Hz, 1H), 6.89 (d, ] = 2.4 Hz, 1H), 6.32 (dd, J
= 9.6 Hz, 2.0 Hz, 1H), 6.26 (d, J = 2.0 Hz, 1H); 3C NMR (125 MHz,
DMSO-dy) & 184.7, 173.5, 162.4, 158.9, 158.2, 1582, 158.0, 152.8,
150.7, 148.5, 138.2, 137.4, 134.5, 131.4, 131.1, 128.5, 128.5, 124.7,
124.5, 122.7, 1209, 119.2, 118.9, 118.6, 117.8, 116.5, 116.2, 114.7,
113.7, 110.0, 109.6, 107.5, 105.0, 104.0; HRMS (FT-ICR-MS) calcd
for C;,H,,0, (M-H)~, 537.0979; found, 537.0980.
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