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ABSTRACT

A perchlorate salt of ferrocenylphenyltetrazole has been prepared and characterized
crystallographically. In the crystal, tape-like one-dimensional molecular arrangements are formed by
weak CH---N intermolecular hydrogen bonds between the tetrazole moieties (H---N distance: 2.49 A).
A layer-like structure was formed, composed of neutral layers of phenyltetrazole moieties and ionic

layers of ferrocenium moieties and anions.
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1. Introduction

Crystal engineering of organometallic crystals has attracted considerable attention in recent years
[1]. C-H---X intermolecular interactions, where X is an electronegative atom such as oxygen, nitrogen,
and halogens, are regarded as weak hydrogen bonds [2,3], and their importance in crystal engineering
is well recognized [1,4,5]. As part of our continuous investigation into ferrocene-based organometallic
supramolecular assemblies [6,7], we have previously prepared tetrazoles and triazoles with ferrocenyl
substituents, and investigated their structures and properties [8]. X-ray crystallography revealed that
short intermolecular C-H---N contacts are formed between the azole moieties. Ferrocenyl-tetrazoles
and -triazoles exhibit one-dimensional molecular arrangements via these interactions (Fig. 1). The
H---N distances are about 2.3 A and are 0.4 A shorter than the sum of the van der Waals radii.
Intermolecular C—H---N contacts have been found in tetrazole [9] and related compounds [5], and play
an important role in their crystal architectures. Although heteroaryl ferrocenes form a variety of
organometallic supramolecular complexes when reacted with metal salts [10], only a few complexes
of ferrocenylazoles have been reported [11], despite the versatile metal coordination properties of
triazole and tetrazole [12].

In this study, we isolated and determined the crystal structure of a perchlorate salt of
ferrocenylphenyltetrazole, [Fe(CsHs)(CsH4sPhNL,CH)](CIO,) (1; Fig. 2), to investigate the
intermolecular interactions of ferrocenylazole salts. Ferrocenium salts with conjugated heterocyclic
substituents are interesting because of their optical and electronic properties, and several have been
characterized crystallographically [13]. Here, we report the X-ray crystal structure of 1, which exhibits
weak C-H---N interactions between the tetrazole moieties and Coulombic interactions between the
cations and anions. The structure is compared with those of ferrocenyl- and ferrocenylphenyl-azolium
salts [14], which have been prepared as part of our studies on ferrocene-based ionic liquids [15]. To
our knowledge, this is the first example of the structural characterization of an azole-substituted

ferrocenium salt, whereas there is a report on a carbazole derivative of a ferrocenium salt [16].



2. Result and discussion

A small amount of the crystalline salt of 1 was produced by the reaction of
ferrocenylphenyltetrazole and Fe(ClO,),-6H,O in methanol followed by vapor diffusion of ether.
Considering the redox potential of ferrocenylphenyltetrazole (E¥? = 0.09 V, vs. FeCp,/FeCp," [8]),
Fe(l11) species formed by air oxidation might be acting as an oxidant.

The molecular structure of 1 determined at 100 K is shown in Fig. 3 and its crystallographic
parameters are listed in Table 1. The average intramolecular Fe—C distance in the ferrocenium moiety
(2.083 A) corresponds to the value for the ferrocenium cation (2.095 A) [17], and is longer than in
neutral ferrocenylphenyltetrazole (2.034 A) [8]. Among the Fe—C bonds, the bond involving the
carbon connected to the phenylene ring is the longest [2.112(5) A]. The dihedral angles between the
Cp-Cp, Cp—phenylene, and phenylene—tetrazole rings are 1.8(4)°, 14.7(3)°, and 19.7(3)°, respectively.
The Cp rings in the cation adopt a staggered conformation. The bond lengths in the azole moiety are
almost the same as those observed for ferrocenylphenyltetrazole [8] and N-aryl-tetrazoles [5a, 18],
which is consistent with the charge localization in the ferrocenium moiety.

The packing diagram of 1 projected along the b-axis is shown in Fig. 4. The ionic moieties and the
neutral moieties form layer-like structures. The perchlorate anions are located between the
ferrocenium cations, exhibiting a short CcpH---Ojnion cONtact [H---O distance: 2.365(8) A]. The cations
and anions form ionic layers, in which n—mr interactions exist between the Cp rings of the neighboring
ferrocenium unit. The ionic layers are separated by the neutral layers of phenyltetrazole moieties. The
azole moieties form a tape-like one-dimensional arrangement via weak C—H---N hydrogen bonds (Fig.
5). The molecular arrangement closely resembles those of ferrocenyl-tetrazole and -triazole (Fig. 1),
whereas the arrangement in ferrocenylphenyl-tetrazole and -triazole are somewhat different [8]. The
C-H---N distance of 2.485(4) A in 1 is 0.27 A shorter than the sum of the van der Waals radii (2.75 A).
The distance is comparable to those in ferrocenylphenyl-tetrazole and -triazole (2.5 A), but longer than
those in ferrocenyl-tetrazole and -triazole (2.3 A) [8]. The ferrocenylphenyl moieties are arranged as

pendants with respect to the one-dimensional tape structure of the neutral moieties, and adjacent



phenylene-tetrazole moieties overlap via n—= interactions.

Ferrocenyl- and ferrocenylphenyl-azolium salts also generally exhibit layer-like structures [14].
The azolium cations and anions form ionic layers, with the azole hydrogens interacting with the anion
and the ferrocenyl moieties aggregating to form neutral layers. Hence, despite the different location of
the cation within the molecules, the azolium salts and 1 have similar structures.

In summary, the importance of weak C-H---N hydrogen bonds in the salt of ferrocenylazole has
been revealed. This study may lead to the future construction of magnetic organometallic

supramolecules involving ferrocenium cations.

3. Experimental

Ferrocenylphenyltetrazole [4-(4-ferrocenylphenyl)-1H-tetrazole] was prepared according to the
literature [8]. Other chemicals were commercially available. Vapor diffusion of ether into a methanol
solution of ferrocenylphenyltetrazole and Fe(ClO,),-6H,0 produced a small amount of black crystals
of 1 together with uncharacterizable powders. X-ray diffraction data for 1 was collected on a Bruker
SMART APEX Il Ultra CCD diffractometer using MoK radiation (1 = 0.71073 A). Crystal data, data
collection parameters, and analysis statistics for these compounds are listed in Table 1. All calculations
were performed using SHELXL [19]. The non-hydrogen atoms were refined anisotropically, and
hydrogen atoms were inserted at calculated positions. Empirical absorption corrections (SADABS)
[20] were applied. The packing diagrams were drawn using ORTEP-3 [21]. CCDC 832625 contains

the supplementary crystallographic data for this paper.

Acknowledgments
This work was financially supported by KAKENHI (23110719). We thank M. Tagomori (Toho
University) for preparation of the salt and M. Nakama (Crayonsoft Ltd., Tokyo) for providing

web-based database systems.



References

[1] (a) I. Haiduc, F. T. Edelmann, Supramolecular Organometallic Chemistry, Wiley-VCH, Weinheim
1999; (b) J.W. Steed, J.L. Atwood, Supramolecular Chemistry, Wiely & Sons, Chichester 2000; (c) M.
Oh, G.B. Carpenter, D.A. Sweigart, Acc. Chem. Res. 27 (2004) 1; (d) D. Braga, F. Grepioni, G. R.
Desiraju, Chem. Rev. 98 (1998) 1375; (e) D. Braga, M. Curzi, S. L. Giaffreda, F. Grepioni, L. Maini,
A. Pettersen, M. Polito, Chap. 12, in "Ferrocenes: Ligands, Materials and Biomolecules, ed. P.
Stepnicka, John Wiley & Sons Ltd, Chichester (2008).

[2] G. R. Desiraju, T. Steiner, The Weak Hydrogen Bond: in Structural Chemistry and Biology, IUCR
Monographs on Crystallography 9, OXFORD, Oxford, 1999.

[3] (@) R. Taylor, O. Kennard, J. Am. Chem. Soc. 104 (1982) 5063; (b) R. S. Rowland, R. Taylor, J.
Phys. Chem. 100 (1996) 7384.

[4] (a) C. E. Marjo, R. Bishop, D. C. Craig, M. L. Scudder, Eur. J. Org. Chem. (2001) 863; (b) D.
Braga, F. Grepioni, J. Chem. Soc., Dalton Trans. (1999) 1; (c¢) Gautam R. Desiraju J. Chem. Soc.,
Dalton Trans., 2000, 3745.

[5] (@ A. T. Rizk, C. A. Kilner, M. A. Halcrow, CrystEengComm 7 (2005) 359; (b) M.
Pagacz-Kostrzewa, A. Bialonska, R. Bronisz, M. Wierzejewska, J. Mol. Struct. 976 (2010) 431-439;
(c) C. Foces-Foces, N. Jagerovic, J. Elguero, Acta Cryst. C56 (2000) 215.

[6] (a) R. Horikoshi, T. Mochida, H. Moriyama, Inorg. Chem. 41 (2002) 3017; (b) T. Mochida, K.
Okazawa, R. Horikoshi, Dalton Trans. (2006) 693; (c) T. Mochida, F. Shimizu, H. Shimizu, K.
Okazawa, F. Sato, D. Kuwahara, J. Organomet. Chem. 692 (2007) 1834,

[7] (@ R. Horikoshi, C. Nambu, T. Mochida, Inorg. Chem. 42 (2003) 6868; (b) R. Horikoshi, K.
Okazawa, T. Mochida, J. Organomet. Chem. 679 (2005) 1793; (c) R. Horikoshi, M. Ueda, T. Mochida,
New J. Chem. 27 (2003) 933; (d) R. Horikoshi, C. Nambu, T. Mochida, New J. Chem. 28 (2004) 26.
[8] T. Mochida, H. Shimizu, S. Suzuki, T. Akasaka, J. Organomet. Chem. 691 (2006) 4882.

[9] R. Goddard, O. Heinemann, C. Kriiger, Acta Cryst. C53 (1997) 590.

[10] R. Horikoshi, T. Mochida, Eur. J. Inorg. Chem. 34 (2010) 5355.

[11] (@) VY. Gao, B. Twamley, J.M. Shreeve, Organometallics 25 (2006) 3364; (b) Y. Yu, X.-Y. Zhang, J.

5



Hong, H.-B. Song, L.-F. Tang, Transition Met. Chem. 34 (2009) 791; (c¢) T. Sakano, M. Okano, K.
Osakada, J. Inorg. Organomet. Polym. 19 (2009) 35; (d) C.-Y. Shi, X.-L. Zhou, B. Wu, N. Zhu, Z.-S.
Weia, Acta Cryst. E66 (2010) m96.

[12] (a) D. S. Moore, S. D. Robinson, Adv. Inorg. Chem. 32 (1998) 171; (b) J. G. Haasnoot, Coord.
Chem. Rev. 200-202 (2000) 131.

[13] (@) S. Zurcher, J. Petrig, M. Perseghini, V. Gramlich, M. Worle, D. v. Arx, A. Togni, Helv. Chim.
Acta 82 (1999) 1324. (b) M.Malaun, Z.R.Reeves, R.L.Paul, J.C.Jeffery, J.A.McCleverty, M.D.Ward,
I.Asselberghs, K.Clays, A.Persoons, Chem. Commun. (2001) 49. (c) B.Neumann, U.Siemeling,
H.-G.Stammler, U.\orfeld, J.G.P.Delis, PW.N.M.van Leeuwen, K.Vrieze, J.Fraanje, K.Goubitz,
P.Zanello, J. Chem. Soc., Dalton Trans. (1997) 4705. (d) X.-C. Wang, Y.-P. Tian, Y.-H. Kan, C.-Y.
Zuo, J.-Y. Wu, B.-K. Jin, H.-P. Zhou, J.-X. Yang, S.-Y. Zhang, X.-T. Tao, M.-H. Jiang, Dalton Trans.
(2009) 4096.

[14] (a) Mochida, Y. Miura, F. Shimizu, Cryst. Growth Des. 11 (2011) 262; (b) Y. Miura, F. Shimizu, T.
Mochida, Inorg. Chem. 49 (2010) 10032.

[15] (a) T. Inagaki, T. Mochida, Chem. Lett. 39 (2010) 572; (b) Y. Funasako, T. Mochida, T. Inagaki, T.
Sakurai, H. Ohta, K. Furukawa, T. Nakamura, Chem. Commun. 47 (2011) 4475.

[16] X.-C. Wang, Y.-P. Tian, Y.-H. Kan, C.-Y Zuo, J.-Y Wu, B.-K Jin, H.-P. Zhou, J.-X. Yang, S.-Y
Zhang, X.-T. Tao, M.-H. Jiang, Dalton Trans. (2009) 4096.

[17] S. Scholz, M. Scheibitz, F. Schddel, M. Bolte, M. Wagner, H.-W. Lerner, Inorg. Chim. Acta 360
(2007) 3323.

[18] T. Matsunaga, Y. Ohno, Y. Akutsu, M. Arai, M. Tamura, M. lida, Acta Cryst. C, 55 (1999) 129.
[19] G. M. Sheldrick, SADABS. Program for Semi-empirical Absorption Correction, University of
Gottingen, Germany, 1996.

[20] G.M. Sheldrick, Program for the Solution for Crystal Structures; University of Gottingen,
Germany, 1997.

[21] L. J. Farrugia, J. Appl. Cryst. 30 (1997) 565.



Fc Fc

“N—x SN—x
\ A \
H \\. s N !x,,’ H NN e N "’fz_.
o N H N o N
o \(/ S
/I
/N —X
Fc

Fig. 1. Schematic illustration of weak C—H---N hydrogen bonds in azole derivatives (X = CH or N).

Y N

FellI

<

[ClO,]

Fig. 2. Chemical diagram of [Fe(CsHs)(CsHsPhN4CH)](CIO,) (1).

Fig. 3. ORTEP drawing of the molecular structure of 1 with the numbering scheme. Thermal ellipsoids

are shown at the probability level of 50%.



Fig. 4. Packing diagram of 1 viewed along the b-axis. Hydrogen atoms are omitted for clarity.

C—H---N contacts are indicated by dashed lines.



Fig. 5. Molecular tapes joined by C-H---N interactions in 1, extending along the b-axis. Nitrogen
atoms are hatched. Intermolecular contacts that are 0.2 A shorter than the sum of the van der Waals

radii are indicated by dotted lines.



Table 1.
Crystallographic parameters for 1

Formula Ci7Hy ClFe N, Oy
Formula weight 429.62

T (K) 100
Crystal system Monoclinic
Space group P2,/c

a (A) 16.311(5)
b (A) 8.053(3)

c (A) 13.118(4)
5 (°) 101.229(4)
vV (A% 1690.0(9)
Z 4

D ge (g cm™) 1.688

w (mm™) 1.084
Reflections collected 7986
Independent reflections 3190

F (000) 876
Parameters 244

Final R,% WR," (I >26)
Final R,2, wR," (all data)

0.0643, 0.1659
0.0918, 0.1883

"Ri=Z[IFol = |Fdl/Z|F

"WR,=[Z w(F,~F2)?/ T w(F,)*]"

Table 2. DSC data for ferrocene-based CT complexes

Heating run Cooling run
AH A8 AH AS
T (K) T (K) T (K)
(kdmo®) (UK 'mol™) (kdmor™)  (IKmol™)
[Fe(CsHMe,),][Cl-naphthoquinone] (3) 174.6 0.46 2.65 155.1 0.59 3.83 19.5
2620 630 146.05 4089  9.63" 23.94" 17.3
[Fe(Cp*),][TCNQ] (1-D phase) 215.9 0.66 3.02 214.2 0.61 2.90 1.7
[Fe(CsHMe,),][TCNQ] 226.5 0.28 1.23 181.7 0.24 1.33 44.8
395.4% 7.70 19.4 390.6 7.52 19.4 48

3 Melting. ™ Smaller due to decomposition.

10



Table 3. Redox potentials of ferrocenes and quinones, and CT energies observed in
powders obtained by solvent-drop grinding.

Donor Acceptor Ep/V? Ea/ VY AE qox/ VP hver/eV
[Fe(Cp*),] F,BQ -0.08% 0.02% " -0.10 1.59
Cl,BQ ~0.08 0.05¥ ~0.13 1.60
Br,BQ ~0.08 0.00" -0.18 1.59
CLBQ -0.08 -0.18" 0.10 1.60
[Fe(CsHMe,),] F,BQ —0.04% 0.02 -0.06 1.66
Cl,BQ ~0.04 0.05 ~0.09 1.64
Br,BQ ~0.04 0.00 ~0.04 1.65
CLBQ ~0.04 ~0.18 0.14 1.64
[Co(Cp*),] F,BQ ~1.47% 0.02 ~1.45 2.14"
Cl,BQ ~1.47 0.05 ~1.52 2.66"
Br,BQ -1.47 0.00 -1.47 2.48"
CLBQ ~1.47 -0.18 ~1.65 2.10"

? Half-wave redox potentials of donors (E ) and acceptors (E ) vs. SCE in CH,CN,
AE roqox | V = Ep— E o, 9 ref. 25,9 ref. 26, 9 ref. 27, ? Potentials referenced to SCE, ¢
ref. 28," ref. 29, " shoulder.

Table 4. Redox potentials of the components and CT energies of ferrocene-based CT complexes.

Complex Ep/V? EalV? AE o VP hver [ eV
[Fe(Cp*),][Cl,-naphthoquinone] (1) —0.08" ~0.45" 0.37 1.98
[Fe(Cp*),][Br,-naphthoquinone] (2) -0.08 ~0.30" 0.22 1.94
[Fe(CsHMe,),][Cl,-naphthoquinone] (3) -0.04" -0.45 0.41
[Fe(Cp*),][acenaphthenequinone]® -0.08 ~0.98" ¥ 0.90 1.5-2.0%
[Fe(Cp*),][CN,-naphthoquinone]? -0.08 0.20" -0.28
[Fe(Cp*),][TCNQ] (1-D phase)® -0.08 0.21™ -0.29 1.41
[Fe(CsHMe,),][TCNQ]? -0.04 0.21 -0.25 1.43
[Fe(Cp*),][DMDCNQI]? -0.08 0.06" -0.14 1.83

? Half-wave redox potentials of donors (E p) and acceptors (E ») vs. SCE in CHsCN except for
acenaphthenequinone, ® AE 40/ V = Ep— E o, 9 ref. 17a, 9 ref. 18a, 9 ref. 14, ? ref. 15, 9 ref. 16,"

ref. 25, ref. 30, ref. 31, ¥ Potentials referenced to SCE in DMF, " ref. 32, ™ ref. 33, " ref. 34, ©
broad, ref. 14a.

11



TOC

N

P

&

o

e

#

' ClO4~

Cation-anion
interaction

C-H-*N
weak H-bond

Cation-anion
interaction

12



