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Abstract 

The reaction of 1,1'-ferrocenediyl(bismethylene-bispyridinium)-chloride-tosylate with diaza-15-crown-5 exclusively yields the 
2 + 2-addition product 1,1": •'••"-bisferr•cenediy•-bis[bis-7••3-methy•ene(••4•••-tri•xa-7`•3-diazacyc••pentadecane)] [=Fcdiyl(N 2- 
15-C-5)2Fcdiyl]. The large cavities formed by Fcdiyl(Nz-15-C-5)2Fcdiyl and Fcdiyl(N2-18-C-6)2Fcdiyl can accommodate two 
metal ions simultaneously, resulting in large iron-cation distances. The X-ray crystal structures of Fcdiyl(N2-15-C-5)2Fcdiyl • 
2Na(p-tosylate), Fcdiyl(N2-18-C-6)2Fcdiyl .(RbI)2, 1,1'-ferrocenediyl[bis-7,16-methylene(1,4,10,13-tetraoxa-7,16-diazacycloocta- 
decane)].Ca(ClO4) z [=Fcdiyl(N2-18-C-6). Ca(C104)2] and Fcdiyl(N2-18-C-6)' Ba(CIO4) 2 were determined to gain a better 
understanding of the metal complexation in ferrocene cryptands and to explore the possibility of direct iron-cation interactions. 
Fcdiyl(N2-18-C-6) • Ca(CIO4) 2 displays an unusually short Fe-Ca 2+ distance (365.8(6) pm) which might be viewed as an Fe-Ca -~ + 
interaction. The ammonium salts formed upon protonation of Fcdiyl(N2-15-C-5)2Fcdiyl and Fcdiyl(N2-18-C-6)zFcdiyl can be 
oxidized reversibly but the addition of anions gave no significant cathodic shifts of the redox potentials. 
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1. Introduct ion 

Ferrocene crown ethers and ferrocene cryptands 
both provide a redox active site as well as a cation 
binding unit [1]. Upon oxidation of the ferrocene sub- 
component  the stability of the macrocycle-cat ion com- 
plex is reduced (redox-switched crown ethers) [2] owing 
to the proximity of the positively charged ferrocene 
group to the crown ether bound cation [3,4]. We re- 
cently described a high yield synthesis of 1,1'-ferro- 
cenediyl-[bis-7,16-methylene(1,4,10,13-tetraoxa-7,16-di- 
azacyclooctadecane)]  (4) and 1,1": l ' , l " -b is fe r ro-  
cenediyl-bis[bis-7,16-methylene(1,4,10,13-tetraoxa-7,16- 
diazacyclooctadecane)] (3) and demonstrated the re- 
dox-switched bonding of metal  ions and protons [5]. 
The ferrocene-clamped 18-membered macrocycle holds 
cations very close to the redox-active center thereby 
producing large shifts in the redox potential upon 
coordination of metal  salts [6]. We were interested 
therefore whether  1,1'-ferrocenediyl(bismethylene-bis- 
pyridinium)chloride-tosylate (1) could also be used for 
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the synthesis of ferrocene cryptands with smaller cavi- 
ties. Such compounds would hold metal ions even 
closer to the iron atom and the smaller cavities could 
selectively coordinate small, highly charged metal ions. 
This should result in much larger redox responses upon 
complexation of metal  ions and the possibility of i ron-  
cation interactions. 

2. Results  and d i scuss ion  

The reaction of 1,1'-ferrocenediyl(bismethylene-bis- 
pyridinium)chloride-tosylate (1) with 1,4,10-trioxa- 
7,13-diazacyclopentadecane (Ne-15-C-5) and NazCO 3 
in acetonitrile under reflux yielded l , l " : l ' , l " -b i s fe r -  
rocenediyl-b is[bis-7,13-methylene( 1,4,10-trioxa-7,13-di- 
azacyclopentadecane)] (2) (Scheme 1). After chromato- 
graphic purification, 2 was obtained as its complex with 
two molecules of Na(p-tosylate).  The complex formed 
by Na +, the lipophilic tosylate anion and the crown 
ether 2 is too stable to dissociate during chromatogra-  
phy. Pure 2 is isolated only when a CHC13 solution of 
sodium complex is extracted with water, either before 
or after chromatography. 

The exclusive formation of the 2 + 2 product is 
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Scheme 1. Synthesis of the ferrocene cryptand 2; a + diaza-15-crown- 
5, Na2CO 3. 

surprising since in the corresponding reaction of diaza- 
18-C-6 the 1 + 1 product 4 is mainly formed, together 
with smaller amounts of 2 + 2 product 3 [5]. Our initial 
idea was that Na + used in the condensation reaction 
was the wrong templating metal ion. However, at- 
tempts to modify reaction conditions such as using 
other metal ion templates, non-templating bases or 
different concentrations of the reactands never re- 
sulted in the formation of the desired 1 + 1 product. 

It was obvious that only small redox-switching ef- 
fects could be expected from 2 since the distance of 
metal ions bound within the 15-membered macrocycle 
from the redox-active center is quite large (see Section 

a) 

Fig. 1. Molecular structure of 2 .2 Na(p-tosylate) (without hydrogen 
atoms). Carbon atoms are denoted by numbers only. Selected inter- 
atomic distances are as follows: Fe(1)-Fe(la) ,  1094 pm; Fe(1)-Na(1), 
642.3 pm; Na(1)-Na(la),  701.9 pro. 

Table 1 
Crystal data summary 

Identification code 2.2Na(p-tosylate)  3 • (Rbl) 2 4. Ca(CIO4) 2 . H 2 0  4.  Ba(CIO4) 2 • H 2 0  
Empirical formula C58H7sFe2N4Na2OI2S 2 CsoH 74C16Fe212NaOsRb2 C24H3sCaCI2FeN2OI3 C2aH3sBaCI2FeN2013 
Formula weight 1245.1 1608.3 729.40 826.71 
Temperature (K) 293(2) 293(2) 213(2) 293(2) 
Wavelength (pm) 71.069 71.069 71.069 71.069 
Crystal system Monoclinic Monoclinic Monoclinic Triclinic 
Space group P21/c p21/n C2/c P-1 
Unit cell 

a (pm) 1402.2(3) 1407.8(3) 1563.7(3) 1036.8(2) 
b (pro) 1032.2(2) 1856.2(4) 1213.8(2) 1112.7(2) 
c (pm) 2051.4(4) 1427.4(3) 1625.3(3) 1509.0(3) 
a (o) 90 90 90 102.43(3) 
/3 (o) 92.10(3) 93.89(3) 98.06(3) 97.38(3) 
y (°) 90 90 90 94.23(3) 

Volume (,~3) 2967.1(10) 3721.4(14) 3054.4(10) 1676.7(6) 
Z 2 2 2 2 
Density (g cm 3) 1.392 1.435 1.586 1.835 
Absorption (ram n) 0.920 2.78 0.768 1.84 
F(000) 1312 1600 808 876 
0 range [°] 2.5-26.3 2.2-22.3 3.6-25.0 2.6-26.3 
Index range (h, k, l) - 1 7 - 1 6 ,  - 1 2 - 0 ,  - 2 4 - 0  0-15, 0-19, - 1 5 - 1 4  0-18, 0-14, - 1 9 - 1 9  - 1 2 - 1 2 ,  0-13, - 1 8 - 1 8  
Number of reflections 

Collected 5362 4827 2802 7164 
Independent  5207 4384 2185 6801 

Number of data; 4034; 378 3456; 374 2060; 223 6411; 416 
number of 
parameters 

Goodness of fit 1.068 1.012 1.058 1.131 
R index (2o-(1)) 

R n 8.99 8.37 6.67 3.92 
wR 2 25.13 24.09 18.71 10.23 

Largest peak + 0.60 + 1.43 + 0.66 + 1.30 
Largest hole - 1.89 - 1.18 - 0.49 - 0.44 

(electrons A -  3) 
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3). The  ferrocene cryptand 2 displays only one re- 

versible redox couple  at E l l  2 = +0.39  V which corre- 
sponds to the s imul taneous  oxidation of both fer rocene 
groups. The  addi t ion  of meta l  salts to a solut ion of 2 in 

CH3CN gives anodic  shifts (Li ÷, E l l  2 = +0.435 V and  
A =  +45  mV; Na +, El~2 = +0.47  V and A =  + 8 0  
mV); again only one reversible wave for the two fer- 
rocene units  is observed. 

Since the 2 + 2 products  of the react ions of diaza- 
18-C-6 and diaza-15-C-5 with 1 possess huge cavities 
be tween  the two fer rocene units  and the two crown 
e ther  rings we were in t r igued to explore, whether  it 

was possible to coordina te  anions  within this void [7]. 

Table 2 
Atomic coordinates and equivalent isotropic displacement parame- 
ters for 2.2Na(p-tosylate), where Ueq is defined as one third of the 
trace of the orthogonalized U,j tensor 

X y Z Ucq 

(xIO 4) (xlO 4) (xlO-4) (X10-3~2) 

Fe(1) 1896(1) 62911) 1509(1) 3811) 
Na(1) 6451(2) 48(3) 1431(2) 44(1) 
C(1)  1943(5) 1230(8) 565(4) 40(2) 
C(2) 996(6) 1026(9) 739(4) 47(2) 
C(3) 789(7) 1820(10) 1260(4) 54(2) 
C(4)  1616(8) 2548(9) 1423(5) 60(3) 
C(5)  2331(7) 2204(8) 992(4) 49(2) 
C(6) 31118(5) -207(8) 1870(4) 39(2) 
C(7) 2505(6) - 1159(91 1574(5) 50(2) 
C(8)  1633(6)  -1155(10) 1912(6) 63(3) 
C(91 1698(71  -202(11) 2399(5) 63(3) 
C(10) 26115(6) 370(9) 2382(4) 51(2) 
C(I1) 2486(5) 612(9) 29(4) 44(2) 
N(1)  2289(4) 111417) -640(3) 43(2) 
C(12) 13119(5) 813(101 -864(4) 55(2) 
C(13) 1205(6) 727(10) - 1604(5) 61(3) 
O(1)  1768(4) - 342(7) - 1814(3) 56(2) 
C(14) 1698(7) - 576(12) - 2494(5) 65(3) 
C(15) 2393(6) 1771111 2869(4) 54(2) 
0(2) 3310(4) - 141(7) - 2627(3) 53(2) 
C(16) 2489(6) 2501(9) - 695(4) 49(2) 
C(17) 41119(5) 127181 164914) 42(2) 
N(2) 4892(4) - 5511(71 2018131 41(2) 
C(181 48119(6) - 195818) 1989(41 45(2) 
C(19) 51182151 - 2506(9) 1338(4) 49(2) 
0(3) 61112(41 - 2223(6) 1278(3) 44(1) 
(7(20) 6469(6) - 2816(9) 713(4) 51(2) 
C(21) 51121(6) - 66(10) 2677(4) 52(2) 
C(22) 5954 (~ )  -366(11) 3001151 60(3) 
S(1) 5693(2) 2876(5) 943(2) 201(2) 
O(10) 6024(5) 2311(7) 1518(3) 64(2) 
O(llA) 5607(111 1326(13) 566(7) 73(4) 
O1121 5384(9) 44571131 1327(6) 57(3) 
C(50) 6667(7) 3302(9) 475(5) 56(3) 
C(51) 6548(9) 4018(10) - 84(5) 70(3) 
C(52) 7309(12)  4315(11)  -453(5) 80(4) 
C(53) 82291111 3925(11) - 287(5) 77(3) 
C(54) 8354(9) 3179(10) 280(5) 71(3) 
C(55) 7570(9) 2896(10) 653(5) 66(3) 
C(56) 91151112/ 4248(15)  -692(6) 109(5) 

Symmetry_ operation used to generate equivalent atoms, 1 - x, - y, 
- - Z .  
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Fig. 2. Coordination sphere of Na + in 2.2Na(p-tosylate), viewed 
along the Na-S vector. Selected bond lengths and angles are as 
follows: Na-O(1), 260.9(6) pm; Na-O(2), 246.6(6) pm; Na-O(3), 
241.2(7) pm; Na-N(I), 272.2(7) pm; Na-N(2), 260.7(7) pm; Na-O(10), 
242.0(8) pm: Na-O(lla), 248(2) pm; S(1)-O(10), 137.916) pm; S(I)- 
O( 11 a), 177.9113) pm; N(1)-Na(I l-N(2), 138.1131 °. O( 11 a) and O(20b) 

0(3) and O(lla) are were refined with a site occupancy factor of 3. 
located inside with respect to the center of the whole molecule. 
C(50) is the pivot atom of the tolyl unit. Only one component of the 
disordered SO 3 group is displayed. 

Since p ro tona ted  macrocyclic polyamines  have been  
used for the complexat ion of anions  [8,9], our  fer- 
rocene cryptands had to be modif ied by t reat ing them 
with acid to genera te  p ro tona ted  polyamines.  

To  avoid potent ia l ly  hazardous  perchlorates  we had 
initially chosen CF3SO3H for pro tonat ion .  Unfor tu-  
nately, however,  only yellow oils could be isolated, 
which resisted all a t tempts  to crystallize. O n  the con- 
trary t r ea tmen t  of the ferrocene cryptands 2 and  3 with 
HC10  4 gives beaut i ful  crystalline a m m o n i u m  salts, 
which can be purif ied easily by recrystall ization from 

C H 3 C N - E t 2 0 .  The p ro tona ted  ferrocene cryptands 
are oxidized reversibly at potent ia ls  shifted anodically 

by more than 300 mV with respect to the neut ra l  
fer rocene macrocycles ( 2 . 4 H C 1 0  4, Em/: = +0.73 V; 

3 . 4 H C 1 0  4, EWE = +0.71 V). However,  upon  addi t ion  
of CI - ,  NO~,  H S O 4  or SO 2 -  to solut ions of 2-  4HC10 4 
or 3 . 4 H C I O  4 in CH3CN - H 2 0  (80: 20) no shifts of the 
redox potent ia ls  larger than 25 mV were observed. 

3. Discussion of the X-ray crystal structures 

To obta in  an idea of the approximate  size of the 
cavities of the 2 + 2 addi t ion  products  we de t e rmined  
the solid state s t ructures  of the metal  complexes 2 • 2 
Na(p- tosyla te)  and  3 • (RbI)  2. 

In  the solid state s t ructure  of 2 - 2  Na(p- tosyla te)  
each of the two 15-membered  crown e ther  rings coor- 
d inates  one Na(p- tosy la te )  (Fig. 1 and  Table  2). This  
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rather independent behaviour of the two macrocycles 
has also been observed for other cyclindrical macrocy- 
cles [10]. The torsion angle C(11)-C(1)-C(6)-C(17),  
which determines the distance of the two crown ether 
units, is 50.4 °. The bonding of Na ÷ sitting above the 
15-membered macrocycle is not symmetrical with re- 
spect to the donor atoms and the metal ion is displaced 
towards N(2) (Fig. 2). Therefore  there are shorter 
(N(2), 0(2)  and 0(3))  and longer (N(1) and O(1)) 
bonds to Na ÷. Not unexpectedly the small size of Na ÷ 
does not allow a sandwiching of this cation between 
the two 15-membered macrocycles. However, the five- 
fold coordination provided by the five donor atoms in 
the diaza-15-crown-5 unit does not saturate the coordi- 
nation sphere of Na +. The tosylate group therefore 
provides one or two additional oxygen donors, depend- 
ing on the orientation of the disordered SO 3 group. 
The tosylate group acts either as a chelating bidentate 
or as a monodentate  ligand. In the latter case, one 
water molecule (Na-O(20b),  261.1(13) pm) occupies 
the seventh coordination site at sodium, but further 
inside the cavity than O( l la ) .  In both cases, O(10), 
which has a sulfur-oxygen double bond (S(1)-O(10), 
138.3(6) pm), remains bonded to Na ÷. Somewhat sur- 
prisingly the two Na(p-tosylate) units are located on 
the inside of the cavity and not on the outside, as might 
have been expected on the basis of steric arguments. 
However, a closer look reveals that this endohedral  
coordination is enforced, because it allows the best 
interaction of the nitrogen lone pairs with Na ÷ and 
minimizes steric contacts between the two crown ether 
rings. 

CI3) C(2l C(1) ~ ~ b  1,,o! , ~  

Fig. 3. Molecular structure of 3'(RbI) 2 in the crystal (without hydro- 
gen atoms). Selected bond lengths, angles and i#teratomic distances 
are as follows: Rb(1)-I(1), 361.6(2) and 366.5(2) pm; Rb(1)-O(2), 
293.5(10) pm; Rb(1)-O(4), 296.1(11) pro; Rb(l)-O(l), 298.9(10) pm; 
Rb(1)-O(3), 302.0(11) pm; Rb(1)-N(2), 319.7(12) pro; Rb(1)-N(1), 
318.2(13) pm, Fe(1)-Fe(la) 1274 pro; Rb(1)-Rb(la), 545.9 pm; N(1)- 
Rb(1)-N(2), 165.4(3) pm; C(9)-C(I0)-C(11)-N(1), 87.6 °. 

Table 3 
Selected atomic coordinates and equivalent isotropic displacement 
parameters for 3.(RbI) 2, where Ueq is defined as one third of the 
trace of the orthogonalized U/j tensor 

x y z Ueq 
(>(10 -4 ) (XI0 -4 ) (>(10 -4 ) (>( 10-2,~ 2 ) 

I(1) 455(1) 1121(1) 4309(1) 78(1) 
Rb(1) -1161(1) 745(1) 6108(1) 47(1) 
Fe(1)  3 0 0 2 ( 1 )  -409(1) 8503(2) 54(1) 
C ( 1 )  3163 (11 )  -780(9) 7189(11) 59(4) 
C(2) 3911(9) -316(9) 7459(10) 57(4) 
C ( 3 )  4386 (11 )  -621(12) 8336(12) 75(6) 
C ( 4 )  3934(13) - 1236(11) 8518(13) 75(5) 
C ( 5 )  3145(12) - 1376(10) 7823(11) 68(5) 
C ( 6 )  2524(10) 583(9) 8784(12) 62(4) 
C ( 7 )  2978(13) 281(10) 9633(12) 70(5) 
C ( 8 )  2536 (11 )  -345(10) 9822(11) 62(4) 
C(9) 1768(11) -441(9) 9136(11) 57(4) 
C(10) 1753(10) 129(8) 8508(10) 53(4) 
COD 1001(9) 269(8) 7722(10) 48(4) 
N(1) 216(7) 746(6) 7972(8) 51(3) 
C(12) -291(10) 453(10) 8735(10) 63(4) 
C(13) -928(11) - 180(11) 8452(11) 73(5) 
O(1) - 1741(6) 77(5) 7894(6) 51(2) 
C(14) -2402(12) -485(9) 7666(11) 66(5) 
C(15) -3310(11) -126(10) 7180(12) 70(5) 
0(2) -3056(6) 120(6) 6298(7) 61(3) 
C(16) -3837(11) 476(10) 5823(11) 67(5) 
C(17) -3683(10) 502(9) 4804(10) 58(4) 
N(2)  -2895(7) 976(6) 4571(8) 48(3) 
C(18) -3151(11) 1728(8)  4535(12) 64(4) 
C(19) -2363(14) 2240(8)  4696(12) 76(5) 
0(3) - 1980(7) 2215(5) 5632(7) 62(3) 
C(20) - 1293(13) 2730(8)  5848(14) 77(5) 
C(21) -1062(12) 2719(7)  6881(12) 64(4) 
0(4) - 532(8) 2089(6) 7085(8) 70(3) 
C(22) - 210(12) 2047(9)  8046(12) 75(5) 
C(23) 531(11) 1479(9)  8197(12) 70(5) 
C(24) - 2496(9) 742(7) 3696(10) 46(4) 

Symmetry operation used to generate equivalent atoms, - x ,  - y ,  

1-z .  

The same rules are followed in the structure of 
3" (RbI) 2 (Fig. 3 and Table 3). The 2 + 2 addition 
product of the pyridinium salt 1 and diaza-18-C-6 is 
characterized by an even larger cavity. In the solid 
state structure of 3 .  (RbI)2, two RbI units are sand- 
wiched between the two 18-membered macrocycles, 
which is somewhat similar to the complex formed by 
18-C-6 and RbNCS [11]. The interiron distance of 1274 
pm is shorter than the 1457 pm found in the structure 
of the tetraamido analogue of 4 [12]. To accommodate 
four such large atoms (two RbI) the torsion angle 
C(6) -C(9) -C( l l ) -N(1)  of 82.3 ° is close to the maxi- 
mum value of 90 ° and there are no unfavorable van der 
Waals interactions (Fig. 4). The R b - I  (364 pm), R b - R b  
(546 pm) and the I - I  (482 pm) distances may be 
compared with the respective values observed in the 
solid-state structure of RbI (Rb-I ,  367 pm; R b - R b  
and I - I ,  519 pm) [13]. 
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Fig. 4. 

In contrast with the 2 + 2 products (2, 3), the corre- 
sponding monomer  4 is characterized by a much smaller 
cavity, resulting in short Fe -ca t ion  distances. A com- 
parison of  the structures of  4 .  Ca(C104) 2 (Fig. 5 and 
Table 4) and 4 .  Ba(C104) 2 (Fig. 6 and Table 5) shows 
that Ca 2+ sits inside the cavity, whereas Ba 2+ is too 
large and is located above the macrocycle. Conse- 
quently both perchlorate groups and one water 
molecule  are bound to Ba 2+ (Coordination number 
(CN), 9), whereas  one  water molecule  is sufficient for 
the coordination sphere of  Ca 2+ (CN, 7) (both perchlo- 
rate groups are linked to this water molecule  via bridg- 
ing hydrogen atoms). Whereas Ca 2+ ideally fits into 
the cavity of  the ferrocene cryptand, the opposite  is the 
case for Ba 2+, which does not coordinate at all to N(1) 
and also has a rather long Ba(1) -O(4)  bond of  304.6(3) 
pm. In 4 . C a ( C 1 0 4 )  2 the two vectors C(5)-C(6)  and 

Table 4 
Selected atomic coordinates and equivalent isotropic displacement 
parameters for 4. Ca(CIO4):.H20 where Ueq is defined as one third 
of the trace of the orthogonalized Uob tensor 

x y z UCq 
(xlO 4) (x lO 4) (xlO 4) (x10 3~2) 

Fe(l) 5000 1122(1) 2500 27(1) 
C(1) 4654(3) 282(3) 3510(3) 32(1) 
C(2) 4115(3) 1206(4) 3307(3) 38(1) 
C(3) 4642(3) 2160(4) 3370(3) 42(1) 
C(4) 5505(3) 1829(3) 3602(3) 37(1) 
C(5) 5522(3) 653(4) 3687(2) 31(1) 
C(6) 6309(3) 8(4) 3988(3) 43(1) 
N(1) 6381(2) - 1080(3) 3564(3) 39(1) 
C(7) 7 1 2 3 ( 3 )  -1030(5) 3090(4) 50(1) 
C(8) 7194(3) - 2020(5) 2551(4) 59(2) 
C(9) 6532(4) - 1977(4) 4205(3) 48(1) 
C(10) 5738(4) - 2183(4) 4601(3) 50(1) 
O(1) 5056(2) - 2484(3) 3962(2) 45(1) 
C(ll) 4281(4) - 2718(5) 4313(4) 59(2) 
C(12) 3581(4) - 2995(5) 3605(4) 59(2) 
0(2) 3602(2) - 2141(3) 2994(2) 49(1) 
Ca(l) 5000 - 1891(1) 2500 32(1) 
O(21) 5000 - 3858(4) 2500 55(2) 

Symmetry operations used to generate equivalent atoms, 1 - x ,  y, 
0 .5-  z. 

C(5a)-C(6a)  form an angle of  103 °, whereas the analo- 
gous angle in 4 .  Ba(CIO4) 2 is only 44.7 °. In the case of  
4 • Ca(ClO4) 2 this leads to an opening up of  the crown 
ether ring and an efficient encapsulation of  the metal 
ion. The CaZ+-O bonds (average, 244 pm) are some- 
what shorter than usual (251 pm) [14,15] and in the 
[2.2.2]-cryptand (249-255 pm) [16,17]. 

It is very interesting to compare the structure of  
4"Ca(C104)  2 with 4 .  NaC104 and 4 . A g C I O  4 which 
both were described by Gokel  and coworkers [3]. 

~IL ' ,  

i ,11, 

0 : 2 1 , (  J', 

I 

Fig. 5. Molecular structure of 4 . C a ( C I O 4 ) . H 2 0  in the crystal 
(without hydrogen atoms). Selected bond lengths and angles are as 
follows: Ca(1)-O(21), 238.7(4) pm; Ca(1)-O(1) 247.2(3) pm; Ca(I)- 
O(2), 245.2(3) pm; Ca(1)-N(1), 275.2(4) pm; Ca(1)-Fe(1), 365.8(6) 
pm; N(1)-Ca(1)-N(Ia), 138.1(2)°; Cp-Cp',  11.0 pm; C(6)-C(5)- 
C(5a)-C(6a), 103.0 °. 

Fig. 6. Molecular structure of 4"Ba(CIO4)2-H20 in the crystal 
(without hydrogen atoms). Selected bond lengths, interatomic dis- 
tances and angles are as follows: Ba(1)-O(l), 280.0(3) pm; Ba(1)- 
O(2), 282.4(3) pro; Ba(1)-O(3), 276.8(3) pm; Ba(1)-O(4), 304.6(3) 
pm; Ba(1)-O(40), 270.2(3) pro; Ba(1)-O(ll), 270.0(4) pro, Ba(l)- 
O(21), 289.7 (3) pro; Ba(1)-O(22), 296.2(3) pm; Ba(1)-N(2), 286.8(3) 
pm; Ba(1)-Fe(1), 609.0 pro; Ba(1)-N(1), 398.8 pm; Cp-Cp; 2.6 pm; 
C(11)-C(1)-C(6)-C(12) 44.7 °. 0(2) lies behind the carbon atom. 
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Table 5 
Selected atomic coordinates and equivalent isotropic displacement 
parameters for 4' Ba(C104)2"H20, where Ueq is defined as one third 
of the trace of the orthogonalized U/j tensor 

x y z Ueq 
(x10 -4) (x10 -4) (xl0 -4) (x10-3,~k 2) 

Ba(1) 1670(1) 596(1) 3315(1) 39(1) 
Fe(1) 5693(1) 3 7 1 6 ( 1 )  1925(1) 44(1) 
C(1) 4560(4) 2 5 6 3 ( 4 )  782(3) 51(1) 
C(2) 5543(4) 1920(4) 1159(3) 56(1) 
C(3) 6756(5) 2 5 5 1 ( 5 )  1158(4) 75(2) 
C(4) 6575(6) 3578(6) 788(4) 92(2) 
C(5) 5211(6) 3589(5) 553(3) 80(2) 
C(6) 4943(3) 3 7 0 5 ( 3 )  3108(2) 41(1) 
C(7) 4570(4) 4 7 3 9 ( 4 )  2753(3) 57(1) 
C(8) 5737(5) 5 4 6 7 ( 4 )  2699(4) 65(1) 
C(9) 6813(4) 4 9 0 3 ( 4 )  3028(3) 57(1) 
C(10) 6341(4) 3812(4) 3272(3) 50(1) 
C(ll) 3103(4) 2 2 4 3 ( 4 )  527(3) 54(1) 
C(12)  4 0 0 3 ( 3 )  2 6 4 5 ( 3 )  3174(2) 40(1) 
N(1) 2470(3) 1330(3) 959(2) 42(1) 
C(13) 2741(4) 81(4) 511(2) 49(1) 
C(14) 2289(4) -927(4) 962(2) 51(1) 
O(1) 2835(3) -772(3) 1905(2) 49(1) 
C(15)  4112(4) - 1161(4) 2047(3) 54(1) 
C(16) 4395(4) -1259(4) 3030(3) 52(1) 
0(2) 4202(2) - 139(2) 3656(2) 48(1) 
C(17) 5340(4) 732(4) 3924(3) 53(1) 
C(18)  4992(4) 1889(4) 4506(3) 51(1) 
N(2) 3864(3) 2408(3) 4087(2) 39(1) 
C(19) 3540(4) 3467(4) 4754(3) 49(1) 
C(20) 2309(4) 3985(3) 4419(3) 52(1) 
0(3) 1285(3) 2993(2) 4134(2) 46(1) 
C(21) 154(4) 3515(4) 2788(3) 55(1) 
C(22) 85(4) 3345(4) 3732(3) 56(1) 
0(4) 549(3) 2417(2) 2255(2) 49(1) 
C(23) 579(4) 2525(4) 1341(3) 59(1) 
C(24) 1043(4) 1404(4) 780(3) 53(1) 
0(40) 1616(4) 966(4) 5139(2) 79(1) 
CI(1) 1180(1) -2670(1) 3979(1) 54(1) 
O(11) 1144(5) - 1746(5) 3492(5) 133(2) 
O(12) 1707(6) -2199(9) 4894(4) 177(3) 
O(13) 2 0 1 6 ( 6 )  -3497(4) 3575(5) 138(2) 
O(14) -80(4) -3259(4) 3918(3) 94(1) 
C1(2) -1660(1) -440(1) 2422(1) 52(1) 
O(21) - 1117(3) 213(3) 3344(2) 60(1) 
0(22) -580(3) -602(3) 1908(2) 61(1) 
0(23) -2553(4) 262(6) 2035(3) 120(2) 
0(24) -2296(4) - 1594(4) 2446(3) 101(1) 

proaching Ca 2+ is even more pronounced (11.0°). This 
may or may not be viewed as an indication for an 
Fe ---> Ca 2+ interaction; however, the UV spectra of the 
Ca 2+ and the Na + complex are virtually identical, 
whereas that of the Ag + complex displays a red shift. 

In conclusion it can be said that the dimeric fer- 
rocene cryptands 2 and 3 possess extremely large cavi- 
ties which can accommodate correspondingly large 
metal salts. The ferrocene cryptand 4 is best suited to 
the complexation of metal ions intermediate in size 
between Ca 2+ and Ag + (ionic radii, 100-115 pm), 
whereas Ba 2+ clearly is too large. Even so 4.  Ca(CIO4) 2 
displays some of the features (short distance CaZ+-Fe; 
Cp-Cp '  tilt) indicative of a metal -metal  interaction; 
evidence for a stabilizing Fe ---> Ca 2 + interaction is not 
conclusive and remains a target for future investiga- 
tions. 

4. Experimental details 

Commercially available solvents and reagents were 
purified according to literature procedures. Chro- 
matography was carried out with silica MN 60. NMR 
spectra were recorded at 300 K with a Bruker AC200 F 
( I l l  NMR, 200 MHz; 13C NMR, 50 MHz) or a Varian 
Unity 300 (1H NMR, 300 MHz; t3C NMR, 75 MHz). 
1H NMR signals were referenced to residual hydrogen 
impurities in the solvent and 13C NMR to the solvent 
signals: CDCI 3 (7.26 and 77.0 ppm), CD3CN (1.93 and 
1.30 ppm), dimethylsulfoxide d 6 (DMSO-d 6) (2.49 
ppm). Elemental analyses were performed at the 
Mikroanalytisches Laboratorium der Chemischen Lab- 
oratorien, Universit~it Freiburg. Melting points were 
determined with a Meltemp melting-point apparatus in 
sealed capillaries. Starting materials were commercially 
available or prepared according to literature proce- 
dures: 1,1'-ferrocenediyl[bismethylene-bispyridinium] 
chloride-tosylate [20], 1,1": l ',l"-bisferrocenediyl-bis- 
[bis-7,16-methylene(7,16-diaza-l,4,10,13-tetraoxacyclo- 
octadecane)] [5], 1,1'-ferrocenediyl[bis-7,16-methylene 
(1,4,10,13-tetraoxa-7,16-diazacyclooctadecane)] [5]. 

Whereas Na + and Ca 2+ have almost identical ionic 
2+ radii (Na,~i, 102 pm; Ca w,  100 pm) [18], the two solid 

state structures are quite different. In 4 .  NaCIO 4 the 
N a+ -Fe  distance is 439 pm whereas in 4 .  Ca(C104) 2 
the distance Ca2+-Fe, equals 365.8 pm, and is 73 pm 
shorter but still about 29 pm longer than in the Ag + 
complex. It was suggested that the short A g - F e  dis- 
tance and the 10 ° tilt of the two cyclopentadienyl rings 
are indicative of significant Ag---> Fe interactions [3], 
which have been postulated for other fer rocene-meta l  
complexes as well [19]. In 4.  Ca(C104) 2 the opening up 
of the cyclopentadienyl rings to accommodate the ap- 

4.1. Cyclic voltammetry 

The standard electrochemical instrumentation con- 
sisted of an Amel System 5000 potentiostat-galvano- 
stat. Cyclic voltammograms were recorded using Amel 
software on a PC. A three-electrode configuration was 
employed. The working electrode was a Pt disk (diame- 
ter, 1 mm) sealed in soft glass. The counterelectrode 
was a Pt disk (area, 3 cm2). The pseudoreference 
electrode was an Ag wire. Potentials were calibrated 
against the formal potential of cobaltocenium perchlo- 
rate ( - 0 . 9 4  V vs. Ag/AgCI).  NBu4PF 6 (0.1 M) was 
used as a supporting electrolyte. 
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Caution. Care has to be exercised when handling the 
solid perchlorate salts since they decompose violently at 
temperatures higher than 150°C. 

4.2. 1,1" : 1', l'"-Bisf errocenediyl-bis [bis- 7,13-methylene (7, 
13-diaza-1, 4,10-trioxacyclopentadecane ) ] (2) 

0.5 g (2.35 retool) of 7,13-diaza-l,4,10-trioxacyclo- 
pentadecane, 1.36 g (2.35 mmol) of 1,1'-ferrocene- 
diyl[bismethylene-bispyridinium]-chloride-tosylate and 
1.5 g or Na2CO 3 in 100 ml on CH3CN were heated 
under reflux for 16 h. The cold reaction mixture was 
filtered and the solvent evaporated. The oily residue 
was dissolved in 40 ml of CHzCI 2 and washed twice 
with 20 ml of water. The organic layer was separated 
and dried over MgSO 4 and then the solvent removed 
in vacuo. Chromatographic purification (silica; cyclo- 
hexane: diethylamine, 10:1) gave 2 as a yellow oil 
(yield, 0.35 g (35%)). When the raw material is not 
extracted with water, the product isolated after chro- 
matography is (2). 2Na(p-tosylate). 

1H NMR (CDCI3): 6 2.61 (t, J = 4.9 Hz, 8H, NCH2), 
2.73 (t, J = 5.7 Hz, 8H, NCH2), 3.48-3.63 (m, 32 H, 
OCH2, FcCH2), 4.04 (s, 16 H, FcH). 1H NMR 
(CD3CN): ~ 2.54 (t, J = 5.1 Hz, 8H, NCH2), 2.61 (t, 
J =  5.7 Hz, 8H, NCH2), 3.43-3.55 (m, 32H, OCH 2, 
FcCH2), 4.06, 4.07, 4.09, 4.10 (AXBB', FcH). 13C NMR 
(CDC13): ~ 53.21 (NCH2), 53.56 (NCH2), 55.00 
( O C H 2 )  , 68.28 ( O C H 2 )  , 68.91 (OCH2), 69.98 (FcCH2), 
70.44 (FcH), 70.68 (FcH), 83.18 (Fc). 13C NMR 
(CD3CN): ~ 54.59 (NCH2), 54.88 (NCH2), 55.79 
(OCH2), 69.16 (OCH2), 69.82 (OCH2), 70.62 (FcCH2), 
71.14 (Fc), 71.66 (Fc), 85.14 (Fc). Mass spectrometry 
(electron impact, 70 eV): m / e  856 (M+). Anal. Found: 
C, 61.13: H, 7.87: N, 6.22. C44H64Fe2N406 (856.72) 
Calc.: C, 61.69; H, 7.53; N, 6.65. 

4.3. (2) • 2NaBPh 4 

IH NMR (CD3CN): 6 2.45-2.55 (m, 16H, NCH2), 
3.37 (t, J = 4.8 Hz, 8H, OCH2), 3.49 (s, 16H, OCH2), 
3.55 (s, 8H, FcCH2), 4.15, 4.16, 4.18, 4.19 (AA~BB', 
FcH). 13C NMR (CD3CN): ~ 52.92 (NCH2), 54.25 
(NCH2), 54.80 (OCH2), 67.50 (OCH2), 67.90 (OCH2), 
69.69, 70.39, 72.00, 83.11 (Fc). 

4.4. (2)" 2Na(p-tosylate) 

IH NMR (DMSO-d6): 6 2.29 (s, CH3), 2.49 (s, 
NCH2, br), 3.48-3.64 (m, OCH2, FcCH2), 4.15 (s, br, 
FcH), 7.11 ("d", J = 3.8 Hz, ArH), 7.50 ("d", J = 4.0 
Hz, ArH). 

4.5. (2) " 4HCIO 4 

To a stirred solution of 2 (100 mg,) in 10 mt of 
acetonitrile and 10 ml of water was added dilute HCIO 4 

up to pH < 3. The volume of the solution was reduced 
to one third in vacuo and the product was precipitated 
by addition of 10 ml of concentrated aqueous LiCIO 4. 
The precipitate was filtered off and washed several 
times with small amounts of ice-cooled water. The 
yellow product was dried in vacuo for 6 h and recrystal- 
lized from CH3CN-Et20 (yield, 74 mg (53%)). 

13C NMR (CD3CN): 6 51.92, 52.04, 54.43, 55.03, 
55.64, 55.75, 63.71, 63.84, 64.32, 64.43, 70.90, 70.96, 
72.30, 72.43, 72.62, 72.69, 73.10, 73.39, 73.68, 73.74, 
74.25, 75.80. No analysis; decomposes explosively upon 
heating. 

4.6. (3) " 4HCIO 4 

To a stirred solution of 3 (100 mg,) in 10 ml of 
acetonitrile and 10 ml of water was added dilute HC10 4 
up to pH < 3. The volume of the solution was reduced 
by 50% in vacuo whereupon the product precipitates. 
The tetra-protonated ferrocene cryptand was filtered 
off and washed with water repeatedly. The yellow 
product was dried in vacuo for 6 h and recrystallized 
from CH3CN-Et20 (yield, 114 mg (81%)). 

IH NMR (CD3CN) broad lines: 3 3.3 (CH:), 3.4 
(CH~), 3.61 (CH2), 3.75 (CH2), 4.50, 4.52, 4.6 (FcH), 
6.8 (NH). 13C NMR (CD3CN) broad lines: ~ 53.32, 
55.78, 64.49, 71.03, 72.39, 74.10, 74.98. No analysis; 
decomposes explosively upon heating. 

5. X-ray crystal structure determinations [21] 

X-ray data were collected on an Enraf-Nonius 
CAD4 diffractometer using a graphite monochromator 
and Mo Kot radiation. An empirical absorption correc- 
tion (0 scans) was applied in all cases. Structure solu- 
tion and refinement was carried out using SHELXS-86 
and SHELXL-93 [22]. 

5.1. (2). 2 Na(p-tosylate) 

The structure was solved using direct methods and 
refined by the full-matrix least-squares method against 
F 2. Anisotropic thermal parameters were used for all 
non-hydrogen atoms except two oxygen atoms O(12) 
and O(132) in the disordered SO 3 group for which 
anisotropic refinement proved unstable; for hydrogen 
atoms the riding model was employed. Single crystals 
were grown by slowly allowing ether to diffuse into a 
methanol solution. 

5.2. (3)" (Rbl) 2 

The structure was solved using standard Patterson 
and Fourier methods and refined by the full-matrix 
least-squares method against F 2. Anisotropic thermal 
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parameters were used for all non-hydrogen atoms; for 
hydrogen atoms the riding model was employed. The 
asymmetric unit contains two disordered CHCI 3 
molecules on partially occupied positions (site occu- 
pancy factor, 0.6 and 0.4). Single crystals were grown 
from CH3CN-CHCI 3. 

5.3. (4). Ca(Cl04)2 "1420 

The structure was solved using direct methods and 
refined by the full-matrix least-squares method against 
F 2. Anisotropic thermal parameters were used for all 
non-hydrogen atoms; for hydrogen atoms the riding 
model was employed. The perchlorate group is disor- 
dered. Single crystals of 4"Ca(C104)z-H20 were 
grown by allowing ether to diffuse into an acetonitrile 
solution. 

5.4. (4). Ba(CI04) 2 • 1420 

The structure was solved using standard Patterson 
and Fourier methods and refined by the full-matrix 
least-squares method against F e. Anisotropic thermal 
parameters were used for all non-hydrogen atoms; for 
hydrogen atoms the riding model was employed. Single 
crystals of 4. Ba(CIO4)2. H20 were grown by allowing 
ether to diffuse into an acetonitrile solution. The asym- 
metric unit contains one molecule of CH3CN. 

5.5. Definition of  R values 

R1 = E I Fo - Fc I / E  (Fo) ;  wR2 = [ E [ w ( F o  ~ - 
F 2 ) 2 ] / I  w(Fo2)2]l/2; g o o d n e s s  o f  fit = [F.w(Fo 2 - 
Fc2)Z]/(n _p)],/2. 
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