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Based on space integration using a flow microreactor
system, the title unsymmetrically substituted pyracenes with
an extremely long CC bond [1.714(2)1.739(4)¡] are readily
accessible, whose structures demonstrate nonadditive substituent
effects on expanding the polyarylated C1C2 bond in crystal.
The bond lengths rather exhibit correlation with the eclipsing
degree of the Csp3Csp3 bond, which is more affected by the
intermolecular factors such as crystal packing.

Recently, considerable attention has been focused on the
extremely long CC bond1 (>1.70¡; standard: 1.54¡2) found
in highly congested organic compounds. The central topics are
precise determination of the greater CC bond length than ever
as well as the special properties (e.g., thermochromism) derived
therefrom.3,4 The challenge in molecular design is how to
stabilize the compound despite the presence of a CC bond with
a very small bond dissociation energy (BDE), for which reliable
concepts have been proposed to date.5,6 Hexaphenylethane
derivatives79 with a condensed carbon skeleton have often
served as promising motif for the study. The major advantage
in them is that the weakened CC bond is prevented from
dissociation by being framed in a rigid structure, which also
allowed us to discover the nonionic longest CC bond10,11

[1.791(3)¡ at 413K; 1.771(3)¡ at 93K] in a crystal of
DiSAP3,5 with spiroacridan units on the pyracene framework
(Chart 1).

In further X-ray studies on the 1,1,2,2-tetraarylpyracenes,
not only DiSAP but also several substituted derivatives 1f1i
have an extremely long CC bond, and the considerable
variation in the C1C2 bond length (d) [1f: 1.754(2), 1g:
1.717(4), 1h: 1.749(4), and 1i: 1.761(4)¡] comes with the
substituents at the 4-position of aryl groups (H, Me, t-Bu, or
F).3b Although the major factor to expand the C1C2 bond in 1f
1i should be the steric repulsion among the four aryl groups

at C1 and C2, it is unlikely that the direct spatial interaction
between the substituents at the 4-position produces the differ-
ence in steric congestion. The longest bond was found in 1i with
electron-withdrawing F groups, yet the electron-donating groups
such as OMe are expected to cause bond elongation based on the
(³·*)-type through-bond interaction. Thus, it is still unclear
how the substituent on the aryl rings causes variation on d. To
shed light on the ambiguous substituent effects on expanding the
prestrained bond, we have designed here unsymmetrically
substituted derivatives of 1 in the anticipation that d in the
unsymmetric compounds would exhibit the intermediary value
of those in two symmetric counterparts if the electronic effects
of the substituents are working as the major factor in changing d.

Here we report preparation and X-ray structural analyses
of three unsymmetric compounds 1a (X = MeO, Y =Me), 1b
(X = MeO, Y = H), and 1c (X =MeO, Y = Cl). Two newly
prepared symmetric compounds are also included in the paper as
references: 1d (X = Y =MeO) and 1e (X = Y = Cl).

As in the previous study,3b the largely congested molecules
1a1e would be obtained from the less hindered dicationic
precursors 2a2+2e2+ upon two-electron reduction,13 which in
turn would be generated from pyrans 3a3e under the acidic
dehydrating conditions (Scheme 1). Pyrans 3d and 3e14 with the
same aryl groups on C1 and C2 were easily obtained from 5,6-
dibromoacenaphthene by the successive treatment with BuLi
(2.5 equiv) and the diarylketone (2.5 equiv) followed by
treatment with TFA. They were isolated in respective yields of
80% and 70% with no need of chromatography for separation.

However, this is not the case of unsymmetric pyrans with
two different aryl groups. Even under the careful execution by
sequential addition of BuLi (1.0 equiv), Ar2C=O (1.0 equiv),
BuLi (1.2 equiv), and Ar¤2C=O (1.2 equiv), the yield of 3a was
only 49% after chromatographic separation (Scheme 2). On the
other hand, we have recently demonstrated that monolithiation
of arylenedibromide can be successfully conducted under the
flow microreactor conditions.16 By taking advantage of this
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process, we also succeeded in the sequential introduction of two
diarylmethanol units17 on the 2,2¤-positions of biphenyl by
reaction integration using flow microreactors.18

It has been found here that the flow method works
effectively in selective production of unsymmetric pyrans 3a
3c14 (Figure 1). Thus, 0.1M 5,6-dibromoacenaphthene in THF
(flow rate 6.0mLmin¹1) was reacted with 0.5M BuLi in hexane
(1.2mLmin¹1) at 24 °C to generate 5-bromo-6-lithioacenaph-
thene, which was sequentially reacted with 4,4¤-dimethoxy-
benzophenone (0.2M in THF, 3.0mLmin¹1), BuLi (0.5M in
hexane, 1.44mLmin¹1), and 4,4¤-dimethylbenzophenone (0.2M
in THF, 3.6mLmin¹1). After treatment with TFA, 3a was
obtained as a sole product and isolated in 68% yield. Similarly,
by using parent benzophenone or 4,4¤-dichlorobenzophenone as
the second electrophile, pyrans 3b and 3c were also obtained in
respective yields of 69% and 71%.

With pyrans 3a3e in hand, new members of tetraarylpyr-
acenes 1a1e14 were prepared according to Scheme 1. In the
cases of 1a and 1d with four electron-donating aryl groups, the
precursor dications 2a2+ and 2d2+ were generated by using
HBF4/(CF3CO)2O and isolated as stable BF4¹ salts.14 Dications
2b2+ and 2c2+ generated with TMSClO4

19 were not isolated but
directly reduced with Zn dust to furnish 1b and 1c. The stronger
acidic treatment [TfOH/(CF3)2CHOH] is necessary on 3e for
dehydration. Despite the different acidic conditions applied on
3a3e, the target compounds 1a1e were isolated in high yields
(y. 72%, 81%, 75%, 84%, and 91%, respectively, based on 3a
3e) as stable pale yellow crystalline materials.

By the vapor diffusion method (CH2Cl2/CHCl3hexane),
we successfully obtained a single-crystalline specimen of high
quality of tetraarylpyracenes 1a, 1b, 1d, and 1e, as well as
1b¢CH2Cl2 (1:1 solvate) for precise determination of the d
value.20 Low-temperature X-ray analyses21 at 123K showed that
all of the molecules in these five crystals have an extremely long
C1C2 bond [d > 1.70¡], whose bond lengths were determined
with high accuracy [esd: 0.0020.004¡]. As represented by

unsolvated 1b and 1b¢CH2Cl2 (Figure 2), the ORTEP drawings
show no anomalies in thermal ellipsoids of the long C1C2 bond
or in electron density maps for all cases.

The significant finding is that the d value in the unsym-
metric derivative 1a (X = MeO, Y = Me) [1.738(3)¡] is greater
than either of those in two symmetric counterparts: 1d (X =
Y =MeO) [1.726(3)¡] and 1g3b (X = Y =Me) [1.717(4)¡].
Furthermore, in another unsymmetric derivative 1b (X =MeO,
Y = H), the bond length [1.714(2)¡] is smaller than in both of
the corresponding symmetric counterparts: 1d (X = Y =MeO)
[1.726(3)¡] and 1f3b (X = Y = H) [1.754(2)¡], thus demon-
strating nonadditive substituent effects on expanding the C1C2

bond of 1 in crystal. Another important finding is that the d value
of 1b in the unsolvated crystal [1.714(2)¡] and that in CH2Cl2
solvate [1.739(4)¡] differs considerably even though there are
no special interaction with the solvent and aryls groups in
1b¢CH2Cl2, showing that the expansion of C1C2 (¦d: 0.025¡)
can be induced only by the small energy supplied from the
different crystal packing.

It can be concluded that the electronic nature of substituents
is not the major determinant of the d values in the crystals of
1 despite the fact that the wide variation of bond length (¦d:
0.047¡) was observed for a series of 1 with different aryl
groups. The d values rather correlate with the eclipsing degree
(»)22 of C1C2 (Figure 3): the d value becomes greater by larger
steric repulsion among aryl groups as the C1C2 bond becomes
closer to the perfect eclipsed conformation (» = 100). The »
value in 1 is difficult to predict without analyzing the X-ray
structure since it is largely affected by the intermolecular
contacts among aryl groups in a certain crystal packing. Due to
the small BDE23 for the extremely long C1C2, change in BDE
upon further expansion of the prestrained bond would be only
marginal (“bond expandability”), which results in wide variation
of d in response to the small perturbation in ».
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The expandability of the extremely long CC bond would
be the key to future developing novel function (e.g., chromism),
since the enough energy for changing the bond length is easily
supplied by external stimuli. At the same time, by further
increment of steric repulsion with keeping the eclipsed con-
formation, there is high possibility to discover much longer CC
bond, whose length is greater than the value for the shortest
nonbonded C£C contact (1.80¡).25 Studies in this vein are now
in progress.

This work was supported by Grant-in-Aid for Scientific
Research on Innovative Areas: “Organic Synthesis Based on
Reaction Integration” from MEXT, Japan.

References and Notes
³ Present address: Institute of Multidisciplinary Research for

Advanced Materials, Tohoku University, Sendai, Miyagi 980-
8577

³³ Present address: Department of Chemistry, Faculty of Science,
Tokyo University of Science, Shinjuku-ku, Tokyo 162-8601

1 a) G. Kaupp, J. Boy, Angew. Chem., Int. Ed. Engl. 1997, 36, 48.
b) J. S. Siegel, Nature 2006, 439, 801. c) T. Suzuki, T. Takeda,
H. Kawai, K. Fujiwara, in Strained Hydrocarbons: Beyond the
van’t Hoff and Le Bel Hypothesis, ed. by H. Dodziuk, Wiley-
VCH, 2009, Chap. 2.5, p. 70.

2 F. H. Allen, O. Kennard, D. G. Watson, L. Brammer, A. G.
Orpen, R. Taylor, J. Chem. Soc., Perkin Trans. 2 1987, S1.

3 a) H. Kawai, T. Takeda, K. Fujiwara, T. Inabe, T. Suzuki, Cryst.
Growth Des. 2005, 5, 2256. b) T. Takeda, H. Kawai, R. Herges,
E. Mucke, Y. Sawai, K. Murakoshi, K. Fujiwara, T. Suzuki,
Tetrahedron Lett. 2009, 50, 3693.

4 Y. Morita, S. Suzuki, K. Fukui, S. Nakazawa, H. Kitagawa, H.
Kishida, H. Okamoto, A. Naito, A. Sekine, Y. Ohashi, M. Shiro,
K. Sasaki, D. Shiomi, K. Sato, T. Takui, K. Nakasuji, Nat.
Mater. 2008, 7, 48.

5 H. Kawai, T. Takeda, K. Fujiwara, M. Wakeshima, Y. Hinatsu,
T. Suzuki, Chem.®Eur. J. 2008, 14, 5780.

6 P. R. Schreiner, L. V. Chernish, P. A. Gunchenko, E. Yu.
Tikhonchuk, H. Hausmann, M. Serafin, S. Schlecht, J. E. P.
Dahl, R. M. K. Carlson, A. A. Fokin, Nature 2011, 477, 308.

7 T. Suzuki, T. Takeda, H. Kawai, K. Fujiwara, Pure Appl. Chem.
2008, 80, 547.

8 1.712(5)1.734(5)¡ for 3,8-dihalo-1,1,2,2-tetraphenylnaphtho-
cyclobutenes: a) F. Toda, K. Tanaka, Z. Stein, I. Goldberg, Acta
Crystallogr., Sect. C: Cryst. Struct. Commun. 1996, 52, 177. b)
F. Toda, K. Tanaka, M. Watanabe, K. Tamura, I. Miyahara, T.
Nakai, K. Hirotsu, J. Org. Chem. 1999, 64, 3102. c) K. Tanaka,

N. Takamoto, Y. Tezuka, M. Kato, F. Toda, Tetrahedron 2001,
57, 3761. d) F. Toda, K. Tanaka, N. Takamoto, Tetrahedron Lett.
2001, 42, 7979. e) K. K. Baldridge, Y. Kasahara, K. Ogawa,
J. S. Siegel, K. Tanaka, F. Toda, J. Am. Chem. Soc. 1998, 120,
6167.

9 1.713(2)¡ for a multi-benzannulated caged hydrocarbon: S.
Kammermeier, R. Herges, P. G. Jones, Angew. Chem., Int. Ed.
Engl. 1997, 36, 1757.

10 The greatest bond length in alkanes has been renewed very
recently by studying the dimer of caged structures (ref. 6), and
the less spectacular value [1.704(3)¡] indicates the difficulty in
expanding the CC bond in alkanes even by applying the novel
“dispersion force” protocol.

11 The bond of 1.781(15)¡ in a silabicyclobutane derivative had
previously been the longest among the nonionic organic
molecules (ref. 12).

12 G. Fritz, S. Wartanessian, E. Matern, W. Hönle, H. G. V.
Schnering, Z. Anorg. Allg. Chem. 1981, 475, 87.

13 a) T. Suzuki, J.-i. Nishida, T. Tsuji, Angew. Chem., Int. Ed. Engl.
1997, 36, 1329. b) T. Suzuki, E. Ohta, H. Kawai, K. Fujiwara, T.
Fukushima, Synlett 2007, 851.

14 Experimental details and physical data for new compounds are
given in Supporting Information (ref. 15).

15 Supporting Information is available electronically on the
CSJ-Journal Web site, http://www.csj.jp/journals/chem-lett/
index.html.

16 a) A. Nagaki, N. Takabayashi, Y. Tomida, J.-i. Yoshida, Org.
Lett. 2008, 10, 3937. b) A. Nagaki, N. Takabayashi, Y. Tomida,
J.-i. Yoshida, Beilstein J. Org. Chem. 2009, 5, No. 16.

17 Y. Ishigaki, T. Suzuki, J.-i. Nishida, A. Nagaki, N. Takabayashi,
H. Kawai, K. Fujiwara, J.-i. Yoshida, Materials 2011, 4, 1906.

18 a) H. Usutani, Y. Tomida, A. Nagaki, H. Okamoto, T. Nokami,
J.-i. Yoshida, J. Am. Chem. Soc. 2007, 129, 3046. b) A. Nagaki,
Y. Tomida, H. Usutani, H. Kim, N. Takabayashi, T. Nokami, H.
Okamoto, J.-i. Yoshida, Chem.®Asian J. 2007, 2, 1513. c) S.
Suga, D. Yamada, J.-i. Yoshida, Chem. Lett. 2010, 39, 404. d) J.-i.
Yoshida, K. Saito, T. Nokami, A. Nagaki, Synlett 2011, 1189.

19 a) T. Saitoh, S. Yoshida, J. Ichikawa, Org. Lett. 2004, 6, 4563.
b) T. Saitoh, S. Yoshida, J. Ichikawa, J. Org. Chem. 2006, 71,
6414.

20 We have not so far succeeded in obtaining suitable specimen of
1c for precise determination of d in crystal. Probably due to the
similar spatial requirement of MeO and Cl groups, two kinds
of aryls groups occupy the same positions both in the crystals
of unsolvated 1c (ccdc: 870493; isomorphous to 1d) and
1c¢CH2Cl2 (1:1) solvate. Only the d value with a large esd was
obtained in the former [1.712(8)¡]. The structural refinement
could not be converged sufficiently in the latter due to additional
positional disorder of solvent. Thus, these two crystals of 1c are
not included in the discussion in this paper.

21 Crystal data of 1a, 1b, 1d, 1e, and 1b¢CH2Cl2 (CCDC 870491,
870493, 870495, 870496, and 870492) and details of crystallo-
graphic work are given in Supporting Information (ref. 15).

22 The eclipsing degree (») of the Csp3Csp3 bond is defined by the
smallest three torsion angles (¡, ¢, and £) over the bond in
question as follows: » (%) = [1 ¹ («¡« + «¢« + «£«)/180] ©
100. The » value is 100 for the completely eclipsed CC bond
whereas it is 0 for the perfectly staggered conformation. Each of
¡, ¢, and £ in 1 is defined by the two eclipsing Csp2 atoms over
the C1C2 bond.

23 By assuming the linear relationship between BDE and the CC
bond length (ref. 24), BDE was predicted to be very small when
the length becomes beyond 1.70¡. For the bond of the length
beyond 1.75¡, BDE was thought to be zero.

24 A. A. Zavitsas, J. Phys. Chem. A 2003, 107, 897.
25 J. L. Adcock, A. A. Gakh, J. L. Pollitte, C. Woods, J. Am. Chem.

Soc. 1992, 114, 3980.

1.71

1.72

1.73

1.74

1.75

1.76

1.77

88

eclipsing degree χ

C
1-

C
2 

b
o

n
d

 le
n

g
th

 d
 (

Å
)

90 92 94 96 98

Figure 3. Scattering plot of d versus the eclipsing degree (»)
of C1C2 for 1a, 1b, 1d1i, and 1b¢CH2Cl2 determined by X-ray
analyses. Full listing of geometric parameters are given in the
Supporting Information.15

543

© 2012 The Chemical Society of JapanChem. Lett. 2012, 41, 541543 www.csj.jp/journals/chem-lett/

http://dx.doi.org/10.1002/anie.199700481
http://dx.doi.org/10.1038/439801a
http://dx.doi.org/10.1039/p298700000s1
http://dx.doi.org/10.1021/cg050064r
http://dx.doi.org/10.1021/cg050064r
http://dx.doi.org/10.1016/j.tetlet.2009.03.202
http://dx.doi.org/10.1038/nmat2067
http://dx.doi.org/10.1038/nmat2067
http://dx.doi.org/10.1002/chem.200702028
http://dx.doi.org/10.1038/nature10367
http://dx.doi.org/10.1351/pac200880030547
http://dx.doi.org/10.1351/pac200880030547
http://dx.doi.org/10.1107/S0108270195011097
http://dx.doi.org/10.1107/S0108270195011097
http://dx.doi.org/10.1021/jo982010c
http://dx.doi.org/10.1016/S0040-4020(01)00249-6
http://dx.doi.org/10.1016/S0040-4020(01)00249-6
http://dx.doi.org/10.1016/S0040-4039(01)01561-1
http://dx.doi.org/10.1016/S0040-4039(01)01561-1
http://dx.doi.org/10.1021/ja980498t
http://dx.doi.org/10.1021/ja980498t
http://dx.doi.org/10.1002/anie.199717571
http://dx.doi.org/10.1002/anie.199717571
http://dx.doi.org/10.1002/zaac.19814750412
http://dx.doi.org/10.1002/anie.199713291
http://dx.doi.org/10.1002/anie.199713291
http://dx.doi.org/10.1055/s-2007-973887
http://www.csj.jp/journals/chem-lett/index.html
http://www.csj.jp/journals/chem-lett/index.html
http://dx.doi.org/10.1021/ol8015572
http://dx.doi.org/10.1021/ol8015572
http://dx.doi.org/10.3762/bjoc.5.16
http://dx.doi.org/10.3762/bjoc.5.16
http://dx.doi.org/10.3390/ma4111906
http://dx.doi.org/10.1021/ja068330s
http://dx.doi.org/10.1002/asia.200700231
http://dx.doi.org/10.1246/cl.2010.404
http://dx.doi.org/10.1055/s-0030-1259946
http://dx.doi.org/10.1021/ol048058w
http://dx.doi.org/10.1021/jo060662s
http://dx.doi.org/10.1021/jo060662s
http://dx.doi.org/10.1021/jp0269367
http://dx.doi.org/10.1021/ja00036a057
http://dx.doi.org/10.1021/ja00036a057
http://www.csj.jp/journals/chem-lett/

