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C–F� � �Rb+ interaction in a fluorinated cage compound complex
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Abstract—A rubidium complex of a cage compound which is composed of fluorobenzene, ethylenedioxy, and bridgehead nitrogen
donor units was prepared. The C–F� � �Rb+ interaction was clarified and evaluated for the first time by crystallographic analysis. The
contribution degree of the three kinds of donor atoms for the cation binding was estimated by Brown’s bond valence equation.
� 2006 Elsevier Ltd. All rights reserved.
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Figure 1. Structure of Rb+ � 1.
In the previous reports, we described cation affinity of
the fluorobenzene unit. The essential driving force of
the interaction is cation–dipole interaction and all alkali
metal cations are encapsulated by the fluorinated cage
compounds. The structural information is very impor-
tant for such study, and thus, those of K+, Cs+, Tl+,
and La3+ complexes of 1 were clarified and estimated
by Brown’s bond valence theory.1

However, in the series of this study, the Rb+ ion was not
specially noted. This tendency is the same as in the case
of crown ethers and cryptands. In a simple search using
SciFinderTM by the ‘M & crown ether; M = lithium,
sodium, potassium, rubidium, and cesium’ as keywords,
we found 108 examples for lithium, 215 for sodium, 292
for potassium, 43 for rubidium, and 82 for cesium on
August 7, 2006. A review of CF� � �M+ also described
that the reports of CF� � �Rb+ short contact are very rare,
and only four examples were shown in it.2 The two of
the four reports did not refer to the CF� � �Rb+ short
contacts and short comments were given in the other
two reports (2b and 2c). Hence, a study of CF� � �Rb+

in our ligand system stimulates us and becomes impor-
tant because it offers detailed data about CF� � �Rb+

interaction (Fig. 1). Therefore, this is the first report
evaluating the CF� � �Rb+ interaction by the structural
analysis. The methodologies of this study have been
already established by previous researches,1 that is,
19F-, 13C NMR, X-ray crystallographic analysis, and
its estimation using Brown’s bond valence theory.
0040-4039/$ - see front matter � 2006 Elsevier Ltd. All rights reserved.
doi:10.1016/j.tetlet.2006.09.166

Keywords: C–F; Cryptand; Bond valence; Macrocycles.
* Corresponding author. Tel./fax: +81 3 5981 3664; e-mail:

takemurah@fc.jwu.ac.jp
�Tel.: +81 92 642 2716; fax: +81 92 642 2735.
As reported previously, the 19F NMR signal appeared at
�120.9 ppm and this is 4.2 ppm higher than that of
metal-free 1 (�116.7 ppm), which is also common to
other metal complexes.1,2 In the 13C NMR, the
19F–13C coupling constant (244.0 Hz) is reduced to
about 12.6 Hz and it is comparable to other alkali metal
complexes. These two spectroscopic features are repre-
sentative evidences of the C–F� � �M+ interaction as
reported previously.1,2 The linear relationships between
dF versus ionic radii and JC–F versus logKs (stability
constants of M+ � 1) have already been shown in a pre-
vious report.1e

In the 19F NMR, almost all of the metal complexes (Li+,
Na+, K+, and La3+) showed a sharp singlet. In some
cases, the metal complexes of 1 and its analog showed
19F� � �M+ couplings (M = Cs and Tl). We were thus
interested in whether the Rb+ � 1 shows 19F� � �85,87Rb
(I = 5/2 for 85Rb, and I = 3/2 for 87Rb) coupling.
However, in this case, the coupling was not observed in
19F NMR at room temperature or at low temperatures
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Figure 2. Structure of Rb+ � 1ÆPic� resulted from crystallographic
analysis (picrate anion is omitted for clarity).

Table 1. Results of crystallographic analysis of Rb+ � 1ÆPic�

Bond lengths (Å) Interatomic
distances (Å)

Bond angles (�)

C7–F1 1.375(4) F1� � �Rb 2.803(2) C7–F1� � �Rb 106.02(2)
C17–F2 1.370(3) F2� � �Rb 2.804(2) C14–F2� � �Rb 106.67(2)

O1� � �Rb 2.976(3) O1–Rb� � �O2 180.0
O2� � �Rb 3.061(3)

N1� � �Rb 3.300(3) F1–Rb� � �F1* 131.61(8)
N2� � �Rb 3.329(2) F2–Rb� � �F2* 132.45(7)

rC–F(average) of metal-free is 1.356 Å.

8990 H. Takemura et al. / Tetrahedron Letters 47 (2006) 8989–8991
(��90 �C), and a sharp 19F signal was maintained even
at �90 �C. At low temperatures, conformation of the
cage structure of 1 is frozen and positions of the F atoms
are fixed.

Since spectral features are common to other metal com-
plexes, structural data were estimated based on the crys-
tallographic analysis (Fig. 2). As shown in Table 1, the
results of the crystallographic analysis of Rb+ � 1ÆPic�
Figure 3. Relationship between ionic radii of the cations (Å) and (a) C–F� � �M
lengths of the complexes and their F� � �M+ distances.
showed that C–F bond lengths, C7-F1 = 1.375(4) and
C17–F2 = 1.370(3) Å, are longer than those of metal-
free 1 (1.356 Å, in average).3 The F� � �Rb+ distance is
2.803 Å, and much shorter than the sum of van der
Waals radius (1.47 Å) of the F atom and ionic radius
of Rb+ (1.66 Å). Thus, it is clear that CF and Rb+ inter-
action is an attractive one.

As described above, four articles reported CF–Rb+

short contacts, but these values are inconsistent (2.80–
3.538 Å)2 and could not be considered to correlate to
our case.

As shown in Figure 3, the relationship between the
structure of the complexes and the ionic radii of the cat-
ions were revealed. The CF� � �M+ (M = K, Rb, and Cs)
angles and cation sizes have a good linear relationship
(Fig. 3a). As the cation size becomes smaller, CF� � �M+

angles become larger. Thus, K+ ion fits to the ligand
cavity size, but larger ion, Rb+ and Cs+ changes the
+ angles (�), (b) X (X = F, O, and N)� � �M+ distances (Å), and (c) C–F



Table 2. Brown’s bond valence, s, of the complexes

s K+ � 1 Rb+ � 1 Cs+ � 1
P

s(F� � �M+) 0.620 0.636 0.689P
s(O� � �M+) 0.178 0.261 0.329P
s(N� � �M+) 0.212 0.347 0.395

V =
PP

sX 1.01 1.244 1.413
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position of C–F unit. This result coincided with the
affinity of the cations.1e Although O, N� � �M+ distances
are almost constant, F� � �M+ distances increased in
proportion to cation ionic radii (Fig. 3b). Contrary to
this, C–F lengths become longer as F� � �M+ distances
become short (Fig. 3c). Therefore, it is considered that
F� � �M+ attractive force effectively lengthens the C–F
bond.

By using Brown’s bond valence equation,4 we can esti-
mate the bonding contribution of each donor atom to
the Rb+ cation and compare the bond valences among
the three complexes. Table 2 summarizes the results.
The bonding contribution of each one donor atom
(
P

s(X� � �Rb+)/n, X = F, O, and N) increased in the or-
der of N� � �Rb+ (0.087)� O� � �Rb+ (0.131) < F� � �Rb+

(0.159). Total bond valence, V =
PP

sX, of K+ � 1,
Rb+ � 1, and Cs+ � 1 and the ionic radii of the cations
are in a good linear relationship (R = 0.992). The V val-
ues of Rb+ � 1 and Cs+ � 1 are larger than 1.0 and this
was explained by the relationship between the rigidity of
the ligand structure and metal ion size.1e,5

In conclusion, a very rare C–F� � �Rb+ interaction was
observed and its structural features were revealed by
crystallographic analysis. By comparing the previously
reported K+ and Cs+ complex structures, the relation-
ship among cation sizes and ligand structures (C–F
bond lengths, C–F� � �M+ angles and X� � �M+ distances)
was clarified. The C–F bond elongation and short con-
tact between the F and Rb+ atoms are representative
evidence of the interaction, and the bond valence equa-
tion showed superiority of the C–F donor nature over O
and N atoms.
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