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Abstract 

Complexation of the title compound (6, n = m = 2) with a range of cations has been examined in solution by ~H and L~C NMR 
spectroscopy and the solid state structure of the binuclear cryptate of 6 with calcium triflale determined by X-ray crystallography. The 
isolation of a trimer, I,i" : I ' ,1": I'", ! ..... -tris(l.4, i0, I I-tetraoxa-7.16-diazacyclooctadecane-7,16-dicarbonyl)trisferrocene is also reported. 
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I. Introduction 

The synthesis and chemistry of macrocycles and 
cryptands containing metallocene units has develol~d 
substantially over the last fifteen years [1+3]. A corn+ 
mon ~)ute into these molecular systems involves the 
condensation of ferrocene bis-acid chloride (I) with 
diazamacroeyeles (2), which produces a mixture of 
monomeric (3) and dimeric (4) cryptands together with 
oligomeric species in overall ratios which depend upon 
the reaction conditions. The monomeric and dimeric 
compounds may be sep~wated from each other and fi'om 
the oligomeric species by careful chromatography, and 
the amide groups of each can be reduced to amines (5 
and 6) using the method developed by Gokel and 
coworkers [4]. Both types of cryptand form complexes 
with a wide variety of monovalent, divalent or trivalent 
cations, and in each case the complexes may be charac- 
terised by mass spectrometry and a combination of 
UV-vis, IR and multinuclear NMR spectroscopy, in 
some cases the structures have been determined by 
X-ray crystallography, and in every complex derived 
from non-reduced cryptands the oxygen atoms of the 
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amide links were involved as ligands [5-8]. X-ray 
oaystai structures of the Na + and Ag + complexes of 
(S, m = n = 2), however, revealed that the cations were 
encapsulated within the macrocyclic cavity and the 
Fe=Ag" distance (337 pro) suggested direct interaction 
between the metal centrcs [4]. In tl,e case of the reduced 
dimeric cryptands 6, dinuclear cryptates arc possible 
:rod two types of structure (7a or 7b) may ~ envisaged 
for such complexes. This paper reports the multinuclear 
NMR data on a series of ct3,ptates from (6, n ~ m ~ 2) 
and an X-ray crystal structure of the binuclear cryptate 
fotTned with calcium triflate confirms 7b as the con'ect 
structure, as recently reported by Plenio ,'rod Diodone 
[9] for the bis-Rbl adduet of 6. 

2. Experimental 

2.1. Instrumentation 

I1+1 and I+C NMR spectra were obtained o11 either 
Bruker AM360 or Bruker AM400 spectrometers. In+ 
frared spectra were obtained as KBr pellets on a PE 
1600 Series FT-IR spectrometer and mass spectra were 
recorded on either a Kratos MS890 instrument or a VG 
7070 mass spectrometer using the FAB technique with 
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3oNBA as matrix. The cryst:q swuctut~ detetxnination 
was carried out at Iml~rial ¢~ollege, London on a 
Siemens P4 diffractometer (vide infra for crystal data). 

2.2. Preparation of I,I" : r,i".bis(I,4,10,13-tetraoxa. 
7,16-diazacyclooctadecane- 7,16.dimethylene)bisferrocene 
(6 ,  m - n - 2 )  

I,l'-Bis-chlorocarbonylferrocene (I) was prepared 
from I,l'-ferrocenedicarboxylic acid by an improved ~ 
version of the usual reaction with oxalyl chloride. A 
three-necked creased flask equipped with a mechanical 
stirrer was flushed with nitrogen then charged with I 
(613 rag, 1.9 mmol) and triethylamine (0.65 ml, 4 
retool) in dry toluene (500 ml). A solution of 

t The crude dic~trboxylic acid (6,5 g) containing 14% monocar- 
boxylic acid w~s exacted with d~thyl ether (S0 ml) in a Soxhlet for 
48 h, The Wocedure left almost pure ( > 99,$%, 4,$ g) dicarboxylic 
acid in the thimble and a mixture of mono ($S%) and dicarboxylic 
acid ( ~ % )  in the exltact, 

1,4, I 0,13otctraoxa-7,16-diazacyclooctadecane (2, n - m 
-2. 500 rag, 1.9 retool) in dry toluene (450 ml) was 
added dropwise to the vigorously stirred mixture in tlle 
flask over 40 rain at room temperature. The colour 
changed from red to orange during the addition and a 
white precipitate of triethylamine hydrochloride ap- 
peared. After stirring overnight the precipitate was fil- 
tered off and the filtrate evaporated to leave a crys- 
talline orange residue which was suspended in acetoni- 
trile (25 ml). 

The insoluble portion was filtered off, the solid 
dissolved in the minimum quantity of dichloromethane 
(ca. I ml) and the solution chromatographed on neutral 
alumina. A yellow band was eluted with 2% (v/v) 
MeOH in CH_~CI 2, which on evaporation yielded 4 (235 
rag, 0.24 mmol, 26%), m,p. 244°C, lit. m.p. [3] 243- 
245°C with IR, I H i~ and "C NMR data identical with an 
authentic san~ple. The acetonitrile-soluble portion was 
also chromatographed on neutral alumina and on elution 
with 0.5% (v/v) MeOH-CH2CI 2 gave 3 (93 mg, 0.19 
retool, 10%), m.p. 183°C, lit. [3] 183-184°C and with 
2% (v/v)  MeOH-CHzCI 2 gave 96 mg of a material 
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with m.p. > 240°C. A FAB-MS (KRATOS) of the un- 
known material showed a weak peak at 1501 a.m.u., 
indicating that the compound was a trimer (8). This 
conclusion was reinforced by the addition of sodium 
iodide which produced a peak at 1523 a.m.u, with 80 
times the intensity of the parent trimer (vide infra for 
further discussion of the MS and NMR data). The above 
preparation was repeated except that the crown ether 
solution was added over 4 h. This resultod in the 
isolation of 3 (14%), 4 (20%) and a 1% yield of the 
trimer 8. When the reaction was repeated by adding the 
acid chloride to the diazacrown plus triethylamine over 
4 h, only a trace of the trimer was detected by TLC 2 
and the yields of 3 and 4 were 40% and 22% respec- 
tively. Compound 3 was readily reduced to $ in 68% 
yield using the method described previously [4,10]. 

Reduction of 4 to 6 was achieved in an analogous 
manner, as follows. The dimer (4, 187 mg, 0.19 mmol) 
was dissolved in a mixed solvent of anhydrous CH,CI2 
(20 ml) and anhydrous THF (4 ml). LiAIH4 (50 rag, 
1.32 mol) was added and the mixture was stirred for 24 
h at room temperaure. The mixture was then diluted 
with CH:,CI:, (20 ml) and quenched with a saturated 
solution of potassium tartrate (15 ml). The phases were 
separated and the aqueous layer was extracted with 

CH2C! 2 (3 X 10 ml), The combined organic layers were 
washed with water (2 × 15 ml), dried over MgSO 4 and 
evaporated to give crude 6 (173 mg). The crude product 
was dissolved in the minimum amount of CH2CI 2 and 
chromatographed on neutral AI20 3, deactivated with 
3% water. Elution with 1-2% (v/v) MeOH in CH2CI 2 
gave a yellow band (Rf= 0.2 with 5% MeOH in 
CH2C! 2 on A1203), which on evaporation gave 6 (140 
mg, 0.15 mmol, 79%), m.p. 103-105°C, lit. [4] m.p. 
104-105°(2. Crystallisation of the reduced dimer was 
induced by addition of diethyl ether to the residue from 
the column chromatography. The IR and NMR data for 
6 are reported in Section 3. 

2.3. Preparation of the metal triflates 

The metal triflates used for complexation were pre- 
pared by a general procedure, described as follows for 
strontium triflate. Trifluoromethane sulphonic acid (5 
ml, 57 mmol) was dissolved in acetonitrile (20 ml) and 
a slight excess of strontium carbonate (7.76 g, 29 mmol) 
was added to the stirred solution in small portions. The 
suspension was heated under relux for I h and left 
overnight to settle. The solution was filtered twice 
through Celite (to remove excess carbonate), the solvent 
evaporated and the residue dried under high vacuum in 
a Kugelrohr at 250°C for 6 h to yield strontium triflate 
(8.15 g, 21 mmol, 72%) as a white crystalline solid 
which was totally soluble in acetonitrile or water, the 
latter solution showing a neutral pH. 

2.4. NMR studies of the complexation of 6 with various 
cations 

A known quantity (10-25 rag) of 6 was dissolved in 
CDCI3/CD3CN (0.5 ml, 50% v/v)  and a 2.5 molar 
equivalent of each metal triflate was added to each 
solution. The solutions were then filtered through a 
cotton wool plug into 5 mm NMR tubes. 

Attempts to prepare a solution of the yttrium com- 
plex by the above procedure resulted in almost complete 
protonation of 6, which could not be deprotonated by 
either solid potassium carbonate or caesium carbonate. 
Use of 1,4-diazabicyclo-(2.2.2)-octane to remove the 
protons in the presence of yttrium was successful, but 
resulted in the formation of a mixture of yttrium com- 
plexes whose structure could not be assigned unambigu- 
ously (vide infra). 

2.5. Preparation of single crystals of 6. 2ICa(CF~- 
S03)2 l" 21120" 2CD3CN" 2CDCI, 

TLC of the reaction mixtures on AI20 3 eluting with 5% (v/v) 
MeOH in CH2CI 2 produced three spots at R r = 0.8 (3), 0.6 (4) mid 
0.5, the last being the trimeric species. 

A loosely-stoppered NMR tube containing a solution 
of the calcium triflate of 6, prepared as described above, 
was placed in a measuring cylinder filled with activated 
molecular sieves and closed by parafilm. After 5 weeks, 
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yellow crystals which extinguished polarised light 
formed on the sides of the tube as the solvent evapo- 
rated. The material was kept in the tube until mounted 
on the diffractometer. 

2.6. Crystal data and structure analysis 

For C s g H 7 6 D s C a 2 F I 2 F e 2 N 6 0 2 2 S 4 C I 6 :  M =  1985.4, 
orthorhombic, Pbca, a-- 21.411(4), b = 12.482(3), c = 
30.658(3) ~,,, U=8194(2)  /~a, z = 4 ,  D~= !.603 
g cm -3. p. ffi 87.5 cm -t ,  F(000)ffi 4064. The crystal 
data were collected on a Siemens P4 diffractometer 
using Mo Kcx radiation (kffi0.71073 ~, graphite 
monochromator) us-scans, T ffi 223(2) K, 2 ° < 20 < 50 °. 
Rt(wR2)~6.39(15.5)% for 7080 independent reflec- 
tions of which 5006 had IF o I > 4o'(Fo). The structure 
was solved by direct methods using the SHELXTL 5.0 
(beta-version) programme and refined by full-matrix 
least-squares on F 2. Atomic coordinates are given in 
Table I and selected bond angles and bond lengths in 
Table 2. Tables of anisotropic thermal parameters and 
hydrogen atom coordinates and a complete list of bond 
lengths and angles have been deposited at the Cam- 
bridge Crystallographic Data Centre. 

3, Results and discussion 

3.1. The isolation and characterisation of  
1,1" : r ,l" : I"",l'"".trisf l ,4,10,14.wtraoxa. 7,16.dia~. 
cyclooctadecan¢o 7,16°dt.carbonyl)trisfcrrocen¢ (8) 

As noted in the Experimental section, addition of the 
diazacrown to I over 40 rain with vigorous stirring gave 
the e x i t e d  products 3 and 4 in 10% and 26% yields 
respectively, but a 10% yield of a trimer (8) was also 
obtained which was characterised by FAB mass spec. 
trometry of the cryptand and its complex with Na +. The 
latter mass spectrum was much mote intense than the 
FAB spectrum of the cryptand and gave the isotope 
pattern shown in Fig. I, which includes the theoretical 
pattern for comp~son. The *H and *~C NMR spectra of 
4 and g are very similar (Table 3) but not identical. In 
particular, the region around 8 3.5-4.0 in the ~H NMR 
distinguishes the two compounds (Fig. 2). As a further 
comparison, the amide carbonyl stretching vibrations of 
4 and 8 occur at 1621 and 1613 cm +* respectively. 

3.2. Complex formation beaveea 6 and metal cations 

A ~mple of the pure dimer 4 was reduced to the 
tetramine 6 using LiAIHa in a mixture of CHaCI z and 

Table I 
Atomic coordinates (× 104) and equivalent isotropic displacement 
parameters (~,X 103) for 6. 2Ca(CF3SO3) 2 - 2H20 

Atom x y z Ueq 

Fe - 2433(I) 4905(I) - 323(I) 28(I) 
Ca -326(I) 3954(I) 1250(I) 24(I) 
C(I) - 1890(2) 3881(4) -679(2)  33(1) 
C(2) - 2530(2) 3618(4) - 724(2) 38(1) 
C(3) - 2839(2) 4517(5) - 905(2) 39(1) 
C(4) - 2399(2) 5346(5) - 964(2) 35(1 ) 
C(5) - 1804(2) 4946(4) -826(I) 31(I) 
C(6) - I 178(2) 5509(5) - 838(2) 34( I ) 
N(7) -930(2)  5712(4) - 1288(I) 33(!) 
C(8) - 986(2) 4722(5) - ! 546(2) 39(1) 
C(9) - 1247(3) 6636(5) - 1492(2) 46(!) 
C(10) - 836(3) 7294(5) - 1783(2) 49(2) 
0(1 i) - 278(2) 7543(3) - 1546(!) 41(I) 
C(12) 84(3) 8366(5) - 1752(2) 48(!) 
C(13) 590(3) 8664(4) - 1440(2) 46(I) 
O(14) 933(2) 7724(3) - 1338(!) 35(I) 
C(15) 1415(3) 7911(4) - 1019(2) 40(I) 
C(16) -2134(2)  5916(4) 158(2) 32(i) 
C( ! 7) - 2755(3) 6176(5) 35(2) 38( 1 ) 
C(18) -3131(2)  5263(5) 109(2) 39(1) 
C(19) - 2742(2) 4434(4) 273(2) 34( I ) 
C(20) - 2119(2) 4830(4) 305(I) 28(I) 
C(21) - 1539(2) 4268(4) 468(I) 29(I) 
N(22) - 1532(2) 4037(3) 946(I) 28(I) 
C(23) - 1855(2) 3019(4) 1038(2) 38(I) 
C(24) - 1803(2) 4940(4) !190(2) 34(I) 
C(25) - 1734(2) 4815(5) 1681(2) 41(i) 
0(26) - 1094(2) 4604(3) 1763(I) 41(I) 
C(27) - 936(3) 4469(5) 2212(2) 43(I ) 
C(28) - 337(2) 5036(5) 2289(2) 41( I ) 
O(29) 65(2) 4769(3) 1931(!) 38(I) 
C(30) 674(3) 5224($) 1984(2) 47(2) 
0(3t )  + 31~2) $O,96(3) 982(I) 37(I) 
S(40) +~ 30(t) 29,t~(t ) t tO(t) 36(t) 
0(41) ~ 582(2) 2666(5) + 118(2) 76(2) 
0(42) - 125(2) 3,~05(3) 557( I ) 39( I ) 
O(~L~) 402(2) 3014(4) - 122(t) 62(I) 
C(44) 395(3) 1698(5) 167(2) $6(2) 
F(45) 76(3) 981(4) 375(2) 120(2) 
F(46) 921(2) 1836(4) 374(2) 104(2) 
F(47) 525(2) 1288(4) - 221( i ) 87(I ) 
S(50) - 4 1 4 6 ( I )  2966(I) 1817(I) 43(I) 
O(51) - 4375(3) 3934(4) 1985(2) 78(2) 
0(52) - 3727(3) 2403(5) 2094(2) ! 10(2) 
0(53) - 4595(2) 2282(3) 1609(I) 58(I) 
C(54) - 3660(4) 3416(6) 1369(3) 69(2) 
F(55) - 3231(2) 4076(4) 1507(2) 106(2) 
F(56) - 3991(3) 3949(4) 1076(2) i 16(2) 
F(57) - 3395(3) 2613(4) 1172(2) 155(3) 
C(60) - 2459(3) 1953(7) 2592(2) 68(2) 
O(61 ) - 2122(2) 2965(3) 2875( I ) 170(2) 
0(62)  - 1917(I) 1494(3) 2205(I) 116(I) 
0(63) -2698(I) 963(2) 2932(I) I10(I) 
C(70) - 722(5) 11485(8) - 1022(3) 101(3) 
C(71) -906(3)  10945(6) - 1409(2) 65(2) 
N(72) - 1030(4) 10432(7) - 1702(2) 95(2) 

U~ is defined as one thkd of  the trace of  the orthogonalized U o 
(ensor, 
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THF, and the progress of the reduction was monitored 
by TLC on A I 2 0  3 plates. The IR data on the isolated 
product indicated the presence of water of crystallisa- 
tion and the =H and ~3C NMR data of 6 are shown in 
Table 4. Complexation of 6 with a wide range of 
cationic triflates was then studied by =H and m3C NMR, 
and the relevant data are also shown in Table 4. All the 
complexes showed 2" 1 (cation:ligand) stoichiometry, 

and major changes in the ~H NMR spectra were ob- 
served for the N-methylene protons (labelled 3) attached 
to the cyclopentadiene rings. Within any one series of 
monovalent (Na +, K +, Cs +) or divalent (Ca 2+, Sr 2+, 
Ba 2+) cations, these protons moved downfield to ex- 
tents which correlated with the charge densities of each 
set of cations. Protonation (by addition of 4 × H +) 
generated a very large shift to 4.55 ppm, consistent with 

Table 2 
Selected bond lengths (~) and angles (deg) for 6. 2Ca(CF3SO3) 2 • 2H20 

Ca-O(31) 2.325(3) Ca-0(42) 2.333(3) 
Ca-0(26) 2.413(3) Ca-0(l I)# I 2.449(4) 
Ca-0(29) 2.469(3) Ca-0(!  4)# I 2.479(3) 
Ca-N(7)# I 2.726(4) Ca-N(22) 2.74~(4) 
C(6)-N(7) 1.498(6) N(7)-C(8) 1.473(7) 
N(7)-C(9) 1.477(7) N(7)-Ca# I 2.726(4) 
C(8)-C(30)# l !.503(7) C(9)-C(I 0) 1.498(8) 
C(I0)-0(I I) 1.431(6) 0(I I)-C(I 2) 1.433(6) 
0(I I ) -Ca# I 2.449(4) C( 12)-C(13) 1.493(8) 
C(I 3)-0(14) i.418(6) 0( ! 4)-C(15) i.442(6) 
0(I 4)-Ca# 1 2.479(3) C( ! 5)-C(23)# ! 1.496(8) 
C(21)-N(22) 1.492(5) N(22)-C(24) 1.473(6) 
N(22)-C(23) 1.474(6) C(23)-C( 15)# ! i.496(8) 
C(24)-C(25) 1.52 i (6) C(25)-0(26) 1.416(6) 
0(26)-C(27) 1.430(6) C(27)-C(28) !.483(8) 
C(28)=0(29) 1.432(6) 0(29)-C(30) 1.432(6) 
C(30)-C(8)#I 1.503(7) 

0(3 I)=Ca=0(26) 85.60(I 3) 0(3 I)-Ca-0(42) 
0(3 l)~Ca=0(l I)# I 147.09(I 3) 0(42)=Ca-O(26) 
0(26)-Ca=0(I I)# 1 ! ! 2.04( i 3) 0(42)-Ca-0(I I )# I 
O(42)=Ca~0(29) 149.26(12) 0(31 )=Ca= 0(29) 
0( I I )# I =Ca= O(29) 79.7 I(13) 0(26)-Ca~0(29) 
0(42)~ Ca~0( 14)# I 83.35(13) 0(31 )=Ca=O( 14)# ! 
O( I I )# I +,Ca=O( 14)# I 65.88(12) 0(26)-Ca= 0( 14)# 1 
0(31 )=CaiN(7)# I 82,03(13) 0(29)~Ca=O( 14)# I 
O(26)ooCtt ~= N(7)# l 126.42(12) 0(42)=Ca= N(7)# I 
0(29)=Ca~ N(7)# ! 64.31( I !) 0( I I )# I ~Ca=N(7)# I 
0(31)=Ca=N(22) 81.66(! 2) 0(I 4)# I =Ca=N(7)# I 
O(26)=Ca=N(22) 64.44( I !) 0(42)=Ca= N(22) 
0(29)-Ca= N(22) 126.2 !(12) 0( I I )# I =Ca=N(22) 
N(7)# I =Ca-N(22) 159.47(12) 0( ! 4)# I -Ca= N(22) 
C(8)-N(7)-C(9) I 12.9(4) N(7)-C(6)-C(5) 
C(9)=N(7)=C(6) I I I.!(4) C(8)-N(7)-C(6) 
C(9)-N(7)-Ca# I 110.6(3) C(8)-N(7)-Ca# 1 
N(7)-C(8)-C(30)# I 114.0(5) C(6)-N(7)-Ca# 1 
0(I I)-C(10)-C(9) ! 08.0(4) N(7)-C(9)-C(10) 
C(I0)-0(I l ) -Ca# 1 117.6(3) C(I 0)=0(I I)-C(12) 
0(I I ) -C( I  2)-C(I 3) ~ 06.8(4) C(! 2)-O(I l)=Ca# 1 
C(13)-O(14)-C(15) 112.6(4) 0( I  4)=C(13)-C(12) 
C( i 5)=O( 14)-Ca# ! 116.0(3) (3( 13)-0( 14)-Ca# 1 
N(22)-C(21 )-C(20) I 15.0(4) 0( 14)=C( 15)-C(23)# ! 
C(24)-N(22)-C(21) 110.3(4) C(24)-N(22)-C(23) 
C(24)- N(22)-Ca ! 03. !(3) C(23)-N(22)-C(21 ) 
C(2 l)-N(22)-Ca 110.5(3) C(23)-N(22)-Ca 
N(22)-C(24)-C(25) I 12.7(4) N(22)-C(23)-C(I 5)# I 
C(25)-O(26)-C(27) I 14,9(4) 0(26)-C(25)-C(24) 
C(27)=O(26)=Ca I ! 5.3(3) C(25)-0(26)-Ca 
O(29)=C(28)-C(27) 106.7(4) 0(26)-C(27)-C(28) 
C(30)-0(29)-Ca ! 24.7(3) C(30)-0(29)-C(28) 
0(29)-C(30)-C(8)# ! ! 08.7(4) C(28)-0(29)-Ca 

91.19(13) 
i 47,42( ! 2) 
87,62( i 3) 
84.84(13) 
62,77(11) 

146.56(12) 
81,75(13) 

115.71(12) 
84,95(12) 
65.09(13) 

129.89(13) 
83.00(12) 

130.66(13) 
64.95(12) 
114.6(4) 
108.9(4) 
103.3(3) 
I09.7(3) 
I 14.2(4) 
I 12.6(4) 
115.1(3) 
108.0(4) 
!16.9(3) 
107.3(4) 
I ! 2.2(4) 
110.5(4) 
II0.I(3) 
111.5(4) 
106.7(4) 
127.3(3) 
107.5(4) 
111.6(4) 
122.6(3) 

Symmetry transformations used to generate equivalent atoms: # 1 - x, - y + I, - z. 
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Table 3 
tH and 13C NMR data of 4 and 8 in CDC! 3 

Compound 4 Compound 8 

i l'mtieted pattern 8(ppm) Int. Assign- li (ppm) Int. Assign- 
13 Otserved psnern merit ment 

]H NMR 
4.62(br) 4H ! 4.64t 4H l 
4.34(br) 4H 2 4.38t 4H 2 

3.6-4.0 24H 3a-5b 3.55-3.90 24H 3a-5b 

t3C NMR 
170.1 0 d 170.1 0 d 
79.4 0 a 79.8 0 a 
73.9 4- b 72.2 + b 
72.0 - f / g  71.5 + c 
70.3 - c / f / g  70.7 - f /g  
70.1 - c / f / g  69.7 - f /g  
49.3 - e 49.5 - e 
47.3 - e' 47.6 - e' 

0 
t611) 1620 t621 1622 1523 1524 1$25 1526 1527 

M m  un i t s  

Fig. I .  Compar ison of the observed (13)  isotope pattern w i t h  the 
predicted (B)  for the complex between 8 and Na ÷. 

these f indings .  The  mul t ip le t  structure,  relative shif ts  
and in tegra t ion  values  made  the ass ignment  o f  the I H 

N M R  s ignals  quite s t ra ightforward,  but  carbon a toms  

Compound (4) 

316 T-- 3.5 ,:Q 3',t 3',a ~'.~ 

Fig, 2, Comparison of the expanded t H NMR spectra at fi 3,5-4,0 for 4 and 8. 
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b / c  and f / g  could not M distinguished except in the 
protonated species in which the assignment was accom- 
plished through heteronuclear tH/13C correlation data. 
A signal due to carbon atom a could not be found in the 
spectrum of the caesium complex, probably because it 
was hidden benea,a the CDCI 3 triplet. The NCH 2 car- 
bon atoms (d and e) were initially distinguished by the 
intensities of the signals e > d, but since this criterion 
was somewhat dubious, the assignment was confirmed 
for the calcium complex by NOE on the singlet at 
8 = 53. I ppm on irradiation of the protons at 3.93 ppm. 
As mentioned above, a complete assignment for the 
protonated cryptand was achieved by homo- and het- 
eronucle..r correlation spectra. With the exception of 
protons 4a and 4b, the signals of the t H NMR spectra 
generally exhibit downfield shifts on complexation. The 
effect is presumably due to withdrawal of electron 
density and is more pronounced for smaller, highly 
charged cations and most marked in the chemical shifts 
of proton 3. The signals of protons 4a and 4b are 

strongly separated by complexation with smaller cations 
(e.g. Na + or Ca +) with one signal moving upfield by 
0.3-0.4 ppm. With larger cations (e.g. K +, Cs +, Sr 2+, 
Ba 2 +) the separation is much less and sometimes unob- 
servable, but the shifts are generally upfield of the 
parent macrocycle, a phenomenon which is probably 
ascribed to conformational changes consequent on com- 
plexation. The protonated dimer, however, offers a dis- 
tinct difference with protons 4a and 4b separating and 
being shifted downfield by 0.56-0.68 ppm. The proton 
signals of the cyclopentadiene rings are barely changed 
by complexation except by protonation, where down- 
field shifts of ca. 0.4 ppm are again observed. The slight 
downfield shifts of carbon atoms b and c which occur 
on complexation are more pronounced with the smaller 
cations in each mono- or divalent series, and again the 
effect is most pronounced on protonation. The signal of 
carbon a, however, moves upfield on complexation with 
the shift for Ca 2÷ being greater than for the similarly 
sized Na ÷, but the effect of protonation again being 

Table 4 
tH and t3C NMR data of 6 and its complexes with a variety of monovalent and divalent cations 

H NMR 

Assignment Integration Uncomplexed + 2Na + + 2K + + 2CS + a + 2Ca 2 + + 2Sr 2 + + 2Ba 2 + + 4H + 
8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 8 (ppm) 

! / 2  8H 4.1 i t 4.18 4.15 t 4.16 t 4.20 m 
! / 2  8H 4.08 t 4.12 4.05 t 4.06 t 4.14 m 
3 8H 3.62 m 3.82 3.74 s 3.61 s 3.93 s 
6a + b 16H 3.42 3.56 m 3.55 br 3.78 s 
Sa/b 81-1 3.58 t 3.8 m 
5a /b  8H 3,42 t 3,40 br 3.05 m 
4a /b  814 2.69 1 2,79 s 2,50 in 2.45 br 2.83 m 
4a /b  8H 2.39 d 2,39 m 2,35 br 2,41 dl 
R ~ N + = H 41-1 

~C NMR 

4.18t 4.18 
4.06 t 4.08 
3.90 s 3.86 
3.77 s 3.75 
3.06 m 3.61 s 

2,53 m 2.55 in 

4.53 
4.49 
4.55 
3.62 

3.75 
3.37 
3.25 
7.7 t, 

Assignment DEPT Uncomplexed + 2Na* + 2K * + 2Cs + 2Ca z * + 2 5 ~  + 2Ba ~ + 414 * 
B (ppm) 8 (ppm) 8 (ppm) f) (ppm) 8 (ppm) b (ppm) 8 (ppm) 8 (ppm) 

a 0 83. I 82.8 80.6 - -  80.0 77.8 78.4 74.2 
b / c  + 71.0 71.9 71.2 71.0 72.0 71.0 71.1 73.6 
b/¢  + 68.5 69.0 68.9 68.8 69.4 69. ! 69. I 71.8 
f / g  - 70.7 68.9 70.7 71.2 69.9 70.2 70.9 70.6 (g) 
f / g  - 69.2 67.9 68.0 68.4 69.0 67.8 68.3 64.3 (t3 
d - 53.3 54.9 5 !. ! 50.9 53.2 49.6 49.6 55.3 
e - 53.6 52.4 52.2 52.3 50.4 51.3 52.3 53.1 

6b 
5b Ii I! 

I 4b !4 8 |  I H 
2 -- t) f U . ~ O - ' C - - C - - O . .  I u 
H. b H ef~c/C~'H i~ !~! _~,C~ .[' (6) "lOP VIEW 

~ . c  . d / "lj 5a 6a H ._ldt;\ 
I| .l~e=C~,-N 4, "N-- 

a Low temperature 'H NMR measurements (to -40°C) gave improved signal resolution, confirming that tile broad peaks are due to fluxionality 
on the time-scale of the experiment; the 6a- and 6b-protons appear to become unequivalent at low temperature. 
b Broad peak 8 is variable between 7.6 and 7.8. 
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most pronounced with a shift of 9 ppm. The explanation 
lies in the electric field effect [11 ] on the carbon atom ot 
to the protonated (or complexed) nitrogen which 
overides the inductive effect on the [3-carbon. A smaller 
upfield shift of carbon 4 in the protonated compound is 
also observed, but uncertain assignment of carbons f 
and g in both complexed and uncomplexed 6, together 
with conformafional effects, makes a sensible discus- 
sion of the shifts of carbons d-g  difficult. In summary, 
although complexation brings about changes in the 
chemical shifts, the systematic eight-fold (D2h) symme- 
try of 6 remains intact on complexation or protonation, 
and this indicates a highly symmetrical structure for the 
binuclear complexes of 6 in solution. 

An attempt to prepare the yttrium complex of 6 in 
solution by using intensely dried (150°(2, 0.1 ram) 
Y3+(CF3SO~')3 and deuterated solvents dried over 
molecular sieves was unsuccessful, since the I H NMR 
spectrum was largely that of the protonated complex. 
Addition of l,l-diaza-bicyclo.(2.2.2)-octane to deproto- 
nate 6 gave ambiguous results. At least two isomeric 
Y~* complex species were observed, both of which 
showed signal patterns analogous to other complexes, 
but the results were not reproducible. 

f- 
cl % 

k 

Fig. 3. X-ray crystal structure of 6: 2HCIO4.2HzO. 

3.3. Crystal structure of 6. 2Ca(CF~SO3 ):. 2H20 

During previous investigations by Tucker [12] a sin- 
gle crystal of 6 :2HCIO4.2H20 was obtained and 
examined by X-ray dif.~raction. The data suggested that 
the protonated amine groups were hydrogen-bonded to 
two water molecules located inside each crown unit 
(Fig. 3), but the refinement of the structure was poor 

ct3m 

m 

Wi t  

m if  

'OIOAI 

m n Lcw~ mdu 

GOt' 

F, tq4~ 
OHSm %,J_,.. \ \  ~ . . . .  OIVU 

OIq3M 

014111 

t ~  

atOAI 

txe,( T \ \  ~ ensa 

~ x J  

Fig, 4, C~neml view of the complex between 6 and 2Ca z~ (CY~$O~ ~)4 along the Ol l-direction; additional ligands at each octacoordinate calcium 
ion con~pond to a molecule of water and to an oxygen atom (coordinated) of a triflate ion. 
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H14Q) 

FI471~~ 

Olllol ~ l  

~Tal 
Fig. 5. Coordination sphere of each calcium ion composed of  2 × N 
and 4 × 0  atoms from a diazacrown unit, one triflate ion and one 
molecule of  water. 

and there was a high degree of disorder in the polyether 
chains and the perchlorate anions. 

Crystals were grown from a CDCi3/CD3CN solu- 
tion of the complex between calcium triflate and 6, but 
were found to decompose on contact with air for several 
hours, crumbling into layers which suggested the loss of 
solvent molecules. Successful data collection was 
achieved, however, by coating a crystal with epoxy glue 
and collecting the data at -50°C.  

All atoms occupied the general positions within an 
otlhorhombic cell (space group Pbca, No. 61) with tile 
four molecules inside tile unit cell having internal C i 
symmetry and with tile atoms an'anged arotmd tile 
Wykoff position 4(b) (0, 0, ½) [13]. The two calcium 
ions wet~ found within tile two macrocyclic cavities 
which formed a bowl around each calcium ion (Fig. 4). 
The eight-fold coordination around each Ca 2+ is made 
up of the two nitrogen and four oxygen atoms of each 
macrocycle plus one water molecule and the oxygen 
atom of a triflate anion (Fig. 5). 

The solid state structure illustrates the high degree of 
flexibility of the molecule. The cyclopentadiene rings, 
being virtually parallel, have an approximately eclipsed 
conformation with the two substituents rotated by 59.6' 
relative to each other (Fig. 6). This affords a distance of 
1070 pm between the iron atoms and a large distance 
(822 pm) between the two Ca 2+ ions, which minimises 
electrostatic repulsion and leaves enough space for two 
additional ligands to be attached to the cations. 

A recent publication by Plenio and Diodo,ae [9] 
describes the X-ray crystal structure of the bis-rubidium 
complex of 6 which (as the iodide) has an Rb-Rb 
distance of 546 pm with the Rb + ions just above the 
" b o w l "  of the diazacrown cavity and a corresponeingly 
larger Fe-Fe distance of 1274 pm. The overall struc- 
ture, however, is very similar to that of the calcium 

Fig. 6. The complex of 6 with 2Ca 2. viewed along the z-axis with 
coordinating water molecules within the cavity shown but coordinat- 
ing triflate ions omitted. 

complex and to that of the disodium complex (as the 
bis-tosylate) of l , l":l ' , l"-bis(l ,4,10-trioxa-7,13-di- 
azacyclopentadecane-7,13-dimethylene)bisferrocene, the 
reduced 2:1 dimer, which has Na-Na- -  701.9 pm and 
Fe-Fe = 1094 pm. 

In addition to the exact two-fold inversion symmetry, 
the complex exhibits an approximate C2n symmetry 
(Fig. 7). The higher (eight-fold, D~h) symmetry obo 
setwed in the NMR experiments indicates either a more 

Fig. 7. The complex be, tween 6 and 2Ca 2÷ viewed along the x,axis 
showing the approximate C2h symmetry in the solid state. 
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Table 5 
Fe-M "÷ distances (pro) and corresponding AEI/2 values (mV) for complexes of $ and 6 with various cations 

Cation Cryptand 

(M"*) S 
Fe-M "+ (pm) AEI/2 (mY) Fe-M "+ (pm) AEI/2 (mY) 

Na* 439 a 195 b d 77 b 
K ÷ ~ 120 b __ 38 b 
Ca 2. 366 ¢ 291 b 671 ¢ 164 b 

a Ref. [4]. b Ref. ', 14]. ¢ Ref. [9]. d It should be noted that the corresponding distance in the Na+: reduced 2: 1 dimer complex is 642 pm [9] with 
AEt/2 .~ 72 mV [14]. c Thi, work. 

symmetrical conformation in solution or, more likely, a 
rapid interchange of conformations on the NMR time- 
scale. 

The large distance between the Ca 2 + ions and the Fe 
atom (both symmetry inequivalent distances of 671 pro) 
compares with a distance of 675 pm for the Rb + 
complex. This explains the smaller anodic shifts on 
complexation of 6 with cations compared with the 
AE,/2 values observed for $ where the cation is fre- 
quently encapsulated, leading to Fe-Na + [4] and Fe- 
Ca 2. [9] distances of 439 and 366 pm respectively 
(Table 5). 

In conclusion, the dat9 suggest that there is an in- 
verse relationship between the magnitude of the anodic 
shifts brought about by cation complexation and the 
distance between the complexed cation and the redoxo 
active ferrocene centre. More data will be needed to 
confirm this suggestion, but it is pertinent to note that 
we have already reported a correlation between AE,/~ 
for complexes of $ and 6 with charge density o~( c/r ~) 
of the cations used [14], Since the limited Xoray data 
indicate Fe=M'* distances d which vary with M"*, it 
seems reasonable to assume that d will also vary in 
solution. This in turn implies that the magnitude of d in 
solution is also linearly related to the charge density of 
the cation. 
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