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Abstract: Synthesis of fluoren-9-ones by a Rh-catalyzed in-
tramolecular C�H/C�I carbonylative coupling of 2-iodobi-
phenyls using furfural as a carbonyl source is presented. The

findings indicate that the rate-determining step is not a C�H
bond cleavage but, rather, the oxidative addition of the C�I
bond to a RhI center.

Introduction

Fluoren-9-one and its derivatives are recognized as highly
useful structural motifs that can be found in a wide variety of
natural products, drug candidates, and optoelectronic materi-
als.[1] The frameworks of these compounds involve the linkage
of the 2- and 2’-positions of biaryl derivatives. Because of the
ready availability of both biaryl and carbonyl moieties, the in-
tramolecular carbonylative coupling of 2-halobiphenyl deriva-
tives with carbon monoxide or its isoelectronic isocyanides has
recently emerged as an accessible method (Scheme 1 a).[2] The
reaction involves the palladium-catalyzed C�H bond cleavage
of the biaryl as an essential key step. From the viewpoints of
safety and ease of operation, we reported on the Pd-catalyzed
C�H carbonylation of 2-bromobiphenyls with paraformalde-
hyde, which acts as a carbonyl source through decarbonyla-
tion, leading to the formation of fluoren-9-ones.[3] In such reac-

tion, the use of formaldehyde as a carbonyl source led to the
hydrodebromination of the substrates, resulting in only moder-
ate yields of the desired products,[4] whereas aromatic alde-
hydes failed to participate in the reaction, probably due to the
low activity of phosphane-ligated Pd catalysts for the decar-
bonylation of aromatic aldehydes.[5a] With the intent to im-
prove the reaction, we focused on the use of rhodium com-
plexes as catalysts instead of palladium complexes, because
they have a high ability to (i) abstract a carbonyl moiety from
various aldehydes (decarbonylation),[5b,c, 6] (ii) cleave and func-
tionalize a C�H bond,[7] and (iii) introduce a carbonyl moiety
into various organic substrates (carbonylation).[8] We herein
report on the Rh-catalyzed intramolecular carbonylative C�H/
C�I coupling of 2-iodobiphenyls utilizing a CO gas-free carbon-
ylation method with aromatic aldehydes (Scheme 1 b). To the
best of our knowledge, a Rh-catalyzed direct carbonylative
coupling of a C�H bond in an arene derivative with a C�X
bond of an aryl halide has not yet been reported.[9]

Results and Discussion

In the present study, furfural was selected as an aromatic alde-
hyde due to its availability from biomass resources.[10] We first
examined the Rh-catalyzed carbonylation of 2-iodobiphenyl
(1 a) with furfural under the following basic conditions: 1 a
(0.25 mmol), furfural (1.25 mmol), [{RhCl(cod)}2] (0.0125 mmol),
and Na2CO3 (0.30 mmol) in xylene (1 mL) at 130 8C for 48 h. As
shown in Scheme 2, the combination of [{RhCl(cod)}2] and 1,3-
bis(diphenylphosphino)propane (DPPP) resulted in a higher ac-
tivity than the use of [{RhCl(cod)}2] on its own, and the amount
of added DPPP had a significant effect on the yield of fluoren-
9-one (2 a). When the amount of DPPP was increased, ranging
from 0 to 2 equivalents to that of [{RhCl(cod)}2] , 1.5 equivalent
of DPPP to [{RhCl(cod)}2] resulted in the highest yield to give
2 a (89 %). These results indicate that both DPPP-ligated and
-free Rh species are generated in the reaction mixture under
the conditions used, and that they play an essential role in the
decarbonylation of furfural and the cyclocarbonylation of 1 a,

Scheme 1. C�H cyclocarbonylation to fluore-9-ones.
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respectively, and function in a cooperative manner.[11] Further-
more, we investigated the influence of bidentate phosphane
derivatives as ligands on the yield of 2 a, since they have been
shown to be effective for the decarbonylation of carbonyl
compounds.[6, 12] Consequently, the addition of DPPP afforded
the highest yield among the examined phosphanes: DPPP
(72 %), DPPE (62 %), DPPB (43 %), BINAP (56 %), and BIPHEP
(40 %) for a reaction time of 24 h.

We then explored the scope of the intramolecular C�H car-
bonylation of 2-halobiphenyls with furfural under the optimal
conditions and the results are summarized in Table 1. The reac-
tion of 2-bromobiphenyl (4), instead of 1 a as a substrate, gave
a poor yield of the product (entry 2). 2-Iodobiphenyls possess-

ing both electron-donating and -withdrawing groups at the 4’-
position (1 b–1 g) were converted into the corresponding fluo-
ren-9-ones (2 b–2 g) in good yields (entries 3–8). The influence
of the substituent at the 2’-position on the reaction was inves-
tigated. 2’-Fluoro-2-iodobiphenyl (1 h) also underwent the
transformation in 61 % yield (entry 9). On the other hand, the
reaction of 2’-methyl- and 2’-bromo-2-iodobiphenyls (1 i and
1 j) proceeded slowly even at 150 8C to produce 2 i and 2 j in
low yield, probably because of the steric hindrance of the sub-
stituent (entries 10–12).

The reaction of 2-iodobiphenyls containing a substituent at
the 3’-position proceeded in an exclusive regioselective
manner. The high regioselective reaction resulted in the forma-
tion of 2 k and 2 l in moderate yields (Scheme 3).[13] These re-
sults are in contrast to the Pd-catalyzed reaction of 2 k and 2 l
with carbon monoxide or isocyanides, in which fluoren-9-one
derivatives, generated from 3’-substitutesd 2-halobiphenyls,
were obtained as a mixture of regioisomers.[2]

In an attempt to elucidate the mechanistic aspects of the re-
action, especially the effect of DPPP, on the present cyclocar-
bonylation, some experiments using gaseous carbon monoxide
were carried out. It should be noted that the active species for
the C�H intramolecular carbonylation of iodobiphenyls has not
been clarified, whereas the use of a combination of Rh and
DPPP is known to be a high performance catalytic system for
the decarbonylation of aldehydes.[5b,c] In the reactions of 1 a
with gaseous carbon monoxide in the presence of a catalytic
amount of [{RhCl(cod)}2] , the combination of [{RhCl(cod)}2] and
DPPP, and [{Rh(dppp)2}Cl] was used under the standard condi-
tions (Scheme 4). The higher was the amount of DPPP to the
rhodium center, the lower was the yield of 2 a. Thus, the DPPP-
free rhodium complex appears to be more important for the
cyclocarbonylation step. The reactions were then carried out
by varying the compositions of nitrogen and carbon monoxide
(Scheme 5). Increasing the partial pressure of carbon monoxide
from 0.05 to 0.5 atm resulted in a smoother reaction. Interest-
ingly, the reaction proceeded sluggishly under atmospheric
carbon monoxide and only 4 % of 2 a was produced after 48 h.
In other words, a large amount of carbon monoxide in situ in-
terferes with the reaction. This phenomenon suggests that
a [RhCl(CO)2] complex is ineffective for the present carbonyla-
tion and the timely release of the carbonyl source from furfural
is highly decisive in terms of the efficiency of the carbonylation
reaction.

Scheme 2. Optimization of amount of DPPP used (the values in parentheses
are the yields of recovered 1 a).

Table 1. Scope of the carbonylative cyclization of 1 with furfural.[a]

Entry Substrate Conv. [%] Product Yield [%][b]

1 1 a : X = I 96 2 a 89
2 4 : X = Br 9 2 a 2

3 1 b : R = Me 95 2 b 84
4 1 c : R = OMe 98 2 c 82
5 1 d : R = tBu 85 2 d 73
6 1 e : R = CF3 85 2 e 71
7 1 f : R = F 89 2 f 74
8 1 g : R = Cl 81 2 g 70

9 1 h : R = F 72 2 h 61
10 1 i : R = Me 38 2 i 17
11 1 i : R = Me 70 2 i 40[c]

12 1 j : R = Br 68 2 j 31[c,d]

[a] Reaction conditions: 1 (0.25 mmol), [{RhCl(cod)}2] (0.0125 mmol), DPPP
(0.0188 mmol), Na2CO3 (0.3 mmol), furfural (1.25 mmol), and xylene (1 mL)
at 130 8C for 48 h. [b] Isolated yield. [c] Reaction was carried out at 150 8C.
[d] 2 a was obtained in 18 % yield.

Scheme 3. The reaction of 3’-substituted 2-iodobiphenyls (the values in pa-
rentheses are the yields of recovered 2-iodobiphenyls).
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During the course of our studies on the nature of the actual
catalytic species, it was found that when the carbonylation re-
action is carried out under the above standard conditions A
(Figure 1), it involves an induction period. After the pretreat-

ment of [{RhCl(cod)}2] and DPPP with Na2CO3 in xylene at
130 8C for 2 h (condition B), the reaction of 2-iodobiphenyl
(1 a) with furfural led to no observable induction period. This
result suggests that a rhodium carbonate complex is the
actual catalytic species for the reaction.[14]

Lastly, deuterium labelling experiments using 1 a-d5 was
conducted (Scheme 6). A comparison of the initial rates of the
reactions of 1 a and 1 a-d5 with furfural resulted in a kH/kD of
0.97 (a). A similar ratio was also observed in the reaction with
gaseous carbon monoxide (kH/kD = 0.98) (b). These findings
suggest that the cleavage of the C�H bond at the 2’-position

is not involved in the rate-determining step.[15] Taking into ac-
count the fact that 2-bromobiphenyl and biphenyl derivatives
contain substituents that exert steric hindrance around the C�I
bond were converted into the desired fluoren-9-ones in very
low yields (Table 1), we propose that the rate-determining step
is the oxidative addition of the C�I bond. Indeed, it is well
known that the oxidative addition and cyclization are frequent-
ly rate-determining steps in other carbonylation reactions cata-
lyzed by Rh.[16] This speculation is supported by the fact that
more carbonyl moieties inhibit the reaction (Scheme 5).

Based on previous studies by others[5f, 17, 18] and the above
observations, a proposed mechanism for the Rh-catalyzed car-
bonylation is shown in Scheme 7. After the generation of com-
plex A from [{RhCl(cod)}2] , DPPP, and Na2CO3, 2-iodobiphenyl
(1 a) adds oxidatively to complex A to form complex B or B’.
This step can be considered as the rate-determining step. Sub-
sequently, the cleavage of the C�H bond at the 2’-position
leads to the formation of rhodafluorene C. The migratory inser-
tion of the carbonyl moiety, which is produced through the
decarbonylation of furfural catalyzed by DPPP-ligated Rh com-
plex, then affords the rhodacycle D. Finally, the desired product
(2 a) is released by the reductive elimination, and the active RhI

species is regenerated to complete the catalytic cycle.

Conclusions

In summary, we reported on the Rh-catalyzed intramolecular
carbonylative C�H/C�I coupling of 2-iodobiphenyls with furfu-
ral leading to the formation of fluoren-9-one derivatives. Com-
pared with the analogous Pd-catalyzed reaction with parafor-
maldehyde, the present Rh-catalyzed C�H carbonylation gave
higher yields of fluoren-9-ones. Furthermore, a high degree of
regioselectivity of the reaction with 3’-substituted 2-iodobi-
phenyl was achieved.

Experimental Section

General procedure for the Rh-catalyzed cyclocarbonylation
of 2-iodobiphenyl with furfural

A 5 mL two-necked flask equipped with a stir bar was charged
with [{RhCl(cod)}2] (0.0125 mmol, 6.16 mg), DPPP (0.0188 mmol,
7.73 mg), and Na2CO3 (0.3 mmol, 31.80 mg). The central neck of
the flask was equipped with a reflux condenser and N2 balloon
(2 L) that was connected by a three-way stopcock at the top, and
a rubber septum was inserted into the side neck. The flask was
evacuated and backfilled with N2 (three times). Xylene (1.0 mL), fur-

Scheme 4. The reaction using gaseous carbon monoxide.

Scheme 5. Effect of partial pressure of carbon monoxide on the reaction.

Figure 1. Reaction profiles for the carbonylation of 1 a with furfural. Plots are
the concentration of product 2 a. Condition A: heating the mixture after all
the reagents are added; condition B: pretreating a mixture of [{RhCl(cod)}2]
and DPPP with Na2CO3 at 130 8C prior to the addition of 1 a and furfural.

Scheme 6. Deuterium-labelling experiments.
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fural (1.25 mmol, 120.11 mg), and 2-iodobiphenyl 1 a (0.25 mmol,
70.03 mg) were then added. After degassing the reaction mixture
three times by the freeze-pump-thaw method, the flask was filled
with N2. The mixture was placed in an oil bath, which had been
preheated to 130 8C for 48 h. After cooling to room temperature,
the resulting solution was filtered through a pad of celite, and the
filtrate was concentrated in vacuo. The resulting crude product
was purified by flash column chromatography on silica-gel to
afford 2 a in 89 % yield as a yellow solid (gradient elution with
hexane/AcOEt = 100/0–30/1) ; Rf : 0.22 (Hexane/AcOEt = 20/1);
1H NMR (500 MHz, CDCl3): d= 7.29 (td, 2 H, J = 1.0, 7.5 Hz), 7.47–
7.53 (m, 4 H), 7.66 ppm (dd, 2 H, J = 1.0, 7.5 Hz); 13C NMR (125 MHz,
CDCl3): d= 120.4, 124.4, 129.2, 134.2, 134.8, 144.5, 194.1 ppm.[19]

Acknowledgements

This study was partially supported by the NAIST Presidential
Special Fund. We also thank Ms. Yoshiko Nishikawa and Mr.
Kazuo Fukuda for the HRMS measurements.

Keywords: carbonylation · C�H functionalization · fluoren-9-
one · furfural · rhodium

[1] a) Y. Shi, S. Gao, Tetrahedron 2016, 72, 1717; b) H. Usta, A. Facchetti, T.
Marks, J. Org. Lett. 2008, 10, 1385; c) K. Itami, K. Tonogaki, T. Nokami, Y.
Ogashi, J.-i. Yoshida, Angew. Chem. Int. Ed. 2006, 45, 2404; Angew.
Chem. 2006, 118, 2464; d) J. A. McCubbin, X. Tong, R. Wang, Y. Zhao, V.
Snieckus, R. P. Lemieux, J. Am. Chem. Soc. 2004, 126, 1161.

[2] a) M. A. Campo, R. C. Larock, Org. Lett. 2000, 2, 3675; b) M. A. Campo,
R. C. Larock, J. Org. Chem. 2002, 67, 5616; c) M. Tobisu, S. Imoto, S. Ito,
N. Chatani, J. Org. Chem. 2010, 75, 4835; d) J. Song, F. Wei, W. Sun, K. Li,
Y. Tian, C. Liu, Y. Li, L. Xie, Org. Lett. 2015, 17, 2106.

[3] T. Furusawa, T. Morimoto, N. Oka, H. Tanimoro, Y. Nishiyama, K. Kakiuchi,
Chem. Lett. 2016, 45, 406.

[4] A. Pyo, S. Kim, M. R. Kumar, A. Byeun, M. S. Eom, M. S. Han, S. Lee, Tetra-
hedron Lett. 2013, 54, 5207.

[5] a) A. Modak, A. Deb, T. Patra, S. Rana, S. Maity, D. Maiti, Chem. Commun.
2012, 48, 4253; b) M. Kreis, A. Palmelund, L. Bunch, R. Madsen, Adv.
Synth. Catal. 2006, 348, 2148; c) P. Fristrup, M. Kreis, A. Palmelund, P.-O.
Norrby, R. Madsen, J. Am. Chem. Soc. 2008, 130, 5206.

[6] For early reports on the utilization of the decarbonylation of aldehydes
as a carbonyl-donation process in carbonylation reaction, see: a) T. Mor-
imoto, K. Fuji, K. Tsutsumi, K. Kakiuchi, J. Am. Chem. Soc. 2002, 124,
3806; b) T. Shibata, N. Toshida, K. Takagi, Org. Lett. 2002, 4, 1619.

[7] a) D. A. Colby, R. G. Bergman, J. A. Ellman, Chem. Rev. 2010, 110, 624;
b) G. Song, F. Wang, X. Li, Chem. Soc. Rev. 2012, 41, 3651.

[8] a) X.-F. Wu, H. Neumann, ChemCatChem 2012, 4, 447; b) J.-B. Feng, X.-F.
Wu in Transition Metal Catalyzed Carbonylative Synthesis of Heterocycles
(Eds. : X.-F. Wu, M. Beller), Springer, Heidelberg, 2016, pp. 25 – 54.

[9] There are recent examples of the carbonylative C�H/C�X coupling cata-
lyzed by other transition-metal complexes; see, Ru: a) A. Tlili, J.
Schranck, J. Pospech, H. Neumann, M. Beller, Angew. Chem. Int. Ed.
2013, 52, 6293; Angew. Chem. 2013, 125, 6413. Pd: b) Z. Lian, S. D. Friis,
T. Skrydstrup, Chem. Commun. 2015, 51, 1870; c) J. Tjutrins, B. A. Arndt-
sen, J. Am. Chem. Soc. 2015, 137, 12050; d) J. Zhang, X. Zhang, X. Fan, J.
Org. Chem. 2016, 81, 3206.

[10] a) S. Dutta, S. De, B. Saha, M. I. Alam, Catal. Sci. Technol. 2012, 2, 2025;
b) C.-L. Li, X. Qi, X.-F. Wu, J. Mol. Catal. A : Chem. 2015, 406, 94.

[11] We previously reported phosphane ligated- and free-Rh catalyzed car-
bonylation with paraformaldehyde as a carbonyl source, see: a) T. Mori-
moto, K. Yamasaki, A. Hirano, K. Tsutsumi, N. Kagawa, K. Kakiuchi, Y.
Harada, Y. Fukumoto, N. Chatani, T. Nishioka, Org. Lett. 2009, 11, 1777;
b) C. Wang, T. Morimoto, H. Kaneshiro, H. Tanimoto, Y. Nishiyama, K. Ka-
kiuchi, L. Artock, Synlett 2014, 25, 1155.

[12] R. E. Whittaker, G. Dong, Org. Lett. 2015, 17, 5504.
[13] Similar result was reported by Fukuyama and Ryu, see: T. Fukuyama, S.

Maetani, K. Miyagawa, I. Ryu, Org. Lett. 2014, 16, 3216.
[14] R. Pollice, M. J. Schnurch, J. Org. Chem. 2015, 80, 8268.
[15] Chatani reported that the C�H bond activation is the rate-determining

step in the Pd-catalyzed reaction, see ref. [2c] .
[16] a) A. Fulford, C. E. Hickey, P. M. Maitlis, J. Organomet. Chem. 1990, 398,

311; b) W. H. J. Pitcock, Jr. , R. L. Lord, M.-H. Baik, J. Am. Chem. Soc. 2008,
130, 5821.

[17] C. N. Iverson, W. D. Jones, Organometallics 2001, 20, 5745.
[18] Miura and Satoh demonstrated that rhoda- and iridafluorene were pro-

duced from 2-biphenyl RhIII and IrIII, respectively, see: a) T. Nagata, K.
Hirano, T. Satoh, M. Miura, J. Org. Chem. 2014, 79, 8960; b) T. Nagata, T.
Satoh, Y. Nishii, M. Miura, Synlett 2016, 27, 1707.

[19] a) J.-C. Wan, J.-M. Huang, Y.-H. Jhan, J.-C. Hsieh, Org. Lett. 2013, 15,
2742; b) S. Wertz, D. Leifert, A. Studer, Org. Lett. 2013, 15, 928.

Manuscript received: June 9, 2016

Accepted Article published: && &&, 0000

Final Article published: && &&, 0000

Scheme 7. Proposed reaction mechanism.

Chem. Asian J. 2016, 00, 0 – 0 www.chemasianj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim4&&

�� These are not the final page numbers!

Full Paper

http://dx.doi.org/10.1016/j.tet.2016.02.022
http://dx.doi.org/10.1021/ol8000574
http://dx.doi.org/10.1002/anie.200600063
http://dx.doi.org/10.1002/ange.200600063
http://dx.doi.org/10.1002/ange.200600063
http://dx.doi.org/10.1021/ja038920f
http://dx.doi.org/10.1021/ol006585j
http://dx.doi.org/10.1021/jo020140m
http://dx.doi.org/10.1021/jo1009728
http://dx.doi.org/10.1021/acs.orglett.5b00680
http://dx.doi.org/10.1246/cl.151182
http://dx.doi.org/10.1016/j.tetlet.2013.07.071
http://dx.doi.org/10.1016/j.tetlet.2013.07.071
http://dx.doi.org/10.1039/c2cc31144e
http://dx.doi.org/10.1039/c2cc31144e
http://dx.doi.org/10.1002/adsc.200600228
http://dx.doi.org/10.1002/adsc.200600228
http://dx.doi.org/10.1021/ja710270j
http://dx.doi.org/10.1021/ja0126881
http://dx.doi.org/10.1021/ja0126881
http://dx.doi.org/10.1021/ol025836g
http://dx.doi.org/10.1021/cr900005n
http://dx.doi.org/10.1039/c2cs15281a
http://dx.doi.org/10.1002/cctc.201200069
http://dx.doi.org/10.1002/anie.201301663
http://dx.doi.org/10.1002/anie.201301663
http://dx.doi.org/10.1002/ange.201301663
http://dx.doi.org/10.1039/C4CC09303H
http://dx.doi.org/10.1021/jacs.5b07098
http://dx.doi.org/10.1021/acs.joc.6b00166
http://dx.doi.org/10.1021/acs.joc.6b00166
http://dx.doi.org/10.1039/c2cy20235b
http://dx.doi.org/10.1016/j.molcata.2015.05.027
http://dx.doi.org/10.1021/ol900327x
http://dx.doi.org/10.1021/acs.orglett.5b02911
http://dx.doi.org/10.1021/ol5012407
http://dx.doi.org/10.1021/acs.joc.5b01335
http://dx.doi.org/10.1016/0022-328X(90)85517-3
http://dx.doi.org/10.1016/0022-328X(90)85517-3
http://dx.doi.org/10.1021/om0107946
http://dx.doi.org/10.1021/jo501835u
http://dx.doi.org/10.1021/ol401063w
http://dx.doi.org/10.1021/ol401063w
http://dx.doi.org/10.1021/ol4000857
http://www.chemasianj.org


FULL PAPER

Carbonylative Coupling

Takuma Furusawa, Tsumoru Morimoto,*
Yasuhiro Nishiyama, Hiroki Tanimoto,
Kiyomi Kakiuchi

&& –&&

RhI-Catalyzed Intramolecular
Carbonylative C�H/C�I Coupling of 2-
Iodobiphenyls Using Furfural as
a Carbonyl Source

Synthesis of fluoren-9-ones by a Rh-
catalyzed intramolecular C�H/C�I car-
bonylative coupling of 2-iodobiphenyls
using furfural, which is readily available
from biomass, as a carbonyl source has

been developed (see scheme). The find-
ings indicate that the rate-determining
step is not a C�H bond cleavage but,
rather, the oxidative addition of the C�I
bond to a RhI center.

Chem. Asian J. 2016, 00, 0 – 0 www.chemasianj.org � 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim5 &&

These are not the final page numbers! ��

Full Paper

http://www.chemasianj.org

