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In this paper we explored several issues surrounding metal-free selective synthesis of dibenzo[g,p]
chrysene (DBC) by steps that consist of the dimerization of fluorenones and the carbocation 1,2-shift. We
focus on structurally non-symmetric two fluorenones having a bromine atom as a reactive moiety and a
tert-butyl group as a solubilizing agent: One is 4-bromo-2,7-di-tert-butyl-9-fluorenone (1), and the other
4,7-dibromo-2-(tert-butyl)-9-fluorenone (2). Each starting 1 and 2 undertakes the homo-coupling to give
two isomeric spiroketones and the following Wagner-Meerwein rearrangement to yield two isomeric
DBCs. The spiroketone intermediates have now been crystallographically characterized, which informed
us of the exact structures and lead us to comprehend which aryl group predominantly migrates from one
carbon to a neighboring carbon along with production of DBC skeletons. Although the construction of
DBCs proved to be involved in four paths, it seems likely now that a clear demonstration of making
different DBCs by different reaction conditions enables us to accomplish selective synthesis of DBCs.

© 2021 Elsevier Ltd. All rights reserved.
1. Introduction

Dibenzo[g,p]chrysenes (DBCs), shown in Scheme 1, have
constituted a class of non-planar aromatic compounds of interest
from material and synthetic points of view [1e3]. However, the
synthesis was often a bottleneck so far in the industrially practical
deployment [4]: most of the reported methods were generally
hampered by lengthy procedures from starting compounds [5]. For
example, intra-molecular oxidative coupling reactions to form
carbon-carbon bonds [6], palladium-mediated intra- and/or inter-
molecular transformations [7,8], intra-molecular Friedel-Crafts
cyclization to use a difluoroethene moiety [9], and dimerization of
fluorenones mediated by large quantities of zinc [10] wereworthily
demonstrable but long, tedious, and expensive.

Our group has recently reported metal-free construction of the
DBC frameworks in homogeneous reaction systems, which consists
of the dimerization of 9-fluorenones (up to 80-g scale) and the
following Wagner-Meerwein rearrangement (Scheme 1) [11].
Triethyl phosphite mediates to put two fluorenones together and
the resultant spiroketone undertakes acid-assisted 1,2-shift to
asawa).
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afford the corresponding fused rings. The most prominent feature
of this procedure is in simple, speedy, and scalable operation (at
least academic laboratory scale): 300 g of unsubstituted DBC were
practically prepared for one week. Despite the relevant utility of
this process, one shortcoming remains in a grand challenge:
dimerization reactions of non-symmetric fluorenones give isomeric
mixtures of DBCs.

Hereinwe present a study of gaining some insights into isomeric
production processes and selective production controls in the
dimerization reactions of non-symmetric fluorenones and the
following synthesis of DBCs. To the best of our knowledge, there is
no report about such dimerization of non-symmetric 9-fluorenones
and its relevant elucidation. It would be envisaged that the
analytical studies are relevant to the efficient production of
solution-processable DBC derivatives.

2. Results and discussion

2.1. Preparation of highly soluble fluorenones 1 and 2

Weprepared fluorenones 1 and 2, as illustrated in Scheme 2: the
tert-butyl groups in 1 and 2was designed to provide good solubility
to DBC derivatives in organic solvents. In part (a), upon addition of
bromine to readily commercially available 2,7-di-tert-butyl-
sis to the productivity in selective synthesis of dibenzo[g,p]chrysene
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Scheme 1. Metal-free dimerization of the starting symmetric 9-fluorenones to form
dibenzo[g,p]chrysenes (DBCs) (R ¼ H, Br, OCH3).

Scheme 2. Synthesis of new fluorenones (a) 1, and (b) 2.
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fluorenes, mono-bromination occurred just at 4-position in 90%
yield [12]. The Bolm oxidationmethod effected a clean formation of
1 in 88% yield [13]. In part (b), when the bromine was fortified with
zero-valent iron, the starting fluorenes quantitatively undertook
double bromination at 4- and 7-positions with regio-specific
manner. The resultant bis-bromide was subjected to the Bolm
oxidation in 72% yield. As we expected, fluorenones 1 and 2 proved
to be highly soluble.

2.2. Dimerization of 1 and 2 according to Scheme 1

During the recent course of our study, we have been involved in
dimerization of non-symmetric fluorenones of 1 and 2 for
diversity-oriented syntheses of new DBC platforms (Scheme 3):
however, we faced the fact that isomeric mixtures of spiroketones
3/iso-3 (79% yield, 50:50 ratio) and 4/iso-4 (71% yield, 30:70 ratio)
were formed and followed by transformation into the bis-bromo-
DBC 5/iso-5 (93%, 46:54 ratio) and tetra-bromo-DBC 6/iso-6 (88%,
40:60 ratio). Isolation of 3/4 from iso-3/iso-4 by silica-gel column
chromatography was possible but formidably tedious action; what
is worse, we were unable to separate 5 (or 6) and iso-5 (or iso-6)
from each other even in small amounts.

2.3. Formation of spiroketones 3/iso-3 and 4/iso-4

Dimerization reaction of 1 was carried out in refluxing P(OEt)3
solvent: Although the prolonged reaction time of 60 h was required
presumably due to the bulky tert-butyl groups, complete con-
sumption of the starting 1was observed alongwith 79% yield of the
corresponding spiroketones 3 and iso-3 in equal ratio (Scheme 3
(a)). Rf values in TLC (hexane/toluene, 1:1) are 0.57 for 3 and 0.60
for iso-3: these mixtures of maximum amount of 1.0 g were barely
2

separable by silica-gel column chromatography, yielding 3 in 28%
and iso-3 in 33%. Single crystals of 3 in propionitrile was prepared
by slow evaporation, and the crystallographic analysis revealed its
absolute configuration as shown in Fig. 1 [14]; thus, the definite
structure of iso-3was also determined as drawn in Scheme 3 (a). In
a similar vein, for the starting 2, two molecules coupled to give
isomeric mixtures of 4/iso-4 in 71% yield along with the ratio of
30:70 (Scheme 3 (b)). Rf values in TLC (hexane/toluene, 2:1) are
0.55 for 4 and 0.49 for iso-4, respectively; it was difficult to isolate
proper quantities of the samples by silica-gel column chromatog-
raphy. We recrystallized the mixture from propionitrile (23 mL/g);
only the major iso-4 precipitated out as pure form in 42% yield. The
resultant residue consisted of 4 and iso-4 with 60:40 ratio, which
underwent barely purification by silica-gel column chromatog-
raphy to finally isolate 16% yield of 4 and 48% yield of iso-4. Single
crystals of the major iso-4 in ethyl acetate were made by slow
evaporation, and the ORTEP drawing clarified its structure as
shown in Fig. 2 [15]; therefore, theminor spiroketone 4was defined
as the figure depicted in Scheme 3 (b).

Next, we focused on a study of the effect of reaction temperature
and tri-alkyl phosphite reagents on the dimerization process: For
experimental convenience, the starting 1 (0.3 mmol) was diluted in
1.0 mL of phosphite solvent (Table 1). The condition at 125 �C in
P(OEt)3 didn't complete the reaction along with 35% unreacted 1
(entry 1). Alternative P(Oi-Pr)3 consumed 1 with high 81% yield of
3/iso-3 (entry 2). Decrease of reaction temperatures to 95 �C
maintained the chemical yields (entry 3), although lower 75 �C left
unreacted 1 in 8% (entry 4). Finally, the highest-yielding trans-
formation with up to 87% was achieved at 95 �C in the high con-
centration of 1 (entry 5). Through the whole entries, molar ratios of
3/iso-3 were not improved at all.

Table 2 summarized the effect of reaction temperature and
phosphite reagents on the dimerization of 2. When the reaction in
P(OEt)3 at 120 �Cwas carried out, unreacted 2 remained in 13% even
in prolonged reaction time 40 h (entry 1). The reaction in P(Oi-
Pr)3 at 120 �C consumed 2, giving 72% yield of 4/iso-4 with a good
molar ratio of 18:82 (entry 2). A decrease of temperature to 95 �C
didn't improve the chemical yield, although it maintained a good
molar ratio (entry 3).

For the reason of the selective production of iso-4 in entry 2 of
Table 2, we prepared an illustration of Fig. 3 that is based on a
report by Borowith and co-workers [16]. They confirmed the defi-
nite production of pentaoxyphosphoranes with careful spectro-
scopic analyses, inwhich the carbanion oxy-phosphonium betaines
play important roles to construct the skeletal phosphoranes. When
the betaine generated from 2 here attacks another fluorenone to
cause the dimerized event, steric repulsion between two bulky tert-
butyl groups would lead one phosphorane conformer illustrated in
Fig. 3. In the phosphorane, pinacol type-migration of the electron-
rich aromatic ring having a tert-butyl group is accompanied with
side-production of tri-iso-propyl phosphate and followed by pre-
dominant formation of iso-4 [17]. On the other hand, in the
dimerized event of 1 in Table 1, there is no difference of the electron
density in the corresponding two aromatic rings owing to the two
tert-butyl groups at the same positions; hence, the molar ratios of 3
to iso-3 reside in around 50:50.

2.4. Construction of DBCs 5/iso-5 and 6/iso-6

What kind of paths do the spiroketones follow to the DBCs?
First, we focused on the reaction process in the Wagner-Meerwein
rearrangement of isolated 3 to form 5/iso-5 (Scheme 4(a)):
Although the reduction of 3 by NaBH4 smoothly gave the corre-
sponding alcohol, the following 1,2-shift made bifurcated paths to
mixture 5/iso-5 in 97% yields. We attempted to separate 5 from iso-



Scheme 3. Dimerization of non-symmetric fluorenones (a) 1 and (b) 2 to produce the isomeric spiroketones 3/iso-3 and 4/iso-4, and DBCs 5/iso-5 and 6/iso-6.

Fig. 1. Molecular structures with ORTEP drawing of 3 with thermal ellipsoids at the
50% probability level; (a) side view; (b) top view. Hydrogen atoms are omitted for
clarity.

Fig. 2. Molecular structures with ORTEP drawing of iso-4with thermal ellipsoids at the
50% probability level; (a) side view; (b) top view. Hydrogen atoms are omitted for
clarity.

Table 1
Evaluation of reaction conditions in the dimerization of 1 for synthesis of 3/iso-3.[a].

Entry R in P(OR)3 T/�C t/h Yield (%)[b] 3:iso-3 Ratio[c] Unreacted 1 (%)

1 Et 125 42 54 45:55 35
2 i-Pr 125 45 81 50:50 0
3 i-Pr 95 41 80 49:51 0
4 i-Pr 75 47 73 49:51 8
5[d] i-Pr 95 47 87 50:50 0

a Reactions were carried out with 1 (111 mg, 0.30 mmol) diluted in 1.0 mL of
phosphite, unless otherwise stated.

b Isolated mixtures of 3 and iso-3.
c Molar ratios of 3:iso-3 were determined by 1H NMR analyses.
d 2.2 mmol (814 mg) of 1 was employed in 4.4 mmol (1.0 mL) of P(Oi-Pr)3.

Table 2
Evaluation of reaction conditions in the dimerization of 2 for synthesis of 4/iso-4.[a].

Entry R in P(OR)3 T/�C t/h Yield (%)[b] 4:iso-4 Ratio[c] Unreacted 2 (%)

1 Et 120 40 56 27:73 13
2[d] i-Pr 120 8 72 18:82 0
3 i-Pr 95 8 40 17:83 35

a Reactions were carried out with 2 (118 mg, 0.30 mmol) diluted in 1.0 mL of
phosphite, unless otherwise stated.

b Isolated mixtures of 4 and iso-4.
c Molar ratios of 4:iso-4 were determined by 1H NMR analyses.
d 2.2 mmol (867 mg) of 2 was used in 4.4 mmol (1.0 mL) of P(Oi-Pr)3.
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5; however, their Rf values were too close to separate each other. To
take 1H NMR spectra into consideration, we noted the isomeric
ratio of 5 to iso-5 is 20:80. If we could isolate 8 (7) and iso-8 (iso-7)
those are derived from 5 and iso-5 as shown in Scheme 4(a) and
Fig. 4, the isomers should be distinguished by 13C NMR spectra in
aromatic regions because there are 13 peaks for 5/7/8, and 14 peaks
for iso-5/iso-7/iso-8. Thus, copper mediated-etherification of the
mixture 5/iso-5 (20:80) yielded the 24:76 mixture of 7/iso-7 in 83%.
Although 7was not separable from iso-7, the further demethylation
enabled to isolate 8 in 17% yield and iso-8 in 63% yield. We
confirmed that aromatic carbon signals in 13C NMR spectra are 13
3

peaks for 8 and 14 peaks for iso-8, and deduced that the structures
of 5 and iso-5 are clarified as illustrations of Scheme 3 (a).

On the other hand, in Scheme 4(b), isolated iso-3 also undertook
the migration protocol to afford mixtures of 5/iso-5 in 89% yield.



Fig. 3. Plausible path to major iso-4 via phosphorane intermediates.

Scheme 4. Transformation of the isolated pure spiroketones (a) 3 and (b) iso-3 into the
DBCs 7, iso-7, 8 and iso-8.

Fig. 4. DBCs 7, iso-7, 8, and iso-8.

Fig. 5. DBCs 9, iso-9, 10, and iso-11.

Table 3
Evaluation of reactivities and selectivities in the transformation of iso-4 into 6/iso-
6.[a].

Entry Acid[b] Solvent[c] T/�C t/h Yield[d] (%) Ratio[e] 6:iso-6
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The spectra of 1H NMR and 13C NMR explained the ratio of 5 to iso-5
as 75:25, which is complementary to the output in the former
Scheme 4(a). When this isomeric mixture 5/iso-5 was in use for
further transformation, the next etherification proceeded in 77%
yield of 7/iso-7 with 73:27 ratio and the following demethylation
provided the isolated 8 in 67% yield and iso-8 in 17%.

In the same vein, isolated 4 (Scheme 5(a)) and iso-4 (Scheme
5(b)) underwent the rearrangement to bifurcate into 6 and iso-6
with ratios of 55:45 and 33:67, respectively. The bifurcation is the
reasonwhy the isomeric ratios of 30:70 in 4/iso-4 change into 40:60
in 6/iso-6 through the rearrangement process in Scheme 3. Insep-
arable 6/iso-6 mixtures here were amenable to etherification,
which enabled the separation of 9 from iso-9 (Fig. 5). We checked
Scheme 5. Transformation of the isolated pure spiroketones (a) 4, and (b) iso-4 into
the DBCs 9, iso-9, 10 and iso-10.
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that aromatic carbon signals in 13C NMR are 13 peaks for 9 and 14
peaks for iso-9, which reasoned that structures of 6 and iso-6 are
elucidated as drawings of Scheme 3 (b).

We have pursued improvement of the selective Wagner-
Meerwein shift of 3/iso-3 and 4/iso-4: Does the different acid
and/or solvent enable to improve the selective formation of DBCs 5/
iso-5 and 6/iso-6? [18] We optimized the reaction conditions uti-
lizing iso-4 (Table 3), because the isolated iso-4 by recrystallization
was more available than other three spiroketones of 4, 3 and iso-3.
A criterion for the optimization was in entry 1 where use of MsOH
in refluxing toluene for 1 h gave 87% yield with 33:67 ratio of 6/iso-
6. When MsOH was used, HFIP (hexafluoro-2-propanol) solvent
proved to be workable even at room temperature (entry 2) [19,20].
However, several tests of Brønsted acids didn't surpass the result of
entry 1 in both chemical yields and isomeric ratios (entries 3 and 4).
We changed such protic acids to a Lewis acidic AlCl3 (entry 5): the
desired migration seemed to progress fast at ambient temperature,
but AlCl3 was too strong acid to suppress disgusting side-reactions
that are elimination of tert-butyl groups. Therefore, we had the
Lewis acid altered into weaker EtAlCl2 and Et2AlCl (entries 6e10):
Thus, EtAlCl2 achieved the highest ratio of 18:82 with sufficient
yield of 81% (entry 7). The catalytic amount of EtAlCl2 was
1 MsOH Toluene reflux 1 87 33:67
2 MsOH HFIP r.t. 20 70 34:66
3 TsOH HFIP r.t. 20 71 38:62
4 conc. HCl HFIP r.t. 22 63 34:66
5[f] AlCl3 Toluene r.t. 0.5 <50 e

6 EtAlCl2 Toluene r.t. 1 83 25:75
7 EtAlCl2 Toluene 0 2 81 18:82
8[g] EtAlCl2 Toluene �78e0 4 79 19:81
9[h] EtAlCl2 Toluene r.t. 2 22 32:68
10 Et2AlCl Toluene r.t. 1 0 e

a For entries 2e4, conditions: single iso-4 (150 mg, 0.19 mmol), acid (0.11 mmol),
solvent (1.0 mL). For entries 5e10; single iso-4 (100 mg, 0.13 mmol), acid
(0.16 mmol), solvent (0.67 mL).

b MsOH, methanesulfonic acid; TsOH, p-toluenesulfonic acid.
c HFIP, hexafluoro-2-propanol.
d Isolated mixtures of 6 and iso-6.
e Determined by 1H NMR analysis.
f The purified compounds included small amounts of impurities, and the accurate

ratio was not determined.
g The reaction temperature started at �78 �C, and increased gradually to 0 �C.
h 0.5 equiv of EtAlCl2 was used.



Table 5
Evaluation of reactivities and selectivities in the transformation of iso-3 into 5/iso-
5.[a].

Entry Solvent[b] t/h Yield[c] (%) Ratio[d] 5:iso-5

1 Toluene 2 0 e

2[e] HFIP 1 91 72:28
3 Toluene/HFIP (1:1 v/v) 1 91 91:9

a Conditions: single iso-3 (100 mg, 0.14 mmol), acid (0.080 mmol), solvent
(1.0 mL).

b HFIP, hexafluoro-2-propanol.
c Mixtures of 5 and iso-5.
d Determined by 1H NMR analysis.
e 250 mg of 1 was employed.

Scheme 6. Predominant formation of (a) 5 and iso-5, and perfect isolation of (b) 6 and
iso-6.
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powerless (entry 9), and much weaker Et2AlCl was unworkable
(entry 10).

Next, we concentrated on searching good conditions in the
transformations of 3 and iso-3 into 5/iso-5 (Tables 4 and 5). For 3 in
Table 4, criterion for the optimization was in entry 1 where high-
yielding transformation in toluene at room temperature gave the
isomeric ratios of 11:89. Although the change of the solvent to HFIP
didn't improve the ratios, the major and minor products were un-
expectedly yet totally replaced by each other (entry 2). And we
anticipated that Lewis acid reagent of EtAlCl2 would be effective;
however, the isomeric ratio ended up in the non-selective 60:40
(entry 3). For iso-3 in Table 5, the reaction was carried out at room
temperature in the presence of conc. HCl and the toluene solvent
didn't work at all (entry 1), but the HFIP drastically activated the
reaction system (entry 2). The state of the alcohol generated from
iso-3 in HFIP solvent was white suspension, so we mixed equal
volume of toluene inwith the HFIP, and the reactionwas conducted
in a solution phase (entry 3): the most selective production in 91:9
ratio was accomplished in 91% yield.

Taken together these data in Table 3 and Scheme 5 suggest that
the selective synthesis of 6/iso-6 prefers use of Lewis acid EtAlCl2
(entry 7). On the other hand, the accumulated data in Tables 4 and 5
and Scheme 4 show that the catalytic amount of conc. HCl is
effective for selective formation of 5/iso-5 under the mixed solvent
of HFIP and toluene (Table 5, entry 3). Although some details were
found through those experiments, the mechanism resulting in the
high stereochemical control and product selectivity is not yet fully
known: Our understanding of product distribution differs from
solvent to solvent and from acid to acid still lacks consistency and
finds no reasonable discussion. Whatever is reason, different spi-
roketones match different conditions to selectively construct the
corresponding DBCs [21, 22].

Lastly, we again intensively tried to isolate 5, iso-5, 6, and iso-6
those were inseparable in the previous procedure that is depicted
in Scheme 3: this led us to demonstrate experiments in Scheme 6,
where the best conditions effect a single construction or predom-
inant formation of each 5, iso-5, 6, and iso-6. For part (a), 3 and iso-3
were separated by silica-gel column chromatography, and each
undertook the Wagner-Meerwein rearrangement in the presence
of conc. HCl under the mixed solvent of toluene and HFIP. And DBC
5 and iso-5 were given in high yields with 20:80 and 90:10 ratios,
respectively: Perfect separation of 5 from iso-5 was not achieved
but recrystallization from ethyl acetate made them much more
purified with 11:89 and 93:7 ratios [23]. For part (b), 2 dimerized to
Table 4
Evaluation of reactivities and selectivities in the transformation of 3 into 5/iso-5.[a].

Entry Acid[b] Solvent[c] T/�C t/h Yield[d] (%) Ratio[e] 5:iso-5

1 MsOH Toluene r.t. 4 93 11:89
2 MsOH HFIP r.t. 1 93 74:26
3 EtAlCl2 Toluene 0 0.5 96 60:40

a Conditions: single 3 (100 mg, 0.14 mmol), acid (0.080 mmol), solvent (1.0 mL).
For entries 3, 0.17 mmol of acid reagent was used.

b MsOH, methanesulfonic acid.
c HFIP, hexafluoro-2-propanol.
d Mixtures of 5 and iso-5.
e Determined by 1H NMR analysis.

5

give 4/iso-4 with 13:87 ratio, and the following recrystallization
from propionitrile yielded iso-4 in 49% as a single isomer. The next
migration reaction of iso-4 in the presence of Lewis acidic EtAlCl2
produced mixture of DBC 6/iso-6 in 25:75 ratio: The difference in
the molar ratio was significant enough to isolate 6 in 12% and iso-6
in 51% yields. Thus, perfect isolation of 6 and iso-6 were finally
achieved.
3. Conclusion

To conclude, we have been in the process of studying variations
of the selective DBCs production in depth. Some of the most
important variations will be the substituents in the non-symmetric
fluorenones, the phosphite reagents, the acid sources, and the
solvent effects. The results provide the following four salient fea-
tures: One, the high-yielding dimerization steps were enhanced by
the usage of P(O-iPr)3 solvent even at relatively low temperature
95 �C and 120 �C. Two, the selective dimerization to produce spi-
roketones with up to 85:15 ratio might be attributed to the
electron-rich aromatic ring caused by the tert-butyl groups in the
corresponding reaction intermediate of phosphorane. Three, the
crystallographic analyses of the spiroketones revealed that two
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possible migratory bonds in Wagner-Meerwein rearrangement
selectively shift with some different proportions. Four, the pro-
ductivity in the selective Meerwein migrations is enhanced by
combination of acid reagents and solvent molecules. Clearly, these
four features enable us to completely isolate the structurally similar
isomeric DBCs 6 and iso-6 those are inseparable so far. Our progress
reported herein should serve as an intellectual basis for future
synthetic chemistry of selective production of functional DBCs.
There are much more variations of non-symmetric 9-fluorenones
to try. Further synthetic research of speedy, scalable and selective
production of new DBCs is ongoing and will be reported in due
course.

4. Experimental section

4.1. General

All reactions sensitive to air or moisture were carried out under
an argon or a nitrogen atmosphere and anhydrous conditions un-
less otherwise noted. Dry solvents were purchased and used
without further purification and dehydration. All reagents were
purchased and used without further purification. Analytical thin
layer chromatography was carried out on Merck silica 60F254. Col-
umn chromatography was carried out with silica gel 60 N (Kanto
Chemical Co.). LRMS and HRMS were reported on the basis of TOF
(time of flight)-MS (MALDI-TOF or LCMS-IT-TOF), and DART (Direct
Analysis in Real Time)-MS. 1H and 13C NMR spectra were recorded
with a 5 mm QNP probe at 400 MHz and 100 MHz, respectively.
Chemical shifts are reported in d (ppm) with reference to residual
solvent signals [1H NMR: CHCl3 (7.26), CH3CN (1.94); 13C NMR:
CDCl3 (77.0), DMSO (39.5)]. Signal patterns are indicated as s,
singlet; d, doublet; t, triplet; q, quartet; m, multiplet; br, broad.

4.2. Synthesis of 4-bromo-2,7-di-t-butyl-9H-fluoren-9-one (1), for
Scheme 2

To a solution of 4-bromo-2,7-di-t-butyl-9H-fluorene (5.72 g,
16 mmol) in pyridine (32 mL) was added FeCl3$6H2O (864 mg,
3.2 mmol), then tert-butyl hydroperoxide (70% in H2O, 6.6 mL,
48 mmol) was slowly added over 5 min. After the mixture was
stirred for 1 h at 80 �C, additional t-butyl hydroperoxide (2.2 mL,
16 mmol) was poured over 5 min. After the reactionwas conducted
at 80 �C for further 1 h, the mixture was allowed to cool to room
temperature. The mixture was filtered through a pad of celite and
silica-gel (eluent, CH2Cl2), and the filtrate was thoroughly evapo-
rated off. The resultant residue was diluted with CH2Cl2 (30 mL),
whichwas transferred into a 100mL separatory funnel, andwashed
with brine (30 mL), and dried over Na2SO4, and concentrated in
vacuo to give crude products of yellow solid materials. Purification
by recrystallization from 2-propanol (15.8e7.4¼ 8.4mL/g) afforded
5.22 g of desired molecule (88%) as yellow crystals. Rf value 0.37
(Hexane/EtOAc, 19:1); 1H NMR (400 MHz, CDCl3) 8.18 (d, J¼ 8.0 Hz,
1H), 7.73 (d, J¼ 2.0 Hz,1H), 7.66 (d, J¼ 1.7 Hz,1H), 7.56 (d, J¼ 1.7 Hz,
1H), 7.55 (dd, J ¼ 8.0, 2.0 Hz, 1H), 1.35 (s, 9H), 1.33 (s, 9H) ppm; 13C
NMR (100 MHz, CDCl3) 193.6, 154.2, 153.1, 141.4, 140.2, 137.3, 136.3,
134.8, 131.9, 123.1, 121.9, 120.9, 117.3, 35.33, 35.30, 31.4, 31.3 ppm;
MS (DART-TOFMS) m/z: 371 [MH]þ; IR (neat): 2960, 1714 (C]O),
1606, 1475, 1360, 1148, 826, 778, 563 cm�1; HRMS (DART-TOFMS)
calcd for C21H24BrO: 371.1011 [MH]þ, Found: 371.1009; Anal. Calcd
for C21H23BrO: C, 67.93; H, 6.24. Found: C, 67.73; H, 6.10.

4.3. Synthesis of 4,7-dibromo-2-t-butyl-9H-fuluoren-9-one (2), for
Scheme 2

To a solution of 4,7-dibromo-2-t-butyl-9H-fluorene (6.30 g,
6

16.6 mmol) in pyridine (26 mL) was added FeCl3$6H2O (897 mg,
3.3 mmol), then t-butyl hydroperoxide (TBHP, 70% in H2O, 6.8 mL,
49.7 mmol) was slowly added over 5 min. After the mixture was
stirred for 1 h at 80 �C, additional TBHP (2.3 mL, 16.6 mmol) was
poured over 5 min. After the reaction was conducted at 80 �C for
further 1 h, the mixture was allowed to cool to room temperature.
The reaction was filtered through a pad of celite and silica-gel
(eluent, toluene), and the filtrate was thoroughly evaporated off.
The resultant residuewas diluted with 40mL of toluene, which was
transferred into a 100mL separatory funnel, andwashedwith brine
(30 mL), and dried over Na2SO4, and concentrated in vacuo to give
crude products of yellow solid materials (6.44 g). Purification by
reprecipitation from CH2Cl2/MeOH (1/8 v/v) gave 5.22 g of yellow
solid materials (79%). The following recrystallization from EtCN
(5.2e2.3 ¼ 2.9 mL/g) afforded 4.72 g of desired molecule (72%) as
yellow solid materials. Rf value 0.35 (Hexane/EtOAc, 19:1); 1H NMR
(400MHz, CDCl3) 8.16 (d, J¼ 8.2 Hz,1H), 7.79 (d, J¼ 2.0 Hz,1H), 7.68
(d, J ¼ 1.7 Hz, 1H), 7.64 (dd, J ¼ 8.2, 2.0 Hz, 1H), 7.60 (d, J ¼ 1.7 Hz,
1H), 1.33 (s, 9H) ppm; 13C NMR (100MHz, CDCl3) 191.6, 155.2,142.6,
139.4, 137.4, 136.8, 136.5, 136.3, 127.8, 124.6, 123.5, 121.4, 117.7, 35.5,
31.3 ppm; MS (DART-TOFMS) m/z: 393 [M]þ; IR (neat): 2952, 1713
(C]O), 1441, 1235, 1175, 1144, 780, 709 cm�1, HRMS (DART-TOFMS)
calcd for C17H14Br2O [M]þ: 393.9391, Found: 393.9387; Anal. Calcd
for C17H14Br2O, C, 51.81; H, 3.58. Found: C, 51.76; H, 3.66.

4.4. Synthesis of 3 and iso-3, for Scheme 3

4-bromo-2,7-di-t-butyl-9H-fluoren-9-one (6.68 g, 16 mmol)
was added to P(OEt)3 (6.2 mL, 36 mmol), and the resultant yellow
solutionwas stirred at 175 �C (oil bath temp.). After stirred for 60 h,
the mixture was cooled to 60 �C. To the mixture was slowly added
water (6.5 mL, 360 mmol) over 3 min, and the mixture was heated
to 80 �C for hydrolyzing the residual P(OEt)3. After stirred for more
than 2 h, the reaction mixture was filtered, and the precipitates
were washed with H2O (200 mL) and cold methanol (30 mL). The
collected solid materials in methanol (53 mL) were refluxed in
30 min, and the mixture was filtered and washed again with cold
methanol (50 mL). The resultant sample was dried in vacuo (80 �C,
1 h), giving 5.17 g of desired yellowish white solid materials in 79%
yield (50:50). Purification by silica-gel column chromatography
(crude 500 mg, Hexane/CH2Cl2 ¼ 4:1) separated 3 from iso-3 in
which both are white solid materials.

4.4.1. 4,50-dibromo-2,20,7,70-tetra-t-butyl-100H-spiro[fluorene-9,90-
phenanthren]-100-one (3)

28% yield (178 mg); Rf value 0.70 (hexane/toluene, 1:1); 1H NMR
(400 MHz, CDCl3) 8.72 (d, J ¼ 8.5 Hz, 1H), 8.42 (d, J ¼ 8.3 Hz, 1H),
7.82 (dd, J ¼ 8.5, 2.3 Hz, 1H), 7.72 (d, J ¼ 2.3 Hz, 1H), 7.65 (d,
J ¼ 2.0 Hz, 1H), 7.50 (d, J ¼ 1.6 Hz, 1H) 7.42 (dd, J ¼ 8.3, 2.0 Hz, 1H),
6.84 (d, J ¼ 1.6 Hz, 1H), 6.82 (d, J ¼ 1.8 Hz, 1H), 6.66 (d, J ¼ 1.8 Hz,
1H), 1.32 (s, 9H), 1.15 (s, 9H), 1.13 (s, 9H), 1.09 (s, 9H) ppm; 13C NMR
(100 MHz, CDCl3) 198.3, 152.5, 152.1, 152.0, 151.4, 148.0, 145.8, 140.7,
138.0, 137.3, 134.9, 132.9, 132.6, 130.6, 130.5, 129.7, 128.6, 125.3,
125.1, 124.9, 123.4, 122.4, 122.2, 120.7, 116.6, 70.3, 35.1, 35.0 (two
peaks are overlapped), 34.9, 31.5, 31.4, 31.3, 31.1 ppm; MS (DART-
TOF)m/z: 727 [MH]þ; IR (neat): 2959,1702 (C]O),1454,1362,1229,
829, 753 cm�1; HRMS (DART-TOF) calcd for C42H47Br2O: 727.1973
[MH]þ, Found: 727.1971; Anal. Calcd for C42H46Br2O: C, 69.42; H,
6.38. Found: C, 69.35; H, 6.34.

4.4.2. 4,40-dibromo-2,20,7,70-tetra-t-butyl-100H-spiro[fluorene-9,90-
phenanthren]-100-one (iso-3)

33% yield (209 mg); Rf value 0.74 (hexane/toluene, 1:1); 1H NMR
(400 MHz, CDCl3) 8.55 (d, J ¼ 8.3 Hz, 1H), 8.44 (d, J ¼ 8.3 Hz, 1H),
8.03 (d, J¼ 2.0 Hz,1H), 7.71 (d, J¼ 2.0 Hz,1H), 7.52 (d, J¼ 1.5 Hz,1H),
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7.43 (dd, J ¼ 8.3, 2.0 Hz, 1H), 7.41 (d, J ¼ 8.3, 2.1 Hz, 1H), 7.04e7.03
(m, 2H), 6.82 (d, J ¼ 2.1 Hz, 1H), 1.30 (s, 9H), 1.19 (s, 9H) 1.18 (s, 9H),
1.14 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3) 198.0, 152.8, 152.3,
151.9, 151.2, 147.2, 144.9, 138.1, 138.0, 137.7, 137.4, 136.1, 134.0, 130.5,
128.9, 128.8, 125.2, 125.1, 124.9, 124.4, 123.4, 122.9, 122.7, 119.5,
116.6, 69.9, 35.1 (four peaks are overlapped), 31.52, 31.45, 31.3,
31.1 ppm; MS (DART-TOF) m/z: 727 [MH]þ; IR (neat): 2959, 1699
(C]O), 1447, 1362, 1234, 1157, 830, 746, 695 cm�1; HRMS (DART-
TOF) calcd for C42H47Br2O: 727.1973 [MH]þ, Found: 727.1988; Anal.
Calcd for C42H46Br2O: C, 69.42; H, 6.38. Found: C, 69.59; H, 6.41.

4.5. Synthesis of 4, and iso-4, for Scheme 3

2,5-di-bromo-7-t-butyl-9H-fluoren-9-one (12 g, 30 mmol) was
added to P(OEt)3 (10.2 mL, 60 mmol), and the resultant yellow
solutionwas stirred at 175 �C (oil bath temp.). After stirred for 20 h,
the mixture was cooled to 60 �C. To the mixture was slowly added
water (10.8 mL, 600 mmol) over 10 min, and the mixture was
heated to 80 �C for hydrolyzing the residual P(OEt)3. After stirred
for more than 2 h, the reaction mixture was filtered, and the pre-
cipitates were washed with cold methanol (60 mL). The collected
solid materials in methanol (80 mL) were refluxed in 20 min, and
the mixture was filtered and washed again with cold methanol
(120 mL). The resultant sample was dried in vacuo (85 �C, 15 min),
giving 8.92 g of desired yellowish white solidmaterials in 77% yield.
Purification by short-plugged silica-gel column chromatography
(Hexane/CH2Cl2 ¼ 4/1) gave 8.22 g of whitish red solid materials
(71%, 70:30). Purification by recrystallization from EtCN (crude
1.2 g, 70e47 ¼ 23 mL/g) afforded iso-4 of 702 mg (42%) as white
crystals in pure form. The following purification of the residual
mixture samples by silica-gel column chromatography (sample
250 mg, hexane/toluene, 9:1) gave iso-4 of 62 mg (6%) and 4 of
152 mg (15%), in which both are white solid materials.

4.5.1. 4,40,7,70-tetrabromo-2,20-di-t-butyl-100H-spiro[fluorene-9,90-
phenanthren]-100-one (4)

48% yield (764mg); Rf value 0.52 (hexane/toluene, 2:1); 1H NMR
(400 MHz, CDCl3) 8.54 (d, J ¼ 8.6 Hz, 1H), 8.47 (d, J ¼ 8.5 Hz, 1H),
8.06 (d, J ¼ 2.4 Hz, 1H), 7.78 (d, J ¼ 1.9 Hz, 1H), 7.64 (dd, J ¼ 8.5,
2.4 Hz, 1H), 7.54 (dd, J¼ 8.6, 2.0 Hz, 1H), 7.46 (d, J¼ 1.7 Hz, 1H), 7.28
(d, J¼ 1.7 Hz,1H), 6.88 (d, J¼ 1.9 Hz,1H), 6.81 (d, J¼ 2.0 Hz,1H),1.32
(s, 9H), 1.08 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3) 195.4, 153.5,
152.8, 146.4, 146.0, 140.2, 139.3, 138.4, 135.2, 134.5, 132.9, 131.7,
130.8, 130.4, 130.0, 129.9, 129.3, 125.1, 124.8, 123.2, 122.1, 120.9,
119.5, 116.9, 34.9, 34.8, 30.9, 30.8 ppm; MS (DART-TOFMS)m/z: 772
[MH]þ; IR (neat): 2960, 1698, 1439, 1391, 1232, 1160, 822, 750,
710 cm�1; HRMS (DART-TOFMS) calcd for C34H29Br4O: 772.8911
[MH]þ, Found: 772.8883 [MH]þ; Anal. Calcd for C34H28Br4O: C,
52.88; H, 3.65. Found: C, 52.60; H, 3.54.

4.5.2. 20,4,50,7-tetrabromo-2,70-di-t-butyl-100H-spiro[fluorene-9,90-
phenanthren]-100-one (iso-4)

15% yield (152mg); Rf value 0.55 (hexane/toluene, 2:1); 1H NMR
(400 MHz, CDCl3) 8.72 (d, J ¼ 8.6 Hz, 1H), 8.42 (d, J ¼ 8.4 Hz, 1H),
7.92 (dd, J ¼ 8.6, 1.9 Hz, 1H), 7.88 (d, J ¼ 1.8 Hz, 1H), 7.68 (d,
J ¼ 1.9 Hz, 1H), 7.56 (d, J ¼ 1.6 Hz, 1H), 7.54 (dd, J ¼ 8.4, 1.9 Hz, 1H),
6.96 (d, J ¼ 1.6 Hz, 1H), 6.83 (d, J ¼ 1.8 Hz, 1H), 6.60 (d, J ¼ 1.9 Hz,
1H), 1.17 (s, 9H), 1.10 (s, 9H) ppm; 13C NMR (100 MHz, CDCl3) 195.4,
153.7, 153.4, 147.8, 147.6, 139.80, 139.79, 136.6, 136.4, 136.2, 133.8,
133.4,131.8, 131.3,131.0,130.6,128.6,128.3,125.4,125.2,123.1,122.1,
122.0,121.1,117.3, 69.8, 35.3, 35.1, 31.4, 31.0 ppm;MS (DART-TOFMS)
m/z: 772 [MH]þ; IR (neat): 2955, 1689 (C]O), 1441, 1389, 1243, 816,
748, 685 cm�1; HRMS (DART-TOFMS) calcd for C34H29Br4O:
772.8911 [MH]þ, Found: 772.8902[MH]þ Anal. Calcd for
C34H28Br4O: C, 52.88; H, 3.65. Found: C, 52.80; H, 3.49.
7

4.6. Representative procedure for the dimerization of 1 to
synthesize 3/iso-3, for Table 1, entry 5

4-Bromo-2,7-di-t-butyl-9H-fluoren-9-one (816 mg, 2.2 mmol)
was added to P(Oi-Pr)3 (1.0 mL, 4.4 mmol), and the resultant yellow
solution was stirred at 95 �C (oil bath temp.). After stirred for 47 h,
the reaction was cooled to 60 �C. To the reaction mixture at 60 �C
was slowly added water (2 mL, 116 mmol) over 2 min, and the
mixture was re-heated to 80 �C for hydrolyzing the residual P(Oi-
Pr)3. After the reaction was stirred for more than 8 h, the aqueous
layer was separated and followed by extractionwith toluene (10mL
x 3). The combined organic phases were washed with brine, dried
over Na2SO4, and concentrated in vacuo to give crude products.
Purification by short-plugged silica-gel column chromatography
(toluene only) yielded 695 mg of whitish yellow solid materials
(87%, 50:50). The data of the obtained compounds were identified
with authentic samples.

4.7. Representative procedure for the dimerization of 2 to
synthesize 4/iso-4, for Table 2, entry 2

2,5-di-bromo-7-t-butyl-9H-fluoren-9-one (867 mg, 2.2 mmol)
was added to P(Oi-Pr)3 (1.0 mL, 4.4 mmol), and the resultant yellow
solution was stirred at 120 �C. After stirred for 8 h, the reaction
mixture was cooled to 60 �C. To the mixture at 60 �C was slowly
added water (2.0 mL, 116 mmol) over 2 min, and the reaction sys-
tem was re-heated to 80 �C for hydrolyzing the residual P(Oi-Pr)3.
After the reaction was stirred for more than 14 h, the aqueous layer
was separated and followed by extraction with toluene (10 mL x 3).
The combined organic phases were washed with brine, dried over
Na2SO4, and concentrated in vacuo to give crude products. Purifi-
cation by short-plugged silica-gel column chromatography
(toluene only) yielded 613 mg of whitish yellow solid materials
(72%, 4:iso-4 ¼ 18:82). The data of the obtained compounds were
identified with authentic samples.

4.8. Synthesis of 8 and iso-8, for Scheme 4

Under an Ar atmosphere, to a suspension of di-bromo-tetra-t-
butyl-DBC (618 mg, 0.87 mmol, 5:iso-5 ¼ 20:80) in N,N-dime-
thylformamide (9.0 mL) was added CuI (249mg,1.3 mmol) and 28%
NaOMe in MeOH (1.3 mL, 6.5 mmol). The mixture was stirred for
30 min at 120 �C, and quenched with 1 M aq. HCl (20 mL). The
resultant mixture was diluted with CH2Cl2, and the aqueous phase
was extracted with CH2Cl2 (10 mL x 3). Combined organic phases
were washed with brine (20 mL), dried over Na2SO4, and concen-
trated in vacuo to give the crude products. Purification by silica-gel
column chromatography (hexane/toluene ¼ 9/1) gave 445 mg
(83%) of mixture of 7/iso-7 (24:76) as white solid materials. The
isomeric mixtures were provided to the next step without sepa-
ration. Under an Ar atmosphere, to a 25 mL flask was added 7/iso-7
(445 mg, 0.73 mmol, 24:76) and CH2Cl2 (5.0 mL). After the mixture
was stirred for 10min at 0 �C,1 M BBr3 in CH2Cl2 (2.2 mL, 2.2 mmol)
was added dropwise over 5 min. The reaction mixture was stirred
at 0 �C for 4 h, and quenched at 0 �Cwith H2O (10mL). The resultant
mixture was diluted with CH2Cl2, and the aqueous phase was
extracted with CH2Cl2 (10 mL x 3). Combined organic phases were
washed with brine (30 mL), dried over Na2SO4, and concentrated in
vacuo to give 451 mg of samples as brownish white solid materials.
Purification by silica-gel column chromatography (toluene/hexane,
4:1) afforded 8 as brownish white solid materials, and iso-8 as
whitish yellow solid materials.

4.8.1. 3,6,11,14-tetra-t-butyldibenzo[g,p]chrysene-1,9-diol (8)
17% yield (71 mg); Rf value 0.28 (toluene only); 1H NMR
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(400 MHz, CD3CN) 9.15 (d, J ¼ 8.7 Hz, 2H), 8.59 (d, J ¼ 2.0 Hz, 2H),
8.24 (d, J ¼ 1.7 Hz, 2H), 7.66 (dd, J ¼ 8.8, 2.0 Hz, 2H), 7.09 (d,
J¼ 1.7 Hz, 2H), 5.57 (s, 2H), 1.41 (s, 18H), 1.40 (s, 18H) ppm; 13C NMR
(100 MHz, DMSO-d6) 153.4, 150.1, 149.0, 131.9, 130.4, 129.6, 127.5,
127.2, 124.9, 124.0, 118.3, 117.5, 111.8, 35.33, 35.28, 31.9, 31.8 ppm;
MS (DART-TOFMS) m/z: 585 [MH]þ; IR (neat): 3470, 2960, 1610,
1404, 1232, 1204, 759 cm�1; HRMS (DART-TOFMS) calcd for
C42H49O2: 585.3733 [MH]þ, Found: 585.3725.

4.8.2. 3,6,11,14-tetra-t-butyldibenzo[g,p]chrysene-1,8-diol (iso-8)
63% yield (270 mg); Rf value 0.42 (toluene only); 1H NMR

(400 MHz,CD3CN) 9.16 (d, J ¼ 8.8 Hz, 2H), 8.60 (d, J ¼ 2.0 Hz, 2H),
8.23 (d, J ¼ 1.8 Hz, 2H), 7.67 (dd, J ¼ 8.8, 2.0 Hz, 2H), 7.07 (d,
J¼ 1.8 Hz, 2H), 5.56 (s, 2H), 1.42 (s, 18H), 1.39 (s, 18H) ppm; 13C NMR
(100 MHz, DMSO-d6) 152.3, 148.9, 148.0, 131.1, 129.2, 129.0, 127.9,
126.6, 126.3, 123.9, 123.1, 117.3, 116.4, 110.6, 34.3, 34.2, 30.8,
30.7 ppm; MS (DART-TOFMS) m/z: 585 [MH]þ; IR (neat): 3509,
3235, 2956,1615,1399,1236, 1097, 942 cm�1; HRMS (DART-TOFMS)
calcd for C42H49O2: 585.3733 [MH]þ, Found: 585.3737.

4.9. Synthesis of 9 and iso-9, for Scheme 5

Under an Ar atmosphere, to a solution of 6/iso-6 (615 mg,
0.80 mmol, 34:66) in N,N-dimethylformamide (50 mL) was added
CuI (1.85 g, 9.72 mmol) and 28% NaOMe in MeOH (25 mL,
122 mmol). After the mixture was stirred for 1 h at 120 �C, and the
reaction was filtered through a pad of celite (eluent, toluene). The
filtrate was quenched with 3 M aq. HCl (70 mL), and the resultant
mixture was diluted with toluene, and the aqueous phase was
extracted with toluene (15 mL x 3). Combined organic phases were
washed with brine (20 mL), dried over Na2SO3, and concentrated in
vacuo to give the crude products. Purification by short-plugged
silica-gel column chromatography (hexane/toluene ¼ 1/1 to 1/2)
afforded iso-9 and 9 in which both were yellowish white solid
materials.

4.9.1. 3,11-di-t-butyl-1,6,9,14-tetramethoxydibenzo[g,p]chrysene
(9)

25% yield (100mg); Rf value 0.38 (hexane/toluene,1:2); 1H NMR
(400 MHz, CDCl3) 9.28 (d, J ¼ 9.2 Hz, 2H), 8.33 (d, J ¼ 1.7 Hz, 2H),
8.07 (d, J ¼ 2.7 Hz, 2H), 7.20 (d, J ¼ 1.7 Hz, 2H), 7.19 (dd, J ¼ 9.2,
2.7 Hz, 2H), 4.13 (s, 6H), 3.89 (s, 6H), 1.42 (s, 18H) ppm; 13C NMR
(100 MHz, CDCl3) 158.0, 157.8, 149.5, 132.2, 131.1, 130.6, 123.0, 124.1,
119.5, 118.2, 115.8, 110.2, 107.5, 56.6, 55.9, 35.9, 32.2 ppm; MS
(DART-TOFMS) m/z: 561 [MH]þ; IR (neat): 2952, 1606, 1463, 1232,
1092, 1045, 730, 619 cm�1; HRMS (DART-TOFMS) calcd for
C38H41O4: 561.3004 [MH]þ, Found: 561.2995 [MH]þ; Anal. Calcd for
C38H40O4: C, 81.40; H, 7.19. Found: C, 81.20; H, 7.27.

4.9.2. 3,6-di-t-butyl-1,8,11,14-tetramethoxydibenzo[g,p]chrysene
(iso-9)

47% yield (184 mg); Rf value 0.55 (hexane/toluene, 1:2); 1H NMR
(400 MHz, CDCl3) 9.29 (d, J ¼ 9.4 Hz, 2H), 8.25 (d, J ¼ 1.6 Hz, 2H),
8.13 (d, J ¼ 2.8 Hz, 2H), 7.21 (d, J ¼ 1.6 Hz, 2H), 7.20 (dd, J ¼ 9.4,
2.8 Hz, 2H), 4.13 (s, 6H), 3.90 (s, 6H), 1.42 (s, 18H) ppm; 13C NMR
(100 MHz, CDCl3) 157.7, 157.4, 149.1, 131.5, 131.2, 130.5, 130.2, 129.2,
123.8, 119.3, 118.4, 114.9, 109.7, 107.3, 56.3, 55.7, 35.6, 31.9 ppm; MS
(DART-TOFMS) m/z: 561 [MH]þ; IR (neat): 2948, 1606, 1455, 1387,
1224, 1017, 826, 790 cm�1; HRMS (DART-TOFMS) calcd for
C38H41O4: 561.3004 [MH]þ, Found: 561.3005 [MH]þ; Anal. Calcd for
C38H40O4: C, 81.40; H, 7.19. Found: C, 81.43; H, 7.01.

4.10. Synthesis of 10 and iso-10, for Scheme 5

Under an Ar atmosphere, to a 20 mL flask was added 9 or iso-9
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(0.36 mmol, 200 mg) and CH2Cl2 (2.0 mL). After the mixture was
stirred for 20min at 0 �C,1M BBr3 in CH2Cl2 (2.2 mmol, 2.2 mL) was
added dropwise over 5 min, and the reaction mixture was stirred
for 4 h. The reaction was allowed to warm to room temperature
over 0.5 h, and quenched at 0 �C with H2O (10 mL). The resultant
mixture was diluted with EtOAc, and the aqueous phase was
extracted with EtOAc (10 mL � 3). Combined organic phases were
washed with brine (15 mL), dried over Na2SO4, and concentrated in
vacuo to give a desired tetrol molecule as whitish yellow solid.

4.10.1. 3,11-di-t-butyldibenzo[g,p]chrysene-1,6,9,14-tetrol (10)
90% yield (126 mg); Rf value 0.31 (toluene/EtOAc, 4:1); 1H NMR

(400 MHz, CD3CN) 9.29 (d, J ¼ 9.0 Hz, 2H), 8.17 (d, J ¼ 1.8 Hz, 2H),
7.95 (d, J ¼ 2.7 Hz, 2H), 7.69 (s, 2H), 7.20 (s, 2H), 7.19 (d, J ¼ 1.8 Hz,
2H), 7.10 (d, J ¼ 2.7, 9.0 Hz, 2H), 1.39 (s, 18H) ppm; 13C NMR
(100 MHz, DMSO-d6) 155.1, 154.5, 147.9, 130.9, 129.7, 129.6, 128.3,
122.4, 116.8, 115.3, 115.0, 111.7, 111.0, 34.4, 31.1 ppm; MS (DART-
TOFMS) m/z: 505 [MH]þ; IR (neat): 3530, 3382, 2956, 1606, 1407,
1188, 854, 774 cm�1; HRMS (DART-TOFMS) calcd for C34H33O4:
505.2378 [MH]þ, Found: 505.2385.

4.10.2. 3,6-di-t-butyldibenzo[g,p]chrysene-1,8,11,14-tetrol (iso-10)
93% yield (130 mg); Rf value 0.29 (Hexane/EtOAc, 1:1); 1H NMR

(400 MHz, CD3CN) 9.29 (d, J ¼ 9.0 Hz, 2H), 8.11 (d, J ¼ 1.8 Hz, 2H),
8.06 (d, J ¼ 2.6 Hz, 2H), 7.68 (s, 2H), 7.26 (s, 2H), 7.20 (d, J ¼ 1.8 Hz,
2H), 7.117 (d, J ¼ 2.6, 9.0 Hz, 2H), 1.36 (s, 18H) ppm; 13C NMR
(100 MHz, DMSO-d6) 155.1, 154.5, 147.8, 130.5, 130.2, 129.8, 129.3,
127.4, 122.2, 117.0, 115.8, 115.1, 111.2, 111.0, 34.5, 31.2 ppm; MS
(DART-TOFMS) m/z: 505 [MH]þ; IR (neat): 3501, 3346, 2955, 1606,
1404, 1222, 1179, 1084, 851, 791 cm�1; HRMS (DART-TOFMS) calcd
for C34H33O4: 505.2378 [MH]þ, Found: 505.2372.

4.11. Representative procedure for the transformation of iso-4 into
6/iso-6, for Table 3, entry 8

To a solution of iso-4 (576 mg, 0.75 mmol) in toluene (2.0 mL)
was added MeOH (0.40 mL), and the flask was heated at 45 �C. To
the flask was slowly added NaBH4 (28 mg, 0.75 mmol) over 20 min
(each 7.0 mg, 4 times, 5-min intervals). After stirred for 0.5 h, the
reaction was quenched with acetone (1.0 mL) and treated for
additional 0.5 h. The organic layer was washed with water (10 mL x
5), washed with brine (10 mL), dried over Na2SO4, filtered, and
concentrated in vacuo to give 556 mg of the corresponding alcohol
as white solid materials. This crude product was provided in the
next step without further purification. To a solution of the alcohol
(100 mg, 0.13 mmol) in toluene (1.0 mL) at �78 �C was added
EtAlCl2 (0.16 mL, 1 M in hexane) dropwise over 2 min. After stirred
at �78 �C for 5 min, the mixture was stirred at 0 �C for 4 h. The
reactionwas quenched with water (2.0 mL) at 0 �C, and the organic
layer was washed with brine (10 mL), dried over Na2SO4, and
filtered, and concentrated in vacuo to give white solid materials.
Purification by silica-gel column chromatography (hexane only)
afforded white solid materials of 77 mg (79%, 6/iso-6 19:81).

4.12. Representative procedure for the transformation of 3 or iso-3
into 5/iso-5, for Table 5, entry 3

To a solution of iso-3 (541 mg, 0.74 mmol) in toluene (3.0 mL)
was added methanol (0.60 mL), and the flask was heated at 45 �C.
To the flask was slowly added NaBH4 (28 mg, 0.74 mmol) over
20 min (each 7.0 mg, 4 times, 5-min intervals). After stirred for
0.5 h, the reaction was quenched with acetone (1.0 mL) and con-
ducted for additional 0.5 h. The organic layer was washed with
water (10 mL x 5), washed with brine (10 mL), dried over Na2SO4,
filtered, and concentrated in vacuo to give 520 mg of the
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corresponding alcohol as white solid materials. The crude sample
was provided in the next step without further purification. To a
solution of the alcohol (250mg, 0.34mmol) in toluene (2.5 mL) was
added HFIP (2.5 mL) and conc. HCl (0.020 mL, 0.21 mmol, 35% in
water) at room temperature. After stirred for 1 h, the reaction was
quenched with saturated aqueous NaHCO3 (2.0 mL) at 0 �C. And the
organic layer was washed with brine (10 mL), dried over Na2SO4,
and filtered, and concentrated in vacuo to give crude of white solid
materials. Purification by silica-gel short column chromatography
(hexane only) afforded 221 mg (91%, 5/iso-5 91:9) of white solid
materials.

4.13. Selective production of 5/iso-5, for Scheme 6 (a)

To a solution of 3 (826 mg, 1.14 mmol) in toluene (4.0 mL) was
added methanol (0.80 mL), and to the mixture at 45 �C was added
NaBH4 (17.2 mg, 0.46mmol). After stirred for 0.5 h, the reactionwas
quenched with acetone (3.2 mL, 43.5 mmol) and treated for addi-
tional 0.5 h. The organic layer was washed with water (10 mL x 5)
and brine (10 mL), dried over Na2SO4, filtered, and concentrated in
vacuo to give 812 mg of the corresponding alcohol as white solid
materials. The crude sample was provided in the next step without
further purification. To a solution of the alcohol in toluene (8.2 mL)
was added HFIP (8.2 mL) and conc. HCl (0.060 mL, 0.68 mmol, 35%
in water) at room temperature. After stirred for 1 h, the reaction
was quenched with saturated aq. NaHCO3 (10 mL) at 0 �C, and the
aqueous phase was extracted with toluene (20 mL x 3). Combined
organic phases werewashed with brine (10mL), dried over Na2SO4,
filtered, and concentrated in vacuo to give 790 mg of 5/iso-5 (98%,
20:80) as white solid materials in pure form. Recrystallization from
EtOAc (150 mg, 37 mL/g) afforded 51 mg of 5/iso-5 (33%, 11:89). As
for another route from iso-3, experimental procedures are the same
above. After the workup operation, white solid materials of 247 mg
of 5/iso-5 (90:10) were given as a pure form in quantitative yield.
Recrystallization from hexane (150 mg, 133e85 ¼ 48 mL/g) affor-
ded 105 mg (64%, 5/iso-5 93:7) of white solid materials.

4.14. Isolation of 6 and iso-6, for Scheme 6 (b)

To a solution of iso-4 (500 mg, 0.65 mmol) in toluene (3.0 mL)
was added methanol (0.60 mL), and to the mixture at 45 �C was
added NaBH4 (10 mg, 0.26 mmol). After stirred for 0.5 h, the re-
action was quenched with acetone (1.0 mL, 13.6 mmol) and treated
for additional 0.5 h. The organic layer was washed with water
(50 mL x 3) and brine (10 mL), dried over Na2SO4, filtered, and
concentrated in vacuo to give 512 mg the corresponding alcohol as
white solid materials. The crude sample was provided in the next
step without further purification. To a solution of the alcohol in
toluene (5.0 mL) at �78 �C was added EtAlCl2 (0.80 mL, 1.0 M in
hexane) dropwise over 3 min. After stirred at �78 �C for 5 min, the
mixturewas stirred for 15min at 0 �C, and followed by conductance
at room temperature for additional 15 h. The reaction was
quenched with water (5.0 mL) at 0 �C, and the aqueous phase was
extracted with toluene (5.0 mL x 3). Combined organic phases were
washed with brine (10 mL), dried over Na2SO4, filtered, and
concentrated in vacuo to givewhite solid products 470mg of 6/iso-6
(25:75) in pure form. Column chromatography by silica-gel
(360 mg, hexane only) afforded 6 and iso-6 in which both were
white solid materials.

4.14.1. 3,11-di-t-butyl-1,6,9,14-tetrabromodibenzo[g,p]chrysene (6)
12% yield (45 mg); Rf value 0.43 (hexane only); 1H NMR

(400 MHz, CDCl3) 9.28 (d, J ¼ 8.9 Hz, 2H), 8.60 (d, J ¼ 1.9 Hz, 2H),
8.52 (d, J ¼ 1.8 Hz, 2H), 7.99 (d, J ¼ 1.8 Hz, 2H), 7.68 (dd, J ¼ 1.9,
8.9 Hz, 2H), 1.41 (s, 18H) ppm; 13C NMR (100 MHz, CDCl3) 151.8,
9

132.6,132.0,131.2,130.5,130.1,129.0,128.7,128.2,127.5,125.0,121.7,
120.9, 35.5, 31.5 ppm;MS (DART-TOFMS)m/z: 756 [MH]þ; IR (neat):
2955, 1598, 1455, 1389, 870, 819, 752, 700 cm�1; HRMS (DART-
TOFMS) calcd for C34H28Br4: 755.8883 [MH]þ, Found: 755.8879
[MH]þ.

4.14.2. 3,6-di-t-butyl-1,8,11,14-tetrabromodibenzo[g,p]chrysene
(iso-6)

51% yield (191 mg); Rf value 0.40 (hexane only); 1H NMR
(400 MHz, CDCl3) 9.25 (d, J ¼ 9.0 Hz, 2H), 8.59 (d, J ¼ 2.0 Hz, 2H),
8.44 (d, J ¼ 1.8 Hz, 2H), 7.99 (d, J ¼ 1.8 Hz, 2H), 7.69 (dd, J ¼ 2.0,
9.0 Hz, 2H), 1.41 (s, 18H) ppm; 13C NMR (100 MHz, CD2Cl2) 151.7,
132.6, 131.9, 131.7, 130.4, 130.2, 129.8, 128.6, 128.4, 127.9, 127.6,
124.9, 121.9, 121.1, 35.4, 31.4 ppm; MS (DART-TOFMS) m/z: 756
[MH]þ; IR (neat): 2959, 1590, 1444, 1384, 993, 870, 787, 676 cm�1;
HRMS (DART-TOFMS) calcd for C34H28Br4: 755.8883 [MH]þ, Found:
755.8895 [MH]þ.
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