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Introduction

Substituted naphthacene deriv-
atives have attracted much at-
tention in the context of or-
ganic semiconductors, as crys-
talline tetraphenyl-substituted
naphthacene (rubrene) has
shown the highest FET (field
effect transistor) mobility
among organic compounds.[1]

Unfortunately, however, prep-
arative methods for substituted
naphthacene derivatives have
not been well developed
yet.[2–5]

Recently we focused on aromatic-ring-extension reactions
and developed an homologation method[6] and a coupling

method[7] for the formation of substituted anthracenes,
naphthacenes, and pentacenes (Scheme 1). These methods
involve the formation of metalacyclopentadienes such as zir-
conacyclopentadienes from alkynes or diynes. The homolo-
gation method consists of benzene-ring formation by the re-
action of metalacyclopentadienes with alkynes.[8] On the
other hand, the coupling reaction involves the coupling of
zirconacyclopentadienes with diiodobenzene or tetraiodo-
benzene.[7]

During the course of our investigation into the reactivity
of tricyclic zirconacyclopentadienes, which can be conven-
iently prepared from diyne derivatives, towards tetraiodo-
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Scheme 1. Homologation method and coupling method for aromatic-ring extension.
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benzene, we found a remarkable effect of the phenyl sub-
stituent on the coupling reactions of zirconacyclopenta-
dienes.

Results and Discussion

Comparison of Alkyl-Substituted Zirconacyclopentadienes
with Phenyl-Substituted Zirconacyclopentadienes

We have reported the coupling reaction of zirconacyclopen-
tadienes with diiodobenzene in the presence of CuCl and
DMPU (N,N’-dimethyl-N,N’-propyleneurea). In the previous
results, no significant positive effects of aryl substituents on
the zirconacyclopentadienes were observed. For example,
the reaction of tetraethyl-substituted zirconacyclopentadiene
3a with o-diiodobenzene (4a) gave the corresponding naph-
thalene 5a in a higher yield than that of diphenyl-substitut-
ed 3b to produce naphthalene 5b as shown in [Eq. (1)] and
[Eq. (2)].

In the case of bicyclic zirconacyclopentadienes 3c and 3d
([Eq. (3)]), there is almost no difference between the reac-
tions of ethyl-substituted zirconacyclopentadiene 3c and
phenyl-substituted 3d.

In this study, we carried out the coupling reaction of tricy-
clic zirconacyclopentadienes 3, which are conveniently pre-
pared from diynes 1, with substituted diiodobenzenes 4
(Scheme 2). Interestingly, it was found that these reactions
showed significant substituent effects in the both zirconacy-
clopentadienes 3 and diiodobenzenes 4, as described below.

As summarized in Table 1, the yields of the coupling reac-
tion of zirconacycle 3 were strongly dependent on the sub-
stituents of 3 and the coupling partners, that is, diiodo- or
tetraiodobenzene (4a or 4b). When the reaction of diprop-
yl-substituted zirconacycle 3e (R=nPr) with diiodobenzene
4a was carried out in the presence of CuCl (2 equiv) in
THF at 50 8C for 1 h, the corresponding coupling product,
dihydronaphthacene 5e was obtained in good yield (Table 1,
entry 1). Similarly, the reaction of phenyl-substituted zirco-

nacycle 3 f (R=Ph; Table 1,
entry 2) gave the product 5 f in
almost the same yield as that
of 5e, and no considerable dif-
ferences were observed in
these reactions with diiodo-
benzene 4a.

However, in the reactions
with tetraiodobenzene 4b the
reactivity of these zirconacy-
clopentadienes was quite dif-
ferent. Alkyl-substituted zirco-
nacyclopentadiene 3e gave the
product 6a in just 38% yield
(Table 1, entry 3). In contrast,
the yield from the reaction of
phenyl-substituted zirconacycle
3 f surprisingly increased to
88% (Table 1, entry 4).

The other results of the cou-
pling of tricyclic zirconacycles
3 with tetraiodobenzene 4b
are summarized in Table 2.
The remarkable difference in

the reactivity of the alkyl- and phenyl-substituted zirconacy-
clopentadienes can also be seen in these examples. For ex-
ample, the reactions of alkyl-substituted zirconacycles 3g
and 3h gave the corresponding products 6c and 6d, respec-
tively, in moderate yields (Table 2, entries 1 and 2). On the
other hand, the phenyl-substituted derivatives 3 i and 3 j af-
forded the coupling products 6e and 6 f, respectively, in high
yields (Table 2, entries 3 and 4). Furthermore, p-anisyl-, and
2-thienyl groups also showed similar positive effects on this
coupling reaction, and produced the corresponding dihydro-
naphthacenes 6g and 6h in high yields.
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Substituent Effects of Zirconacyclopentadienes and
Diiodobenzenes

The unusual phenomena observed in the reactions of tricy-
clic zirconacyclopentadienes 3 and di- or tetraiodobenzene

4a or 4b can be summarized as follows: 1) Alkyl-substituted
tricyclic zirconacyclopentadienes, such as 3e, reacted with
diiodobenzene 4a to give the coupling products in about
65% yield. However, with tetraiodobenzene 4b, the yields
went down to 40–50%. 2) In contrast, when phenyl-substi-
tuted tricyclic zirconacyclopentadienes reacted with tetraio-
dobenzene under the same conditions, the yields increased
to 70–90%, whereas the reactions with diiodobenzene 4a af-
forded the coupling product in 65% yield. To elucidate the
origin of these substituent effects, we investigated by-prod-
ucts in the reaction of alkyl-substituted zirconacyclopenta-
diene 3e with tetraiodobenzene 4b. Interestingly, the forma-
tion of double coupling product 8 with a heptacyclic skele-

ton proceeded in 24% yield (on the basis of NMR spectro-
scopic analysis). On the other hand, no such product was ob-
served in the reaction with phenyl-substituted zirconacycle
3 f. This result suggests that the alkyl-substituted zirconacy-
clopentadiene 3e is more reactive than the phenyl-substitut-
ed 3 f because of the electron-donating nature of the alkyl
group, and zirconacycle 3e could react with the single cou-
pling product 6a. Therefore, the yield of 6a decreased.

In the case of phenyl-substituted zirconacycle 3 f, the reac-
tivity is not high enough to react with the single coupling
product 6b. This is the reason why the yield of the coupling

Scheme 2. Zirconium-mediated synthesis of naphthacene derivatives by coupling with diiodobenzenes 4.

Table 1. Coupling reactions with zirconacycles 3.

Entry R X Product Yield [%]a

1 nPr H 5e 64
2 Ph H 5 f 65
3 nPr I 6a 38
4 Ph I 6b 88

[a] Yields of isolated products.

Table 2. Effects of the substituents of zirconacycles on the coupling with
tetraiodobenzene.

Entry R1 R2 Product Yield [%]

1 nBu nBu 6c 52
2 H nBu 6d 41
3 Et Ph 6e 71
4 Ph Ph 6 f 84
5 nBu p-anisyl 6g 76
6 nPr 2-thienyl 6h 67
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of 3 f with 4b did not decrease. To understand the reason
for the improvement of the yield of the coupling of phenyl-
substituted zirconacycle 3 f with tetraiodobenzene 4b, we
carried out the coupling reaction with a series of substituted
diiodobenzenes with substituents at C4 and C5 (Table 3).

When the substituents on the diiodobenzene were electron-
donating groups such as methoxy and methyl, the yields of
the products 6 i and 6m were low to moderate (Table 3, en-
tries 1 and 2). With diiodobenzene 4a itself, the yield of 5e
was reasonably good (Table 3, entry 3). In contrast, when
the substituents were electron-withdrawing groups, such as
Br, Cl, and F, the yields were quite high (Table 3, entries 4–

7). This clearly showed that the reactivity of o-diiodoben-
zenes towards phenyl-substituted zirconacyclopentadienes
was highly dependent on the substituents. This can be attrib-
uted to an enhancement of the electrophilicity of the
carbon–iodine bonds by the electron-withdrawing groups.

Furthermore, the coupling of 3 i with 1,4-dibromo-2,5-diio-
dobenzene (4d) proceeded as well ([Eq. (4)]), and the corre-
sponding bromoiododihydronaphthacene 6 j was obtained in
high yield. The o-dibromo function is tolerated under these
conditions (Table 3, entry 4), and the result showed that at
least one of the halogen atoms should be iodine in the cou-
pling partner of the zirconacycles to promote the reaction,
as we reported previously.[7a]

Preparation of Substituted Naphthacene Derivatives

The obtained diiodonaphthacene derivatives 6 with phenyl
groups on the internal ring of the naphthacene skeleton
were converted into various substituted naphthacene
(Scheme 3). Reductive removal of two iodine atoms of 6b
proceeded smoothly by reaction with nBuMgCl in the pres-
ence of a catalytic amount of [Cp2TiCl2]

[9] to afford dihydro-

Table 3. Coupling of zirconacycles 3 f and 3 i with various diiodoben-
zenes.

Entry R X Product Yield [%]

1 nPr OMe 6 i 29
2 nPr Me 6m 58
3 nPr H 5e 65
4 nPr Br 6q 75
5 nPr Cl 6k 89
6 nPr F 6p 71
7 Et F 6 l 83

Scheme 3. Synthesis of various naphthacenes from diiodide 6b.
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naphthacene 5 f. Carbon–carbon bond formations were also
performed by means of well-established Pd-catalyzed cross-
coupling reactions, such as methylation with [Me3Al],[10] So-
nogashira coupling with phenylacetylene, and Negishi cou-
pling with [PhZnCl]to produce the corresponding products
6m, 6n, and 6o, respectively, in excellent yields. Finally, the
resulting dihydronaphthacenes were aromatized with DDQ
in mesitylene at 150 8C to afford a series of naphthacene de-
rivatives 7 f, 7m, 7n, and 7o.

Conclusions

In the present work, we found significant substituent effects
in the coupling reactions of tricyclic zirconacyclopentadienes
3 with diiodobenzenes 4 in the presence of CuCl and
DMPU. Both of the substituents on zirconacycles 3 and diio-
dobenzenes 4 considerably affected the product yields, and
the combination of aryl substituents on the zirconacycles 3
and electron-withdrawing groups on the diiodobenzenes 4
gave superior results to afford the corresponding dihydro-
naphthacene derivatives in high yields.

Among the obtained dihydronaphthacenes, diiodo deriva-
tives have a suitable functionality for further modification of
the substituents (Scheme 3). This route provides an efficient
and effective method not only to synthesize a series of sub-
stituted naphthacene derivatives, but also to modify and
tune the physical properties of the naphthacenes as organic
semiconductors. Further development of the present syn-
thetic method and applications of the synthesized naphtha-
cenes for organic electronic materials are under investiga-
tion.
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