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Polyoxadithia[n]ferrocenophanes and polyoxatetrathia[n.n]ferrocenophanes were prepared by treatment of

1,1’-ferrocenedithiol with a,w-dibromo polyethers.

silver ion, but not with alkali and alkali-earth metal ions.

The ferrocenophanes formed efficiently a complex with a

The spectral data of the silver ion-complexed

ferrocenophanes suggested the presence of a partial electron-transfer interaction between the iron atom and the

complexed silver ion.

In order to develop a new functional ability, various
attempts to prepare modified crown ethers have been
made.! Incorporation of a certain heteroatom into a
crown ether ring increases a complexing affinity with
transition metals. For example, polythiamacrocycles
are able to form a stable complex with silver(I),2 nick-
el(II),3 and copper(Il) salts.# Polyoxathiaferroceno-
phane is a crown ether-like compound containing a
ferrocene ring and a sulfur atom as ring members, in
which the iron atom of the ferrocene may play a role
of a coordinatable heteroatom to a complexed cation.
A few were reported about this class of compounds.
For example, 1,1’-ferrocenedicarbonyl dichloride
reacted with a diazacrown ether and the product was
reduced to give the ferrocene derivatives (1) of cryp-
tand.5 Polythia- (2)® and dithiaoxaferrocenophanes
(3)” were prepared from 1,1’-ferrocenedimethanol and
its derivatives. In these compounds, however, the dis-
tance between the iron atom of the ferrocene and the
center of the macrocycle is too long to effect an inter-
action between the iron atom and the complexed
metal ion. Polish workers® recently prepared poly-
oxaferrocenophanes (4) carrying oxygen atoms at-
tached directly to a ferrocene nucleus, and suggested,
from their electronic spectra, no interaction between
the iron atom and the complexed rubidium cation. We
also prepared polyoxaferrocenophanes and discussed
their complexing ability and interaction between the
iron atom and the complexed metal cations.? We now
report the preparation and some complexing proper-
ties of polyoxadithiaferrocenophanes, carrying sulfur
atoms attached to the ferrocene nucleus.19
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Syntheses and Spectral Properties. Disodium
1,1’-ferrocenedithiolate, prepared from 1,1’-fer-
rocenedithiol!? and aqueous sodium hydroxide in
ethanol, reacted with o,w-dibromo polyethers in
ethanol at room temperature and the products were
chromatographed by a silca-gel column to give two
kinds of oxathiaferrocenophanes (5) and (6). The
structures were determined by the elemental analyses
and spectral data. For example, the molecular for-
mula of 5¢ was deduced to be CigHy,03S,Fe by the
elemental analysis and mass spectroscopy (M* 408). In
the TH-NMR spectrum of 3d, the a- and B-ring pro-
tons of the ferrocene nucleus appeared as a singlet (8H)
at 8 4.24, while the methylene protons next to the
oxygen atom appeared as a triplet (4H, J=6 Hz) at é
3.74 and a singlet (8H) at 3.71, and those next to the
sulfur atom resonated as a triplet (J=6.0 Hz) at 6 3.03.
In the BC-NMR spectrum of 5¢, the bridgehead car-
bon (Cs), a- and B-carbons of the ferrocene nucleus
resonated at & 84.8, 72.7, and 68.8, respectively. In
addition, the signal of the carbon next to the sulfur
atom appeared at § 35.8 and those next to the oxygen
atoms appeared at 6 69.5, 70.5, and 70.7.

The yield of polyoxadlthla[n]ferrocenophanes (5)
amounted to maximum when n=3, but that of poly-
oxatetrathia[n.n]ferrocenophanes (6) decreased with
the increase of the size of the macrocycle, which may
indicate that a template effect of sodium cation plays a
little role in the final cyclization step. As shown in the
IH-NMR spectral data of Table 2, there is a remark-
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able difference in the pattern.of ferrocene ring protones
between mononuclear compounds 5 and dinuclear
compounds 6. In the former, the a- and B-ring pro-
tons of the ferrocene nucleus resonated as a singlet or a
narrow multiplet, but in the latter the corresponding
protons appeared as a pair of triplets. The methylene
protons next to the sulfur atom in 5 resonated at lower
field by 0.3 ppm than the corresponding ones in 6. A
similar trend was also observed in the methylene pro-
tons next to the oxygen atom. The low-field shift of
the methylene protons in the mononuclear ferroceno-
phane 5 would be probably due to the fact that those
protons exists in the deshielding zone of a ferrocene
nucleus (an interannular area)!?) according to con-
sideration of its stereomolecular model.

In the 'H-NMR spectra of the ferrocene ring pro-
tons, 5a—d have a similar chemical shift (8 ca. 4.2) to
each other. In the BC-NMR spectra of the ferrocene
ring carbons, however, 5a showed a trend different
from the other mononuclear ferrocenophanes 5b—d,
that is, the bridge-head carbon atom resonated at a
lower field (Ad ca. 6 ppm) and the a- and B-carbon
atoms of ba resonated at a higher field (A6 ca. 2 ppm)
in 5a than in the other 5b—d. A similar specificity of 5a
was also observed in the electronic spectra of 5 (Table 1).

The absorption band near 440 nm of 5a, assignable
to a d-d transition of ferrocene nucleus,!3 shifted to a
longer wavelength region (A ca. 10 nm) than that of
5b—d, and its absorbance increased considerably
(ca. 40%), the details of which will be discussed in

another paper.14)

Complexing Ability. The complexing ability
of polyoxaferrocenophanes (4) with alkali metals was
first reported to be conspicuous by the TLC method,?
but was recently shown to be rather faint by the extrac-
tion method.? This trend is comparable with the fact
that the complexing ability of benzocrown ether with
alkali metal cations is smaller than that of crown ether
itself, the reason of which has been rationalized by the
HSAB principles.1® On the basis of this principle, the

TaBLE 1. ELECTRONIC SPECTRAL DATA OF 5 AND 6

Compd 52 5b 5¢c 5d 6a 6b 6¢

Amax/NNMm 456 444 443 440 438 438 438
€ 242 198 198 192 351 363 379
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Fig. 1. 'H-NMR spectral change of 5¢ on addition of
silver(I) nitrate in acetonitrile-ds.
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displacement of some oxygen atoms of 4 by the sulfur
atoms to 5 and 6 will results in a decrease in the affin-
ity to hard cations and an increase in the affinity to
soft heavy metal cations. The complexing ability of 5
and 6 with a variety of metals cation was examined by
the extraction method described by Pedersen,'® and
the results were summarized in Table 3, alkali and
alkali-earth metal cations being excluded because no
extraction ability toward them was observed. This
result is coincident with the expectation described
above. The complexing ability of 5 and 6 was a little

TasLe 2. H-NMR anp ®C-NMR SPECTRA OF
5 AND 6 (CDCls)
Compd 'H-NMR (60 MHz)  *C-NMR (22.5 MHz)
5a  4.20(m, 8H), 3.94(t, 4H,  90.7(Cs), 66.9(C,),
J=5.5), 3.07(t, 4H, J= 70.0(C»), 34.7(SCH2),
5.5) 71.4(OCHz)
5b  4.24(s, 8H), 3.86(t, 4H, 85.4(Cp), 68.3(C,),
J=6.2), 3.75(s, 8H), 3.06  72.7(Cp), 35.6
t, 4H, J=6.2) (SCH3), 69.6 and
71.0(0OCHz)
5¢  4.25(s, 8H), 3.74(t, 4H, 84.8(Cs), 68.8(C.),
J=6.0), 3.71(s, 8H), 72.7(Cp), 35.8
3.03(t, 4H, J=6.0) (SCHy), 69.5, 70.5,
70.7(0CHz)
5d  4.24(m, 8H), 3.69(t, 4H,  83.8(Cp), 69.3(C,),

6a

6b

J=6.0), 3.69(s, 12H),
2.75(t, 4H, J=6.0)

4.41(t, 8H, J=1.7), 4.25
(t, 8H, J=1.7), 3.64(t, 8H,
J=5.8), 2.88(t, 8H, J=5.8)
4.35(t, 8H, J=1.7), 4.24
(t, 8H, J=1.7), 3.64(t, 8H,
J=6.2), 3.59(s, 8H),
2.67(t, 8H, J=6.2)

73.4(Cp), 36.5(SCHa),
69.5, 70.5, 70.7(OCHy)

6¢ 4.34(t, 8H, J=1.7), 4.23

(t, 8H, J=1.7), 3.62(t, 8H,

J=6.5), 3.61(s, 16H), 2.81

(t, 8H, J=6.5)

TABLE 3. EXTRACTION ABILITY OF 5 AND 6

Compd Cdz+ Pb2t TI+ Ag*

5a 1.9 Nil 1.5 —
5b 2.9 Nil 1.5 49.1
5¢ 3.1 Nil 12,5 77.3
5d 3.3 19.2 439 78.9
6a 3.3 1.4 7.0 77.1
6b 2.9 1.0 20.0 84.7
6¢ 2.7 1.5 42.8 93.5

TABLE 4. HYPSOCHROMIC SHIFT OF ELECTRONIC SPECTRA IN
ACETONITRILE AND LOW-FIELD SHIFT OF 'H-NMR
SPECTRA IN ACETONIRILE-d3 OF 5 IN THE
PRESENCE OF SILVER (I)

NITRATE (1 equiv)

Electronic spectra

'H-NMR spectra (A, ppm)

Compd  near 440 nm .
AAmax/nm  Ae/% Ring-H S-CH;
5b 10 —10.1 0.32 0.20 0.15
5¢ 15 —18.3 0.17 0.01
5d 14 —13.1 0.21 0.08
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or negligible with lithium, sodium, potassium, cal-
cium, strontium, cadmium, and lead cations, while it
was excellent with a silver cation and moderate with a
thallium ion. The high complexing ability with a
silver ion is comparable with that of benzooxathia-
cyclopolyethers.? It is also noteworthy that lead and
thallium ions showed a remarkable dependence on the
size of the macrocycle of 5 and 6.

On addition of silver nitrate to 5 and 6 in acetoni-
trile, the absorption band near 440 nm showed a hyp-
sochromic shift and a decrease in its absorbance,
which are summarized in Table 4. There seems to be a
parallel relationship between the hypsochromic shift
and the decrease in absorbance in the mononuclear
series 5b—d, but not in the binuclear series 6a—c.
Both of the complexing ability and the electronic
spectral change are large in 5¢ and 5d, but small in 5b.
This parallel relationship suggests an importance of
the fitness of the macrocycles in 5 with a silver ion.
The change of electronic spectra of a crown ether on
addition of a metal cation is reported to be small.1?) So,
a large electronic spectral change which depends on
the complexing ability of those crown ether-type
compounds presented here should be noticable.

In the 'H-NMR spectrum of 5 in acetonitrile-ds, the
addition of silver nitrate causes a deshielding shift of
the signals of methylene protons next to the sulfur
atom and the ferrocene ring protons (Table 4). As
shown in Fig. 2, the deshielding shift (Ad) increases
almost linearly according to the increase of silver
nitrate until the amount of the salt becomes equiva-
lent to polyoxadithiaferrocenophanes 5, but the addi-
tion of more silver ion results in little change of
deshielding shift, which suggests the formation of a
1:1 complex of the ferrocenophanes 5 with silver
nitrate in acetonitrile. The ferrocene ring protons of
the complex of 5¢c and 5d with silver(I) nitrate
appeared as a singlet just like those of free 5¢ and 5d,
while the a- and 8- protons of ferrocene ring protons
of the complexed 5b resonated as a separated pair of
triplets. This is probably because the complex forma-
tion of 5b with silver(I) nitrate demands the tilt-
deformation of two cyclopentadienyl rings in order to
put the silver(I) ion in the hole by spreading the
macrocycle, because it is well known that the tilt-
deformation of the cyclopentadienyl ring in ferroceno-
phanes causes the splitting of the a- and B-protons of
ferrocene ring.1® Since the tilting of two cyclopenta-
dienyl rings results in some bathochromic shift,!®) the
small change in the electronic spectrum of 5b des-
cribed above may reflect the difficulty on complexa-
tion of 5b with a silver ion.

The deshielding of methylene protons on the com-
plexation of 5 may be caused by the magnetic aniso-
tropy of the silver ion. However, the large deshielding
(Ad ca. 0.2 ppm) of the ferrocene ring protons seems to
be due to the electron density of the cyclopentadienyl
rings decreased by a partial electron transfer from the
iron atom to the complexed silver ion in 5, since the
a-and B-protons shifted to the same extent. If the
deshielding shift is caused by the perturbation of the
inductive and conjugative effect of the sulfur-
substituent with coordination of a silver ion to a sul-
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TABLE 5. Low-FIELD SHIFT OF 3C-NMR SPECTRA ON
ADDITON OF SILVER (I) NITRATE TO A SOLUTION OF
5 IN ACETONITRILE-d3 (A, ppm)

Compd (0 C, Cp SCHz
5b —3.2 1.1 2.0 1.3
5¢ —8.2 4.2 2.8 3.9
5d —6.4 3.5 2.2 3.2
8 —4.0 —1.5 1.5 2.7

a) Cp means the bridgehead carbon.

fur atom, the a-protons would be expected to resonate
at a lower field than the B-protons. (The influence of
an electron attracting substituent is well known to
appear at the a-protons more remarkably.) Such a
partial electron transfer has been observed in the com-
plex of 1,1’-bis(diphenylphosphino)ferrocene with
mercury(II) chloride.19. An additional support was
obtained from the 3C-NMR spectra of 5b—d and its
benzene analog measured in the presence of silver(I)
nitrate in acetonitrile-ds (Table 5).

The signal of the a- and B-carbon of ferrocene ring
in 5b—d shifted down-field but those of the bridge-
head carbon shifted up-field. The deshielding shift of
methylene carbons next to a sulfur atom was similar
to that of the ferrocene ring carbones, but the methyl-
ene carbons next to an oxygen atom showed only a
little shift. In the benzene analog 4’-methyl-2,3-benzo-
1,4-dithia-7,10,13-trioxa-2-cyclopentadecene (8),2 on
the other hand, the bridgehead carbon and methyl-
ene carbons next to sulfur atoms showed the same
trend with in 5, but the a-ring carbons showed some
upfield shifts, suggesting a significant complexing of
the silver ion with the sulfur atom. The fact that the
ferrocene ring carbons (Ca and Cg) in 5 showed more
deshielding shift than the corresponding benzene ring
carbons in 8 suggest some electron transfer from the
iron atom to the complexed silver ion on addition to
the electron transfer via the sulfur atom from the cy-
clopentadienyl ring to the silver cation. Finally, the
complexation of 5¢, among 5, with silver(I) ion would
be the strongest because the change of the carbon
chemical shifts in the 3C-NMR spectra was the largest
in 5¢. The length of an oxyethylene chain in 5 would
probably control the fitness of the macrocycle to a
silver(I) ion.

Complex of 5¢ with Silver(I) Nitrate. A solution
of 5¢ and an equimolar silver(I) nitrate in acetonitrile
was poured into anhydrous ether under nitrogen to
give stable yellow crystalline precipitates of the 1:1
complex (7). However, 5b and 5d gave no crystalline
complex. This result is coincident with suggestion
described above that 5¢ will form the most tight com-
plex with silver(I) nitrate among 5. The 'H-NMR
spectrum of 7 in CDCI; showed a pair of triplets cor-
responding to the He and Hp protons of a ferrocene
nucleus at 6 4.50 and 4.33 (J=2.0 Hz), a pair of triplet
assigned to the protons next to a sulfur atom and next
to an oxygen atom at 6 3.04 and 3.74 (J=5.8 Hz)
respectively, and a singlet at 6 3.77 (-OCH,CH,-). The
difference in the chemical shift between free ligand 5¢
and complex 7 is almost similar to that measured on
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addition of silver(I) nitrate to a solution of 5c in
acetonitrile-de. The ferrocene ring protons appeared as
a pair of triplet in the former but a broad singlet in the
latter. This seems to be probably because in the latter,
there is an equilibrium between the free ligand and the
complex in acetonitrile and hence the signals of a- and
B-protons are avaraged to an single signal. The fact
that the splitting of the ferrocene ring protons was
observed in the isolated silver-complex (7) indicates
that the through-space electronic interaction between
the iron atom of a ferrocene nucleus and the com-
plexed silver ion in 7 described in the preceding sec-
tion is too emphasized.

The 3C-NMR spectrum of 7 in CDCl; showed the
signals of bridge-head, a-, and B-carbons appeared at 6
77.7, 77.1, and 71.1 ppm, respectively. The carbons
next to a sulfur atom appeared at 6 40.0 ppm, and
those next to an oxygen atom appeared at 8 70.4, 69.7,
and 67.2 ppm. The deshielding shifts of a- and 8-
carbons of ferrocene ring and the sulfur-attached car-
bons in 7 are almost similar to those measured on the
addition of silver(I) nitrate to a solution of 5c¢ in
acetonitrile-d;. These NMR data of 7 indicate that 5c¢
and probably other polyoxadithiaferrocenophanes (5b
and 5c¢) also form a 1:1 complex in acetonitrile, and
that the discussion about the nature of the complex of
5 with silver(I) nitrate described in the preceding and
present section is reasonable enough.

Experimental

The melting points are uncorrected. The electronic spec-
tra were measured on a Hitachi 340 Spectrometer. The IR
spectra were measured on a JASCO IRA-2 Infrared Spec-
trometer. The 'TH-NMR and 3C-NMR spectra were obtained
on a JEOL FX-90Q Spectrometer, TMS being chosen as
an internal standard. The mass spectra were taken by using
a Hitachi M-80 Spectrometer.

Material. 1,1’-Ferrocenedithiol was prepared by
reduction of 1,2,3-trithia[3]}ferrocenophane with lithium
aluminum hydride.1? Bis(2-bromoethyl) ether,? 1,8-dibromo-
3,6-dioxaoctane,?0 1,11-dibromo-3,6,9-trioxaundecane,?! and
1,14-dibromo-3,6,9,12-tetraoxatetradecane were prepared
according to the literatures. .

Polyoxadithia[n]ferrocenophanes(5) and Polyoxatetrathia-
[n.n]ferrocenophanes. General Procedure: To a suspension
of 1,1’-ferrocenedithiol (0.45 g, 1.8 mmol) in ethanol (90 ml)
was added a solution of sodium hydroxide (0.18 ml of
20M** solution, 3.6 mmol) under stirring and bubbling of
nitrogen. To the resulting red-orange solution was added a
solution of the corresponding a,w-dibromopolyether (1.8
mmol) in ethanol (3 ml). The solution was stirred for 4 h at
room temperature under bubbling of nitrogen. After evapo-
rating the solution, the residue was redissolved in benzene
and filtered. The filtrate was condensed by an evaporator and
charged on silica-gel column chromatography. Elution by
toluene-ethyl acetate mixture gave 5 and 6.

4-Oxa-1,7-dithia[7 [ferrocenophane (5a). Red needles,
8%, mp 62—63 °C. Found: C, 52.70; H, 5.28%. Calcd for
C4H 608 Fe: C, 52.51; H, 5.04%. MS (75 eV): m/z 320 (M*,
100%). IR (KBr): 3100, 2940, 2850, 1420, 1120, 1035, and 807
cm”L

4,22-Dioxa-1,7,19,25-Tetrathia[7.7 [ferrocenophane (6a).
Orange needles, 30%, mp 112—113 °C. Found: C, 52.56; H,
5.09%. Calcd for CysH320,SFe,: C, 52.51; H, 5.04%. MS (75

**] M=1 mol dm™3.
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eV): m/z 640 (M¥, 100%), 320 (M*/2, 32%), and 304 (30%). IR
(KBr): 3100, 2900, 2870, 1420, 1195, 1110, 1025, and 810 cm™L.

4,7-Dioxa-1,10-dithia[10 [ferrocenophane (5b). Orange
oil, 26%. Found: C, 52.91; H, 5.44%. Calcd for C;gHy,-
0,S;Fe: C, 52.75; H, 5.53%. MS (75 eV): m/z 364 (M*,
100%). IR (KBr): 3100, 2930, 2860, 1420, 1295, 1130, 1025,
and 810 cm™L.

4,7,25,28-Tetraoxa-1,10,22,31-tetrathiaf10.10 [ferrocenophane
(6b). Orange oil, 12%. Found: C, 52.99; H, 5.60%.
Calcd for C3HyO4SFe,: C, 52.75; H, 5.53%. MS (75 eV):
m/z 728 (M*, 100%), 364 (M*/2, 56%), and 304 (25%). IR
(KBr): 3100, 2900, 2870, 1420, 1325, 1290, 1140, 1020, and
810 cm™L.

4,7,10-Trioxa-1,13-dithia[ 13 [ferrocenophane (5c). Orange
oil, 63.8%. Found: C, 53.00; H, 6.42%. Calcd for C;sHy,-
O;S,Fe: C, 52.94; H, 5.92%. MS (75 eV): m/z 408 (M*,
100%). IR (Neat): 3100, 2930, 2875, 1420, 1365, 1295, 1150—
1100, 1030, 830, and 810 cm™.

4,7,10,28,31,34- Hexaoxa-1,13,25,37-tetrathia[13.13 [ferrocceno-
phane (6c). Orange cubes, mp 84—85°C, 17.1%. Found:C,
53.10; H, 6.09%. Calcd for C3;sHOgS:Fe,: C, 52.94; H,
5.92%. MS (75eV): m/z 816 (M, 100%) and 408 (M*/2, 42%).
IR (KBr): 3100, 2860, 1295, 1240, 1120, 835, and 820 cm™L

4,7,10,13-Tetraoxa-1,16-dithia[16 [ferrocenophane (5d).
Orange oil, 60.4%. Found: C, 52.81; H, 6.29%. Calcd for
CaoHy30,S,Fe: C, 53.10; H, 6.24%. MS (75 eV): m/z 452
(M*, 100%). IR (Neat): 3100, 2925, 2870, 1420, 1360, 1295,
1150—1095, 1025, and 830 cm™.

The electronic, 'H-NMR, and 3C-NMR spectra of the
compounds described above were summarized in Tables 1
and 2.

Method of Solvent Extraction. Extractability of poly-
oxathiaferrocenophanes 5 and 6 with metal cations was
measured by the extraction method? which was the some-
what modified Pedersen method!6).

Measurement of the Electronic, \H- and BC-NMR Spectra in
the Presence of Silver(I) Nitrate. The electronic spectra
of 5b—d (4.00X1073M) was recorded in the presence of
silver(I) nitrate (2.00X1073M) in acetonitrile. The 'H-
NMR spectra of 5b—d (0.08 mmol) was recorded in the
presence of 0.25, 0.5, 1, 2, and 3 equivalents of silver(I)
nitrate in acetonitrile-dz (ca. 0.3 ml). The results were sum-
marized in Table 4 and Fig. 2. The 3C-NMR spectra of
3b—d and 8 (0.08 mmol) was recorded in the presence of
silver(I) nitrate (0.1 mmol) in acetonitrile-d; (ca. 0.3 ml).

The Complex of 5¢ with Silven(I) Nitrate. 5¢(0.37g,0.9
mmol) and silver(I) nitrate (0.15 g, 0.9 mmol) were dissolved
in acetonitrile (3 ml) under nitrogen. The resulting solution
was heated for 3 min and then poured into anhydrous ether
(40 ml). Yellow crystalline precipitates resulted.

Filtration and washing with anhydrous ether gave yellow
crystals (0.43 g, 74%). The crystals were dissolved in chloro-
form and the resulting solution was filtered into anhydrous
ether to give a pure complex. Mp 152 °C (decomp).

Found: C, 37.53; H, 4.32%. Calcd for C,;gH34O¢NS,FeAg:
C, 37.39; H, 4.18%. IR (KBr): 3090, 2870, 1390—1355, 1300,
1120, 1125, and 835 cm™L.
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