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Palladium-Catalyzed Synthesis of Benzophenanthrosilines by C–
H/C–H Coupling through 1,4-Palladium Migration/Alkene 
Stereoisomerization 
Tomohiro Tsuda,[a] Yuka Kawakami,[a] Seung-Min Choi,[a] and Ryo Shintani*[a] 

Abstract: A new and efficient synthesis of 8H-
benzo[e]phenanthro[1,10-bc]silines from 2-((2-
(arylethynyl)aryl)silyl)aryl triflates has been developed under 
palladium catalysis. The reaction mechanism has been 
experimentally investigated and a catalytic cycle involving a C–H/C–
H coupling through a new mode of 1,4-palladium migration with 
concomitant alkene stereoisomerization has been proposed. 

Silicon-bridged π-conjugated compounds possessing a 6-
membered silacycle such as 7H-benzo[e]naphtho[1,8-bc]silines 
and 8H-benzo[e]phenanthro[1,10-bc]silines constitute a 
potentially useful class of compounds based on the optoelectronic 
properties derived from their rigid and extended π-conjugation in 
plane (Figure 1).[1] However, in contrast to widely explored 5H-
dibenzo[b,d]siloles and related compounds having a 5-membered 
silacycle,[2] these 6-membered silacycles have been significantly 
less investigated, which is presumably due to the lack of their 
general and efficient synthetic methods. In fact, only a few 
approaches have been reported for the synthesis of 7H-
benzo[e]naphtho[1,8-bc]silines, such as dehydrogenative C–C 
coupling of methyl(1-naphthyl)(phenyl)silane by pyrolysis[3] and 
oxidative Si–C coupling of 1-naphthyltriphenylsilane by a radical 
process.[4,5] With regard to the synthesis of 8H-
benzo[e]phenanthro[1,10-bc]silines, only one method has been 
reported to date by Wagner and coworkers, where they employed 
a conventional multi-step π-extension process through a 5,10-
dihydrodibenzo[b,e]siline as an intermediate.[6] In light of this 
methodological deficiency, herein we describe a new and efficient 
synthesis of 8H-benzo[e]phenanthro[1,10-bc]silines from easily 
accessible 2-((2-(arylethynyl)aryl)silyl)aryl triflates under 
palladium catalysis, which involves a C–H/C–H coupling[7,8] via a 
new mode of 1,4-palladium migration.[8,9] 

 

Figure 1. Structures of representative silicon-bridged π-conjugated compounds. 

   In 2008, Shimizu and coworkers reported a palladium-catalyzed 
synthesis of 5H-dibenzo[b,d]siloles from 2-(arylsilyl)aryl triflates 
via intramolecular C–H arylation.[10] This process is highly reliable 
and we could also obtain dibenzosilole 2a in 90% yield from 
substrate 1a under similar reaction conditions (Table 1, entry 1). 
However, we found that the use of substrate 1b having a 
phenylethynyl group at the 3-position resulted in no formation of 
dibenzosilole 2b, and the major product was found to be 
benzophenanthrosiline 3b in 58% yield (entry 2).[11] Reactions 
using other ligands such as PPh3 and dppf also gave 3b as the 
major product with no 2b (entries 3 and 4), and the same trend 
was observed even in the absence of any phosphine ligands 
(entry 5). 

Table 1. Palladium-catalyzed reaction of 1. 

 

Entry 1 Ligand (x) Yield of 2 [%][a] Yield of 3 [%][a] 

1 1a PCy3[b] (10) 90 — 

2 1b PCy3[b] (10) 0 58 

3 1b PPh3 (10) 0 39 

4 1b Dppf (5.5) 0 17 

5 1b None 0 59 

[a] Determined by 1H NMR against internal standard (MeNO2).  [b] 
PCy3•HBF4/Et2NH was used. 

 
   Based on these initial findings, we decided to focus on the 
synthesis of benzophenanthrosilines 3. The formation of 3b from 
1b presumably goes through a pathway illustrated in Scheme 1. 
Initial oxidative adduct I would undergo 1,5-palladium 
migration[11,12] to give arylpalladium species II, and subsequent 
insertion of alkyne to the aryl–palladium bond gives 
alkenylpalladium intermediate III. If this process is operating, the 
same product should be obtained from compound 4b [Eq. (1)] that 
can directly generate intermediate II without going through 1,5-
palladium migration. Indeed, as shown in Eq. 1, we found that the 
reaction of compound 4b, which is more readily accessible than 
1b, efficiently gave benzophenanthrosiline 3b in a much higher 
yield of 94% under the same conditions as in Table 1, entry 5. 
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Scheme 1. Possible reaction pathway for the production of 3b. 

 

 

Scheme 2. Scope of palladium-catalyzed synthesis of benzophenanthrosilines. 

   The scope of this reaction was found to be reasonably broad as 
summarized in Scheme 2. For example, in addition to compound 
3b having a (tert-butyl)phenylsilylene bridging unit, 
benzophenanthrosilines 3c–3e with other silylene units can be 
obtained in similarly high yields (92–94% yield). With regard to the 
substituents on the aromatic rings, various groups can be installed 
at any of them (Ar1, Ar2, and Ar3) with retaining high chemical 
yields, including functional groups such as dimethylamino (3g, 3k, 
3t), methoxycarbonyl (3n), and nitro (3o) groups. The structures 
of products 3f–3j clearly establish that the C–H/C–H couplings 
take place exclusively between Ar2 and Ar3 rather than between 
Ar1 and Ar3.[13] It is worth mentioning that substrate 4p having 3,5-
dimethylphenyl group as Ar3 can also undergo the C–H/C–H 
coupling to give 3p despite its steric hindrance. On the other hand, 
the reaction of 4q with 3-tert-butylphenyl group as Ar3 selectively 
provides 3q by forming a carbon–carbon bond at the less 
hindered position. The present catalysis also accommodates a 
heteroaromatic ring as shown for 3s and donor-acceptor-type 
benzophenanthrosiline 3t can be synthesized as well.[14] 
Furthermore, the reaction of ditriflate 5 gives a new type of π-
extended silicon-bridged compound 6 possessing a 
benzo[k]tetraphene moiety through the two-fold present reaction 
sequence [Eq. (2)]. In our preliminary experiment, we have also 
found that the present catalysis can be extended to the synthesis 
of a nitrogen-bridged analogue, 8H-naphtho[1,2,3-kl]acridine 8, 
under slightly modified conditions [Eq. (3)]. 

 

 

   In the present catalysis, two C–H bonds on Ar2 and Ar3 of 
substrate 4 (see Equation in Scheme 2) are cleaved to form a 
carbon–carbon bond between them, and a new C–H bond is 
generated at the 13-position of resulting benzophenanthrosiline 3. 
To understand the fate and origin of these hydrogen atoms for 
elucidation of the reaction mechanism, we conducted several 
deuterium labeling experiments. The reaction of 4e-d having a 
deuterium at the 6-position of Ar2 was found to give product 3e 
with almost no deuterium incorporation at the 13-position [Eq. (4)], 
and the reaction of 4e-d5 having pentadeuteriophenyl group as 
Ar3 gave the same result [Eq. (5)]. These results indicate that H 
at the 13-position of compound 3 is not directly derived from either 
C–H bond that engages in the carbon–carbon bond formation. In 
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contrast, when the reaction of 4f is conducted in the presence of 
excess D2O, resulting product 3f showed 78% deuterium 
incorporation at the 13-position [Eq. (6)], indicating that the H at 
this position is derived from an external hydrogen donor (H 
derived from Et2NH and/or residual water in solvent DMF under 
the standard anhydrous conditions).[15] This reaction was carried 
out in the presence of non-deuterated benzophenanthrosiline 3e 
and no deuterium incorporation to 3e was observed under these 
conditions, confirming that the deuterium is incorporated during 
the formation of compound 3 from substrate 4 and no C–H/C–D 
exchange occurs once compound 3 is produced. 

 

 

 

   On the basis of these experiments and the fact that the C–H/C–
H coupling takes place between Ar2 and Ar3, a proposed catalytic 

cycle for the present reaction is illustrated in Scheme 3. Thus, 
oxidative addition of aryl triflate 4 to palladium(0) gives 
arylpalladium species A. Intramolecular insertion of alkyne to the 
aryl–palladium bond takes place to give alkenylpalladium B. C–H 
bond activation on Ar2 then leads to alkenyl(aryl)palladium 
intermediate C, which undergoes protonation by an external 
proton donor to give cationic alkyl(aryl)palladium D. Cleavage of 
alkyl–palladium bond with concomitant formation of (Z)-alkene 
gives arylpalladium E, which possesses the right stereochemistry 
toward subsequent C–H bond activation to give diarylpalladium F. 
Finally, carbon–carbon bond-forming reductive elimination gives 
product 3 along with regeneration of palladium(0). The alkyl–
palladium bond cleavage of intermediate D could also lead to 
arylpalladium G with (E)-alkene moiety, which can reenter the 
catalytic cycle by alkenyl C–H bond activation to give intermediate 
C. Interconversion between complexes B and G represents a 
standard 1,4-palladium migration, which has been well explored 
in the literature.[8,9] On the other hand, the presently proposed 
conversion from B to E can be regarded as a new mode of 1,4-
palladium migration that involves concomitant alkene 
stereoisomerization. 

   To probe the feasibility of the involvement of intermediate E, we 
prepared aryl triflate 9 with (Z)-alkene geometry and conducted 
the present palladium-catalyzed reaction to find that desired 
product 3d was obtained in a high yield [Eq. (7)]. When this 
reaction was conducted in the presence of excess D2O, 15% 
deuterium incorporation was observed at the 13-position, 
indicating the reversible conversion from E to D (and to C). In 
addition, to confirm that complex G can enter the present catalytic 
cycle toward benzophenanthrosiline 3, compound (E)-9[13] was 
also prepared and subjected to this reaction to find that the same 
product 3d was indeed obtained as expected [Eq. (8)]. It is worth 
noting that the degree of deuterium incorporation is significantly 
higher for the reaction of (E)-9 than that of (Z)-9, which is 
consistent with the proposed reaction pathway where complex G 
generated from (E)-9 undergoes the alkenyl C–H bond cleavage 
to generate intermediate C followed by subsequent reprotonation. 

 

 

Scheme 3. Proposed catalytic cycle for the reaction of 4 to 3 (X = OTf; amine base is omitted for clarity). 
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   We have also briefly examined the optical properties of 
benzophenanthrosilines 3 obtained by the present catalysis. As 
summarized in Table S1,[16] we chose some of these compounds 
for comparison (3e: parent, 3g: 10-NMe2, 3o: 3-NO2, 3t: 10-NMe2-
3-NO2). In both UV-vis absorption (Figure S1) and fluorescence 
spectra (Figure S2),[16] introduction of an electron-donating group 
at 10-position (3g) or an electron-withdrawing group at 3-position 
(3o) led to a red-shift in their UV-vis absorption and emission band 
maxima compared to the parent compound (3e), and a 
significantly higher quantum yield was obtained for 3g (FF = 0.66 
vs. FF = 0.10 for 3e and 3o). Even more significant red-shifts of 
UV-vis absorption and emission band maxima were observed for 
donor-acceptor compound 3t. Furthermore, while pyridine-
containing compound 3s had very similar absorption and 
emission spectra compared with the parent compound (3e), N-
methylated derivative 10, which can be readily synthesized from 
3s [Eq. (9)], showed red-shifts for both UV-vis absorption and 
emission band maxima with a high quantum yield (FF = 0.83).[17] 
These results demonstrate that the optical properties can be 
effectively tuned by changing the substituents or derivatization of 
these benzophenanthrosilines. 

 

   In summary, we have developed a new and efficient synthesis 
of 8H-benzo[e]phenanthro[1,10-bc]silines, silicon-bridged π-
conjugated compounds having a 6-membered silacycle, from 2-
((2-(arylethynyl)aryl)silyl)aryl triflates under simple palladium 
catalysis. The reaction involves a C–H/C–H coupling via a 1,4-
palladium migration with concomitant alkene stereoisomerization, 
which has been supported by a series of experimental 
mechanistic investigations. Future studies will be directed toward 
further development of synthetic methods for various functional 
organic compounds. 
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