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Rapid assembly of fluorene-based spirocycles represents a highly significant but challenging task in organic
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synthesis. Reported herein is a novel Pd(0)-catalyzed [4+1] spiroannulation of simple o-iodobiaryls with

bromonaphthols for the one-step construction of [4,5]-spirofluorenes in high yields with excellent
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Fluorene-based spirocycles have been employed as a type of
privileged structures which constitute the central core of a wide
range of bioactive molecules and functional materials in
modern organic synthesis." Therefore, the pursuit of new
methods for the rapid assembly of spirofluorenes and their
derivatives is of high interest. So far, most of the established
protocols were focused on the preparation of symmetrical spi-
rofluorenes, while unsymmetrical have been rarely investigated.
Noteworthily, unsymmetrical spirofluorenes are receiving more
and more attention due to the adjustability and modifiability of
structures and properties in the design of new pharmaceuticals,
ligands and optoelectronic materials (Scheme 1A).> In this
context, we present an unprecedented palladium-catalyzed
[4+1] spiroannulation process through cross-coupling of
simple o-iodobiaryls and bromonaphthols for the one-step
direct access to a variety of unsymmetrical [4,5]-spirofluorenes.

Bimolecular coupling of aryl halides represents one of the
most versatile and powerful tools for the construction of biaryl-
derived compounds or polycyclic aromatic hydrocarbons
(PAHs).> However, the overall synthetic efficiency of cross-
coupling is often eroded by the accompanying homo-
coupling. For example, Zhang®® and Shi** groups reported
reactions of Pd-catalyzed coupling of o-iodobiaryl compounds
to prepare long conjugated tetraphenylenes through the double
C-H activation/[4+4] annulation (Scheme 1B). Notably, Itami®
and Shi® made a ground-breaking advancement in the dimer-
ization of o-chloro- or o-iodobiaryls for the synthesis of a library

Key Laboratory of Synthetic and Natural Functional Molecule of the Ministry of
Education, College of Chemistry & Materials Science, Northwest University, Xi'an,
710127, China. E-mail: zhudianhu@nwu.edu.cn; xluan@nwu.edu.cn

T Electronic supplementary information (ESI) available. CCDC 2010458 (3ax) and
CCDC 2010459 (3by). For ESI and crystallographic data in CIF or other electronic
format see DOI: 10.1039/d0sc04386a

i These authors contributed equally to this work.

10198 | Chem. Sci, 2020, 11, 10198-10203

functional group tolerance. Noteworthily, these valuable fluorene-based coumarin skeletons can enrich
the database of C-coumarins and exhibit excellent spectroscopic properties.
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Scheme 1 Selected fluorene-based spirocycles and coupling of o-
halobiaryls for PAHs or spirofluorenes.
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of valuable triphenylenes, which could have potential access to
graphene nanoribbon substructures. By contrast, the develop-
ment of cross-coupling of o-iodobiaryls with other aryl halides is
a highly significant but challenging task in organic synthesis.
After many efforts, some elegant examples have reported the
cross-coupling of two aryl halides by Lautens,” Zhang,” Liang,”
Lin,”® etc. However, one of the main obstacles in the reaction
process is the occurrence of homo-coupling of aryl iodides.

In connection with our previous work® and interest in metal-
catalyzed dearomatization reactions,”® the development of
a “two-in-one” strategy for rapid synthesis of a variety of [4,5]-
spirofluorenes by Pd(0)-catalyzed spiroannulation through
cross-coupling of o-iodobiaryls with bromonaphthols, is highly
attractive. In our reaction hypothesis, there will be a competi-
tion between the oxidative coupling of C(aryl), C(aryl)-
palladacycle with other aryl halides (Scheme 1C). Actually, the
activity of aryl iodides is higher than that of aryl bromides. We
wonder whether the vicinal oxygen anion of bromonaphthols
could be employed to dominate such cross-coupling by sup-
pressing dimerization of o-iodobiaryls through the chelation of
aryl/aryl palladacycle, which is beneficial to the oxidative addi-
tion of the C-Br bond.

As expected, the reaction indeed led to [4+4] or [4+2]
dimerization for producing tetraphenylene 7ar or triphenylene
6ar as major products, according to the known literature,**®
when we only use 2-iodo-1,1"-biphenyl 1ar as the coupling
fragment. To evaluate the feasibility of the proposal outlined in
Scheme 1C, we investigated the coupling of 2-iodo-1,1"-biphenyl
1ar with 1-bromo-2-naphthol 2ar by using Pd(0) catalysis. Initial

Table 1 Reaction optimization®

| standard
1ar conditions
—_—

ysgelacelste
Oas

OH 3ar : 4ar 6ar Tar
QO cross-coupling i homo-coupling

2ar
Yield” (%)
Entry Variations from standard conditions 3ar 4ar 6ar 7ar
1 None 83 — — —
2 Pd,(dba); instead of Pd(OAc), 29 <5 — 23
3 PPh; instead of P(4-F-Ph); 56 <5 <5 <10
4 P(p-anisyl); instead of P(4-F-Ph), 37 <5 <50 —
5 DPPM instead of P(4-F-Ph); 28 <5 - —
6 DPPF instead of P(4-F-Ph), 24 <5 <5 15
7 DIBPY instead of P(4-F-Ph); 17 <5 - —
8 Li,CO; or Na,CO; instead of Cs,CO; <1 <2 — 45
9 K,COj; instead of Cs,CO; 20 <5 — <10
10 W/o CsOPiv <5 <5 - —
11 2-Bromo-1,1"-biphenyl instead of 1ar 30 <5 — —

“ Standard conditions: 2-iodo-1,1’-biphenyl (1ar, 1.2 equiv), 1-bromo-2-
naphthol (2ar, 0.2 mmol), Pd(OAc), (10 mol%), P(4-F-Ph); (12 mol%),
CsOPiv (30 mol%) and Cs,CO; (3.0 equiv) in DMA (0.1 M) at 130 °C
for 20 h. ? Yields were determined by 'H NMR analysis.
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attempts with Pd,(dba); barely delivered 29% yield of spi-
roannulative product 3ar and a lower chemo-selectivity (Table 1,
entry 2). Further studies indicated that with the use of mono-
dentated phosphine ligands such as PPh; or P(p-anisyl);, and
bisdentated phosphine ligands including DPPM (bis(diphenyl-
phosphino)methane), DPPF (1,1’-bis(diphenylphosphino)ferro-
cene), the reaction proceeded to afford 24-56% yields of 3ar,
along with unsatisfactory selectivity (Table 1, entries 3-6).
Besides, the nitrogen ligand DIBPY (2,2'-bipyridine) could also
deliver 17% yield of the desired product (Table 1, entry 7).
Surprisingly, a reaction in the presence of an electron-deficient
phosphine ligand P(4-F-Ph); using Pd(OAc), as the catalyst in
DMA at 130 °C for 20 h provided highly chemo-selective [4+1]
spiroannulation product 3ar in 83% yield (Table 1, entry 1).
High chemo-selectivity of the reaction may be because the
electron-deficient P(4-F-Ph); makes the palladium center lack
electrons and makes it easier to coordinate with the naphthol
oxygen anion, which is beneficial to oxidative addition of the C-
Br bond of 2ar. In addition to the effect of ligands, we found that
bases also play an important role in the chemo-selectivity of the
reaction. Homo-coupling product tetraphenylene 7ar (ref. 5)
was formed as the major product when we used Li,COj; or
Na,CO; as the base. However, [4+4] dimerization was inhibited
while stronger bases such as K,CO; or Cs,CO; were used,
especially Cs,CO; (Table 1, entries 1, 8 and 9). Moreover, the use
of CsOPiv is indispensable as the enhancement additive for
Pd(u)-catalyzed C-H activation reactions (Table 1, entry 10).** By
contrast, only 30% yield of the desired product was observed
when we used 2-bromo-1,1’-biphenyl instead of 1ar under the
standard conditions (Table 1, entry 11). Notably, this new
reaction was featured by the successful exclusion of self-
dimerization of aryl iodides (4ar and 6ar), which assumes that
the vicinal oxygen anion might participate in the chelation with
aryl/aryl palladacycle in this cross-coupling.

With the optimized conditions in hand, the reaction scope of
a wide range of o-iodobiaryls was investigated in Table 2.
Gratifyingly, the envisioned [4+1] spiroannulation proceeded
smoothly to generate a set of fascinating spirofluorene mole-
cules (3aa-3bh) in good to excellent yields (41-86%). In general,
reactions of 2-iodobiaryls bearing both electron-donating and
electron-withdrawing substituted groups at the 3-, 4-, 5-, 6-, 7-, 8-
or 9-positions of the phenyl ring occurred smoothly, with the
former producing higher yields, implying that the vast change
in electronic properties did not shut down C-H activation and
the generation of the cyclopalladium intermediate. Notably,
methyl substitution at the 9-position of the targeted starting
material was also effective (3ax)."> Contrary to classical synthesis
of spirofluorenes by using aryl organometallic reagents and
ketones, this reaction showed excellent functional group
compatibility, as many functional groups such as methoxyl,
methylthiol, phenoxyl, dimethylamino, vinyl, trifluoromethyl,
fluoro, chloro, cyano and even hydroxyl, ester and carbonyl
substituents, were all tolerated to produce the corresponding
products in good to high yields (3aa-3bb). When nitro-
substituted o-iodobiaryl was applied to the system, the reac-
tion could afford 29% yield of 3al. Besides, the reaction of
dinaphthalened iodides also proceeded smoothly in moderate

Chem. Sci., 2020, 11, 10198-10203 | 10199
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Table 2 Substrate scope of palladium-catalyzed [4+1] spiroannulation®

Br Pd(OAc), (10 mol%)
7 86 5 4 2 P(4-F-Ph); (12 mol%)
@ @ OO CsOPiv (30 mol%)
8 3 + R —_—
9 A 6 3 Cs,CO0;3 (3.0 equiv)
| 5 4 130 °C, DMA (0.1 M)
20h
1 2

Scope of o-iodobiaryls

3af, 73% 3ag, 76% 3ah, 50%

3ax 56% R =3-OMe, 3ay, 83%; 4-Cl, 3az, 64%; 3bc, 65%

9 3bg, 41%
4-CN, 3ba, 43%; 4-CO,Et, 3bb, 51% 3bd, 63% 3be; 1% 3bf, 41% i 3bh, 53%

Scope of br phthols

3bq, 25% 3br, 29% 3bs, 68% R = OMe, 3bu, 89% 3bx, 60% 3by, 61% R =Bu, 3bz, 63%
OBn, 3bv, 84% OMe, 3ca, 35%

Me, 3bw, 67%

L P
X =H, 3cb, 55% X =8, 3cd, 65% " From Thymol From Vitamin E
Me, 3cc, 71% 0, 3ce, 70% 3cf, 52% 3cg,61% 3ch, 70% 3ci, 40%

% General reaction conditions: biphenyl iodides (0.24 mmol), 1-bromonaphthalen-2-ol (0.2 mmol), Pd(OAc), (10 mol%), P(4-F-Ph); (12 mol%),
CsOPiv (30 mol%) and Cs,CO; (3.0 equiv) in 2.0 mL DMA at 130 °C for 20 h. ? Isolated yield.
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yields (3be-3bh). For the scope of 1-bromonaphthalen-2-ol
derivatives, substituents at the 3, 6, 7-positions of 1-bromo-2-
naphthols also could produce moderate to good yields, with
good functional group tolerance (such as formyl, ester, trime-
thylsilyl, alkynyl, and 2-thiophenyl substituents) (3bi-3bx).
Moreover, the derivative 2bq with a 6-position bromide, was
also compatible to produce the desired -cross-coupling
product,* albeit with a low yield of conversion. Afterwards, 5-
bromoquinolin-6-ol or simple and useful bromophenols, such
as 2-bromo-4-(tert-butyl)phenol or 2-bromo-4-methoxyphenol,
which possess much higher energy barriers for dearomatiza-
tion, could be utilized in this cross-coupling and deliver 35-63%
yields of the corresponding spiroannulative molecules (3by-
3ca).

Encouragingly, notable examples including indole (N-methyl
indole), carbazole, dibenzofuran and even a dibenzothiophene
structure, commonly used in organic light-emitting materials,
were also compatible under our conditions (3cb-3cg). To
demonstrate the practicality of the reaction on more complex
and biorelevant substrates, we further demonstrated the
applicability of this method on a Thymol derivative in 70% yield
(3ch). Besides, the vitamin E derivative with long alkyl chains
was also tested as a superior candidate in this palladium-
catalyzed cross-coupling strategy, delivering the target [4+1]
spirofluorene product 3ci in moderate yield.

In order to gain detailed mechanistic insights into this
reaction, several control experiments were carried out. Firstly,
the intermolecular KIE competition experiment revealed that
the ortho-C-H activation is the rate-determination step of the
reaction (Scheme 2A). Subsequently, 18% yield of the [4+1]
spiroannulative product was detected when 2,2-bipyridine-
coordinated cyclopalladium I was used, while the yield rapidly
increased to 60% after the ligand exchange by the addition of
P(4-F-Ph); (Scheme 2B). These outcomes implied that the
reaction likely proceeded via five-membered cyclopalladation®

standard
condmons

A)
l i OH &8
Ds 18%, KIE 4:1

1ar-Ds 1ar

P(p-F-CgHs)3
B) 7 \ (1.0 equiv) 7 \
O N Cs,CO3 Cs,CO5
Pl o o 0 ~Coa— “2ar
O [ 130°C,20 h 130"C 20h
L 18% 60%

standard
conditions
+ + 1ar

OO

4ar, trace

recovery:
>85%

:l E LMe+ ; i + 1ar

recovery:
3d, trace >90%

o
3cj, <8%

D) Br

1ar +

standard
0Me _conditions

4ar, trace

Scheme 2 Preliminary mechanistic studies of palladium-catalyzed
[4+1] spiroannulation.
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after the pathway of C-H activation. Moreover, reacting with 4-
bromonaphthalen-1-ol only lead to <8% yield of dear-
omatizative spirofluorene, while >90% yield of 2-iodo-1,1'-
biphenyl lar was recycled when 1-bromo-2-
methoxynaphthalene was used as a C1 synthon, indicating
that the chelation of the vicinal oxygen anion may be crucial for
the control of chemo-selectivity in this cross-coupling (Scheme
2C and D).

Based on the aforementioned mechanistic studies and rele-
vant literature,”#'**'* a plausible mechanism of the present
Pd(0)-catalyzed [4+1] spiroannulation is proposed in Scheme 3.
Initially, oxidative addition of 2-iodo-1,1’-biphenyl 1ar to the
Pd(0)-catalyst occurs to produce five-membered C(aryl), C(aryl)-
palladacycle B by C-H bond activation in the presence of CsO-
Piv. Next, the naphthol oxygen anion is rapidly generated after
being deprotonated with Cs,CO; and easier to coordinate with
an electron-deficient palladium center, which is beneficial to
oxidative addition of the C-Br bond and furnishes the expected
key intermediate C determining high chemo-selectivity in this
cross-coupling. Afterwards, intermediate C would be followed
by reductive elimination to form a rather strained eight-
membered intermediate D, which then successfully affords
palladacycle E by releasing the ring strain via enol-keto tauto-
merization of the phenol ring. Finally, reductive elimination of
intermediate E takes place to produce the desired spi-
roannulative product 3ar and concomitantly regenerates the
active Pd(0) for the next catalytic cycle.

Given the broad application of unsymmetrical spirofluorene
derivatives, we studied the spectroscopic properties of the
synthesized spirofluorene 3cl (Fig. 1), which demonstrates the
rapid construction of fluorene-based coumarins from 2-iodo-
1,1'-biphenyl. Contrary to traditional O-substituted coumarins

Chem. Sci., 2020, 11, 10198-10203 | 10201
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Fig. 1 Spectroscopic studies of O-/C-coumarins. Normalized
absorption (a) and fluorescence spectra (b) of 4, 5 and 3clin NaHCOz—
NaOH buffer (10 mM, pH 10.0, containing 1% EtOH); photographs of 4,
5 and 3cl in NaHCOz—-NaOH buffer (10 mM, pH 10.0, containing 1%
EtOH) under UV light at 365 nm.

(7-hydroxy coumarins),” the spectroscopic studies of C-
coumarins are rare and underdeveloped. This new class of C-
substituted coumarins exhibits special properties on the
absorption/emission wavelength. Its absorption wavelength
red-shifted gradually from 365 nm to 429 nm and emission
wavelength red-shifted nearly 100 nm in NaHCO;-NaOH buffer
(pH = 10) from the localized state, with the occurrence of yellow
light and red-shift from the ultraviolet region to visible region
compared to the spectral properties of 7-hydroxy coumarins
(Fig. 1), which may further expand the biological application of
Besides, the fluorescence quantum yield of
fluorene-based coumarin 3cl is 0.40, which is greatly improved
compared to that of previous dimethyl-substituted coumarin 5
(Pr = 0.14).” Moreover, fluorene-based coumarin 3cl exhibited
a similar pKj, (7.99) with 7-hydroxycoumarin 4 (pK, = 7.56) than
5 (pK, = 8.35), indicating that 3cl has excellent performance
and stability as C-coumarin derivatives. The above results
implied that replacement of the oxygen atom in resonance with
the pull group of the push-pull scaffold in coumarin by a less
electron-donating atom could produce a significant bath-
ochromic shift in absorption/emission wavelength, which also
has been theoretically rationalized and repeatedly demon-
strated in the previous work.*™® Besides, the introduction of
the rigid fluorene ring to C-coumarins will hinder the non-
radiative transition and lead to the increase of fluorescence
quantum yield (3cl and 5). The subsequent structural adjust-
ment of fluorene-based coumarins continues and is expected to
improve the fluorescence quantum yield of C-coumarins in the
future.

coumarins.

Conclusions

In summary, we have developed a “two-in-one” strategy for
highly chemo-selective Pd(0)-catalyzed [4+1] spiroannulation of
simple o-iodobiaryl and bromonaphthols for the rapid assembly
of fluorene-based spirocycles in good to high yields, with

10202 | Chem. Sci, 2020, 11, 10198-10203
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a broad substrate scope and excellent functional group toler-
ance. The key features of this new process are the involvements
of a five-membered aryl-aryl palladacyclic intermediate and the
chelation of the vicinal oxygen anion determining high chemo-
selectivity in this cross-coupling. The preliminary spectroscopic
studies of these structural cores for spirofluorenes exemplified
the excellent properties with red-shifted absorption and emis-
sion wavelengths compared to the traditional 7-hydrox-
ycoumarin, which provides a new perspective for the study of C-
coumarins.
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