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Abstract

The self-assembly cyclization reactions of the ether chain-bridged dicyclopentadienyl Mo/Na salts [NaMo(CO);],[n>-
C;H,CH,(CH,0CH,),,CH,CsH,-n°] (Ia-d, n = 1-4) with the same chain-bridged dicyclopentadienyl double clusters [MoCoFe(j;-
S)(CO)g),[n°-CsH,CH,(CH,OCH,), CH,CsH,-n°] (lia—d, n = 1-4) have been found, depending on the lengths of the bridged ether
chains in starting materials I and II, to give several different types of novel organometallic macrocyclic crown ethers. While
reaction of the Mo/Na salts (I, =1, 4) with double clusters (I, n =1, 4) produced single Mo,Fe(u;-S) cluster crown ethers
[Mo,Fe(u;-S)(CO),][n>-CsH,CH,(CH,OCH,),, CH,CsH,n?%] (Illa, n = 1; IIId, n =4), the Mo/Na salts (I, n =2, 3) reacted with
double clusters (I, n=2, 3) to afford single, double and triple Mo,Fe(u5-S) cluster crown ethers [Mo,Fe(u;-S)(CO),.[n°-
Cs;H,CH,(CH,OCH,),CH, C;H,1’],, (IIb, n=2, m=1; Ille, n=3, m=1; IVb, n=2, m=2; IVe, n=3, m=2; Vb, n=2,
m=3; Ve, n =3, m=3), respectively. While structures of IIla—d, IVb,c and Vb,c were characterized fully by elemental analyses,
IR, 'H-NMR and FAB-MS spectrocopies, those of Illa—c¢ were further confirmed by X-ray diffraction techniques. In addition,
the electrochemical properties of IIla—d, IVb,c and Vb,c have been studied using cyclic voltammetry. © 2001 Elsevier Science B.V.
All rights reserved.

Keywords: Molybdenum; Iron; Cobalt; Crown ether; Crystal structures

1. Introduction combine both crown ether and organometallic struc-
tural units are of great interest, since in such crown

The crown ethers, since their discovery in 1967 [1], ethers the affinity of the crown ether subunit toward
have been receiving considerable attention, primarily metal complexation can be regulated by the Odean?
because they have unique structures, valuable proper- state of the redox-active metal centers. However, until
ties, and particularly the important applications in var- now, only a few of organometallic crown ethers which
ious fields such as the catalytic synthesis, ion and contain transition metal cluster cores have been re-
molecular recognitions, and sensor technology, etc. [2— ported [7], although numerous other organometallic
6]. Among crown ethers, the organometallic ones that crown ethers have been prepared and studied, such as
those containing transition metals Ti [8], Zr [9], Cr [10],

* Corresponding author. Fax: + 86-22-23504853. Mo [11], W [12], Mn [13], Re [14], Fe [15], Ru [16], Co
E-mail address: lcsong@public.tpt.tj.cn (L.-C. Song). [17] and Rh [18] as redox-active centers. On the basis of

0022-328X/01/$ - see front matter © 2001 Elsevier Science B.V. All rights reserved.
PII: S0022-328X(00)00915-3
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our preliminary report on organometallic cluster crown
ethers [7], we wish to further report the detailed results
obtained from a systematic study of such cluster crown
ethers, including their synthetic procedures, spectro-
scopic and electrochemical properties, as well as three
crystal structures determined by X-ray diffraction
techniques.

2. Results and discussion

2.1. Self-assembly cyclization reactions of la—d with
Ila—d. Synthesis and characterization of Illa—d, IVb,c
and Vb,c

In a previous communication [7], we reported that
reaction of the polyether chain-bridged dicyclopentadi-
enyl Mo/Na salt [NaMo(CO);],[n’-CsH,CH,(CH,-
OCH,), CH,C;H,-1’] (I¢, n = 3) with the same chain-
bridged dicyclopentadienyl double cluster [MoCoFe(j5-
$)(CO);l.[n’-CsH,CH, (CH, OCH,), CH,CsH,n7] (Ilc,
n=23) in THF at reflux gave not only the expected
cyclization product [Mo,Fe(u;-S)(CO),],[n*-CsH,CH,-
(CH,OCH,),CH,CsH,-°], (IVe, n=23), but also af-
forded two unexpected cyclization products [Mo,Fe(j5-
$)(CO),][n*-CsH,CH,(CH,0CH,),CH,CsH,1"]  (Illc,
n=3) and [Mo,Fe (u;-S)(CO);l;[n>-CsH, CH,(CH,-
OCH,),CH,CsH,1°]; (Ve, n=3) (Scheme 1). Interest-
ingly, we further found that this novel cyclization reac-
tion can be markedly influenced by the lengths of the
bridged ether chains in starting materials Ia—d and
IIa—d, to give not always the three types of cyclization
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products. For example, while Ib (n = 2) reacted with ITb
(n =2) under similar conditions to produce three types
of cyclization products [Mo,Fe(p;-S)(CO),][n>-CsH,-
CH,(CH,O CH,),CH,CsH,-n°] (Illb, n=2), [Mo,Fe-
(13-S)(CO);L.[n*>-CsH,CH,(CH,0CH,),CH,  CsH, 1
(IVb, n=2) and [Mo,Fe(u;-S)(CO),]5[n°-CsH,CH,-
(CH,0OCH,),CH,CH,-n’]; (Vb, n=2), reaction of Ia
(n=1) with Ila (n=1) or Id (n=4) with Ild (n=4)
gave only the first type of cyclization products
[Mo,Fe(u3-S)(CO),][n*-CsH,CH,(CH,OCH,), CH,Cs-
H,-n%] (Illa, n = 1; IIId, n = 4), without any appreciable
amounts of the other two types of cyclization products
IVa and Va (n=1) or IVd and Vd (n = 4) being isolated
(Scheme 1).

It should be noted that the cyclization reactions
mentioned above were conveniently carried out in one-
pot, starting from disodium salts Na,[n*>-CsH, CH,-
(CH,0CH,),CH,C;H,m% (n=1-4) and Mo(CO),
followed by treatment of the intermediates Ia—d with
double clusters ITa-d [19,20]. Products Illa—d, IVb,c
and Vb,c are air-stable and red-brown to black solids,
which have been characterized by elemental analysis,
IR, 'H-NMR and FAB-MS specroscopies, as well as
for Illa—c by X-ray diffraction analyses.

The IR spectra of Ila—d, IVb,c and Vb,c showed
several absorption bands in the range 2034—1821 cm —!
for their carbonyls attached to transition metals and
one absorption band in the range 11261102 ¢cm ! for
their bridged ether chain functionalities. Whereas the
'"H-NMR spectra of single cluster crown ethers Illa—d
displayed two multiplets in the ranges 2.57-3.10 and
3.47-3.79 ppm for a-CH, attached to Cp rings and

n

0
Mo(CO), Mo (CO)2
o-n 2N ~ TH
NaMm NaM +  (OpFe— |-—s s&—|—Fe(cO)y ——>
(cxc;)a a(Cg)g CO(/(D)g \Co(/00)3 AN
Iad @=1-4) Had @=1-4)
0 n
Mo (CO), Mo (CO),
VAR (COpFe— I)s s<|—=Feco)
_Mo(Co) Moo MJ(CO), MJ(CO),
Mo (CO) 0{CO), (02 I
(C0)3Fe£..|_\s O + (COnFe— | s— —Fe(CO),
SMeE0)y, Mo’( Con “Mdo), + . :
n n n
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(CO) e/(CO)2
(CO)s
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4 Imma 17 Nd  — vd _

Scheme 1.
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Table 1
FAB-MS data of cluster crown ethers (Mo®%, S32, Fe>®)

Cluster Ton m/z (rel. intensity, %) Cluster Ton m/z (rel. intensity, %)

IIa M+ 680(66) IVb M+*—7H--0 1413(18)
M+ —3H 677(87) M+ —6H—-4CO 1343(67)
M+ —-3H-CO 649(100) M+ —7TH-9CO 1189(53)
M+ —4H-2CO 620(72) M+ —6H—14CO 1050(100)
M+ —4H-3CO 592(84)
M+ —4H—-4CO 564(58)
M+ —4H—-5CO 536(91)
M+ —4H—-6CO 508(77)
M+ —-5H-7CO 479(49)

IIb M+ 724(35) IVe M+ 1356(15)
M+ —3H 721(49) M+ —-H-3CO 1451(91)
M*—-3H-CO 693(4) M+ —-9CO 1284(35)
M+ —4H-2CO 664(47) M+t —6H—11CO 1222(50)
M+ —4H-3CO 636(16) M+ —-6H—-12CO 1194(23)
M+ —4H-5CO 580(100) M+ —6H—13CO 1166(25)
M+ —4H—-6CO 552(45) M+ —6H—14CO 1138(84)
M+ —-5H-7CO 523(14)

Ilc M+ 768(14) Vb? M+ 2160(60)
M+ —3H 765(35) M+ —-3CO 2076(65)
M*—-3H-CO 737(2) M+ —-9CO 1908(15)
M+ —4H-2CO 708(3) M+ —-20CO 1600(34)
M+ —4H-3CO 680(32)
M+ —4H-5CO 624(100)
M+ —4H—-6CO 596(21)
M+ —-5H-7CO 567(6)

111d M+ 812(28) Ve? M+ 2292(51)
M+ —3H 809(44) M+*—-CO 2264(18)
M+ —4H-3CO 724(59) M+ -3CO 2208(58)
M+ —4H-5CO 668(100) M+ —-20CO 1732(30)
M+ —4H—-6CO 640(12)

am/z (°°Mo) for these clusters.

their neighboring B-CH, (for IIIb—d the latter range
includes the other CH, resonances), those of double
and triple cluster crown ethers IVb,c and Vb,c exhibited
two singlets in the ranges 2.63—-2.65 and 3.59-3.62 ppm
for their a-CH, and corresponding B-CH, groups, re-
spectively. It is believed that such two different 'H-
NMR patterns for o-CH, and B-CH, in the single,
double and triple cluster crown ethers might be at-
tributed to the restricted rotation of the bridged ether
chains in smaller rings of the single cluster crown ethers
and the capable free rotation of the bridged ether
chains in the larger rings of the double and triple
cluster crown ethers [7]. In addition, while the "H-NMR
spectra of single cluster crown ethers IIla—d showed
one singlet, one triplet or two singlets in the range
4.97-5.20 ppm assigned to H?/H> protons of the Cp
rings and two singlets in the range 5.20-5.65 ppm
assigned to H3/H* protons of the Cp rings, those of
double and triple cluster crown ethers IVb,c and Vb,c
displayed two singlets, four singlets, or one multiplets
in the range 5.15-5.31 ppm assigned to H?*/H® and
H3/H* protons of the Cp rings, respectively. That is, the
'H-NMR patterns of the substituted Cp rings of crown
ethers Illa-d, IVb,c and Vb,c are very complicated,

which is consistent with the fact that "H-NMR spectra
of a monosubstituted cyclopentadienyl ring in
organometallic clusters vary greatly in complexity such
as a singlet, an A,B, or A,BB’ pattern or a multiplet,
mainly depending on the nature of the substituent and
chirality of the molecule [21]. The FAB-MS data of
IIIa—d, IVb,c and Vb,c listed in Table 1, show their
respective molecular ions M™(except IVb) and corre-
sponding fragment ions by loss of a given number of H
atoms and/or CO ligands, consistent with their macro-
cyclic structures shown in Scheme 1. Finally, the ele-
mental analyses for transition metals performed on a
plasma atom emission spectrometer also support those
macrocyclic structures, since they indicated no Co atom
present and the stoichiometry of Mo:Fe is 2:1.

2.2. Crystal structures of Illa—c

The molecular structures of cluster crown ethers
IIIa—c have been confirmed by X-ray diffraction analy-
ses. The X-ray diffraction analyses showed that while
IITa,b each have one crystallographically independent
molecule in their unit cells, IIlc has two independent
molecules A and B in its unit cell with very similar
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crystallographic parameters. So, while the molecular
structures of IIla and IIIb are shown in Figs. 1 and 2,
for simplicity only one of the two very similar crystallo-
graphically independent molecules of Illc, i.e. molecule
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A is given in Fig. 3. In addition, for the same season
only some of the bond lengths and angles of molecule
A of Illc are listed in Table 2, along with correspond-
ing those of Illa and IIIb.

Fig. 2. OorRTEP plot of IIIb with the atom labeling scheme.
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Fig. 3. orTEP plot of Illc with the atom labeling scheme.

Table 2

Selected bond lengths (A) and bond angles (°) for IIla—c

Ila IIIb Ilc

Bond lengths
Mo(1)-Mo(2) 3.053(1) 3.0534(9) 3.042(1)
Mo(1)-S 2.368(2) 2.377(1) 2.366(2)
Mo(2)-S 2.379(2) 2.369(1) 2.370(2)
Mo(1)-Fe 2.839(1) 2.804(1) 2.796(1)
Mo(2)-Fe 2.804(2) 2.819(1) 2.825(1)
Fe-S 2.197(2) 2.197(2) 2.196(2)
Bond angles
Mo(2)-Mo(1)-Fe 56.69(3) 57.33(3) 57.69(3)
Mo(1)-Mo(2)-Fe 57.81(3) 56.89(3) 56.78(3)
Mo(1)-Fe-Mo(2) 65.49(3) 65.78(2) 65.53(3)
Mo(1)-Mo(2)-S 49.81(5) 50.08(3) 49.98(5)
Mo(2)-Mo(1)-S 50.15(5) 49.83(3) 50.10(5)
Mo(1)-S-Mo(2) 80.04(7) 80.08(4) 79.92(6)
Fe-Mo(1)-S 48.88(5) 49.34(4) 49.49(5)
Fe-Mo(2)-S 49.32(5) 49.19(4) 49.05(5)
Mo(1)-Fe-S 54.29(6) 55.16(4) 55.01(6)
Mo(2)-Fe-S 55.23(6) 54.68(3) 54.62(6)
Mo(1)-S-Fe 76.83(7) 75.50(5) 75.50(7)
Mo(2)-S-Fe 75.45(7) 76.13(5) 76.33(7)
Table 3
Some dihedral angles (°) for Illa—c

Ila ® 1IIb ® ¢ ©
Mo(1)FeMo(2)/Cp(1) 76.8 109.1 104.4
Mo(1)FeMo(2)/Cp(2) 69.3 74.4 71.1
Cp(1)/Cp(2) 104.9 72.8 70.8

*Cp(1): Cs-Cyy, Cp(2): Ci7-Cyy.
> Cp(1): C8-C12, Cp(2): C19-C23.
¢ Cp(1): C(15)-C(19), Cp(2): C(28)-C(32).

As seen in Figs. 1-3, IIla—c consist of a distorted
tetrahedral Mo,Fe(u;-S) cluster core, which carries one
ether chain-bridged dicyclopentadienyl ligand coordi-
nated to two Mo atoms, one set of three CO ligands
attached to Fe atom and two sets of two CO ligands
attached to two Mo atoms, respectively. Actually, IIla—
¢ belong to the same type of macrocyclic cluster crown
ethers with different lengths of the bridging ether chain.
For any of the crown ethers with a given length of the
bridging ether chain, for example, for IIla the molecule
could be viewed as a ring size-varied crown ether,
depending on which carbon atoms of the two Cp rings
C8-through-C12 and Cl17-through-C21 and which
metal atoms of Mol, Mo2 and Fe are involved in
counting the cyclic size of the crown ether containing
sulfur and oxygen atoms.

As can be seen from Table 2, the bond lengths and
bond angles associated with the cluster cores of IIla—c
are very similar and even identical. That is, Illa—c
possess a tetrahedral Mo,Fe(u;-S) cluster core with
almost identical geometric parameters. In fact, such a
kind of cluster core is also contained in previously
reported simple clusters, such as (n3-RCsH,),Mo,Fe(u;-
S)(CO), (R =H [22], COMe [23], CO,Me [23]). The
dihedral angles between the Cp rings (Table 3) have
varied markedly from IIla to IIl¢, apparently due to
the presence of different lengths of the ether chain
substituents. It is worth to note that the different
dihedral angles between Mo(1)FeMo(2) and Cp(1) and
between Mo(1)FeMo(2) and Cp(2) can make the two
a-hydrogen atoms attached to C13 or C16 (IIla), C13
or C18 (IIlb) and C(20) or C(27) (Illc), and those
B-hydrogen atoms attached to C14 or C15 (Illa), C14
or C17 (IlIb) and C(21) or C(26) (Illc) magnetically
inequivalent and thus to give the complicated 'H-NMR
spectral patterns as described above.

Finally, it should be pointed out that among the
seven carbonyls for each of Illa—c¢, while the three
carbonyls attached to Fe and one carbonyl attached to
Mo are terminal, the other three attached to Mo are
semibridging. This is because the asymmetry parame-
ters o for the latter three carbonyls fall within the range
0.1 <« <0.6 [24]. The semibridging carbonyls of IIla—c
are shown in Table 4, along with some of related data.
So, the existence of both terminal and semibridging
carbonyls confirmed by X-ray diffraction is in good
agreement with the fact that the IR spectra of IIla—c
showed absorption bands ranging from 2034-1821
cm .

2.3. How to understand the formation of the cyclization
products

The formation of the three types of cluster crown
ethers Illa—d, IVb,c and Vb,c is not completely under-
stood, so far. However, based on the isolobal analogy
principle [25] and the reported isolobal displacement
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Table 4
Semibridging CO’s for Illa—¢

dy (A) d (A) x

1lla

C(HO(1) Mo(1)-C(1) 1.995 Fe--C(1) 2.794 0.40
C(3)0(3) Mo(2)-C(3) 1.946 Mo(1)-+C(3) 2.835 0.46
C(4)0(4) Mo(2)-C(4) 1.962 Fe--C(4) 2.810 0.43
111b

C(H)O(1) Mo(1)-C(1) 1.974 Fe--C(1) 2.837 0.44
C(2)0(2) Mo(1)-C(2) 1.934 Mo(2)-+C(2) 2.859 0.48
C(3)0(3) Mo(2)-C(3) 1.978 Fe--C(3) 2.711 0.37
1lc

C(1H)O(1) Mo(1)-C(1) 1.980 Fe--C(1) 2.829 0.43
C(2)0(2) Mo(1)-C(2) 1.960 Mo(2)--C(2) 2.900 0.48
C(3)0(3) Mo(2)-C(3) 1.970 Fe---C(3) 2.665 0.35

“ An asymmetric parameter o is defined as o = d,—d,/d,, where d,

and d, are the short and long distances of M—C(O), respectively [24].

modes [2la—c,26], we might suggest a possible path-
way, which basically the same as that mentioned in our
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communication [7], to account for the formation of
those types of crown ethers.

According to this suggested pathway (Scheme 2), the
bridged Mo/Na salts of type I can be converted into
their decarbonylated intermediates m;. Then, while
these intermediates react further with double clusters of
type II through intermolecular single isolobal d°ML./
d°ML; displacement to give two molecules of interme-
diates m,, their reactions with II via intermolecular
single isolobal d°ML,/d°ML; displacement give inter-
mediates m;. Furthermore, while m, undergoes an in-
tramolecular d°ML/d°ML, single isolobal
displacement to give single cluster crown ethers of type
III, the intramolecular single isolobal d°MLs/d°ML,
displacement of mj; affords double cluster crown ethers
of type IV. If m, react with m; through intermolecular
d°ML,/d°ML; single isolobal displacement, then the
intermediates m, will be produced. Finally, the in-
tramolecular single isolobal d*MLs/d°ML, displace-
ment of m, yields triple cluster crown ethers of type V.

@/f\odﬁ\@

Mo (CO), Mo(CO).
g n APEOR 2
Mo (CO). Moco), + (COnFe— l —S . —Fe(CO)
2 o (CO), ~ Co(/OO)3 \Co /OO s 3
' I
d*MLs /d°MLs dMLs /gL,
intermolecular intermolecular
/N o T
2 -~ /’VI'OQO)z Mo(CO), N,'O(Co)z Mo (CO),
Fe—|—S (CO)3Fe—|—s
1 - S Fe(CO);
Co100); Neoico -~
o \wsicon, Mo(cO),
m m Q
n
d*MLs /ML, dMLs /d*ML,
intramolecular intramolecular
m v
dMLs /ML, 0" @/-E\/i‘n\@
+ o]
o * m intermolecular MO(CO)z Mo (Co)z Mo(C )2 Mo
(CO), Fe—l——s Fe(CO);, Fe"j (CO),
MO(CO) © Mo(c:O)2
]
i 7
dMLs /d"ML,
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Scheme 2. One possible pathway for production of III-V.
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Table 5
Electrochemical data for IIla-d, IVb,c and Vb,c?

E (V) AE (mV) LI, E (V) AE (mV) L./,
IIIa E,,+0.62 91 0.87 1Vb E,,+0.65 75 1.00
E,. +0.92 irr. E, +1.03 irr.
E,,+1.11 irr. E,.—1.34 irr.
E,.—1.58 irr.
IIIb E,,+0.66 82 0.81 IVe E,,+0.65 80 0.90
E,+1.17 irr. E, +1.05 irr.
E,.—137 irr. E,—143 irr.
e E,,+0.65 81 0.99 Vb E,»,+0.66 82 1.05
E,, +1.08 irr. E,., +1.06 irr.
E,.—1.29 irr. E,.—1.41 irr.
111d E,,+0.65 85 0.83 Ve E,,+0.66 78 0.94
E . +1.07 irr. E,. +0.99 irr.
E,.—1.46 irr. E,.—1.44 irr.

@ Measured in dichloromethane solution containing 0.1 M n-Bu,NPF; as supporting electrolyte. Solutions were ca. 1.0 x 103 M in crown ether,
and potentials were determined with reference to SCE at room temperature (20 + 1°C) and scan rate = 100 mV s~ .

However, in order to further account for the fact that
the formation of the three types of products consider-
ably depends upon the lengths of the bridged ether
chains in starting materials Ia—d and Ila—d, we might
further suggest that the ring closure steps of m,—m,
would be controlled by template effects [27] caused by
oxygen atoms in the bridged ether chains and sodium
ion Na™ present in the reaction systems. That is, when
n=1 and 4, the template effects for intermediates m;
and m, are too weak for ring closure to give the second
and third types of larger macrocyclic crown ethers
IVa,d and Va.,d, whereas when n=2 and 3, the tem-
plate effects for m,, my and m, are all suitable for ring
closure to give the three types of crown ethers IIIb,c,
IVb,c and Vb,c. It is worthy of note that although the
suggested pathway appears to be plausible, some de-
tails, such as the electronic nature (ionic or free radical)
for this cyclization reaction and the influence factors of
the template effects for cyclization of m,—m,, still re-
main unclear and are worth to be further explored.

2.4. Cyclic voltammetry of cluster crown ethers Illa—d,
IVb,c and Vb,c

Although the electrochemical properties of some te-
trahedral clusters containing MCoFeE (M = Mo, W;
E =S8, Se) [28], W,FeS [29] and M,M5S, (M = Mo, W;
M’ = Fe, Co, Ni) [30] cluster cores were reported some
years ago, those of the clusters containing crown ether
structural units, i.e. Illc—Ve were just briefly reported
very recently [7]. The electrochemical results obtained
are summarized in Table 5. In this table the half-wave
potential E,, is given unless wave is irreversible(irr.).
However, in the latter case an anodic peak potential £,
or a cathodic one E,, is listed. E, is identified with the
midpoint of E,, and E, of a cyclic voltammogram
(Ep + E,./2). In addition, the peak potential separation

AE and peak current ratio /,./I,, are also given when
wave is reversible or quasi-reversible.

As seen from Table 6, single cluster crown ethers
IIla—d display two or three oxidation pocesses when
scanning from 0.00 to + 1.50 V vs. a Standard Calomel
Electrode(SCE). The first oxidation process is re-
versible, at least quasi-reversible. Each redox peak has
a E,, value of +0.62 to +0.66 V, a /I, ratio of
near 1 and a redox peak separation AE of 81 to 91 mV.
The second oxidation process is irreversible with a E,
value of +0.92 to + 1.17 V and without exhibiting a
cathodic peak. The third oxidation process is also irre-
versible, but only observed for Illa with a £, value of
+ 1.11 V. Furthermore, when scanning from 0.00 to
—1.60 V vs. SCE, IlIla—d each display an irreversible
reduction peak with a E,. value of —1.29 to —1.58 V.
Similar electrochemical behavior was observed for dou-
ble cluster crown ethers IVb,c and triple cluster crown
ethers Vb,c. For example, as seen in Table 6, IVb
exhibits a reversible oxidation peak with a E, , value of
+0.65 V, an irreversible oxidation peak with E , =
+1.03 V and an irreversible reduction peak with E,. =
—1.34 V.

2.5. Cyclic voltammetry of Hla—d, IVb,c and Vb,c in
the presence of LiPFy;, NaPF; and KPF

As described above, these cluster crown ethers dis-
play one reversible redox process in the range + 0.55 to
+0.66 V. Since this process is easily attainable and
could be possibly used in the molecular design of the
redox-switching devices, we performed a series of cyclic
voltammetry experiments with these crown ethers in the
presence of LiPFg, NaPF, and KPF,. The electrochem-
ical results of these crown ethers are summarized in
Table 6.
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Table 6

Electrochemical data for IIla-d, IVb,c and Vb.c in the presence of LiPF,, NaPF, and KPF.*

Cation E,, (V) AE,,; (mV) Cation E (V) AE,,, (mV)
IIIa no +0.618 Vb no +0.645

Lit +0.586 —-32 Li* +0.603 —42

Na™* +0.593 —25 Na™* +0.639 -6

K+ +0.615 -3 K+ +0.624 —21
1IIb no +0.658 IVe no +0.652

Lit +0.640 —18 Li* +0.605 —47

Na™* +0.649 -9 Na™* +0.646 -6

K+ +0.649 -9 K+ +0.635 —17
IIIc no +0.654 Vb no +0.663

Lit +0.619 —-35 Li* +0.622 —42

Na™* +0.649 -5 Na™* +0.653 —10

K+ +0.645 -9 K+ +0.657 -6
11Id no +0.648 Ve no +0.655

Lit +0.620 —28 Li* +0.620 —-35

Na™* +0.618 —-30 Na™* +0.639 —16

K+ +0.635 —13 K+ +0.647 -8

4 Obtained in dichloromethane solution containing 0.1 M n-Bu,NPF as supporting electrolyte. Solutions were ca. 1.0 x 103 M in cluster crown
ethers, and LiPF,, NaPF, or KPF, was added as ca. 5.0 x 10~3 M. Potentials were determined with reference to SCE at room temperature

(20 4 1°C) and scan rate = 100 mV s—!.

As far as a redox-switched system is concerned,
complexation with the cation is generally shown to shift
the oxidation potential of the redox-active moiety to
more positive potential [31-34] and very few were
found to shift cathodically [35]. Now, we have found
that when addition of excess amounts of Li*, Na* and
K™* cations as their PFg salts to the electrochemical
solutions containing Illa—d, IVb,c and Vb,c, the oxida-
tion potentials of their redox-active cluster cores shift
cathodically. As seen in Table 6, the potentials E,, for
all the cation complexes of the cluster crown ethers
shift to lower positive potentials compared with those
of the corresponding free crown ether ligands. For
example, the half-wave potential of Vb is 42 mV ca-
thodical shift in the presence of LiPF¢. This kind of
shift can be more clearly seen from the cyclic voltam-
mograms of these cluster crown ethers and their com-
plexes with PF, salts. Fig. 4 is a representative showing
a comparison of the cyclic voltammogram of Vb with
its Li* complex. Apparently, such cathodic shifts for
these cluster crown ethers in the presence of the alkali
salts can be attributed to the slight increase in electron
density around the cluster cores (possibly due to the
presence of the nearby PFg anions), and in turn mak-
ing them easier to be oxidized.

3. Experimental

All reactions were carried out under an atmosphere
of highly purified nitrogen or argon using standard
Schlenk or vacuum-line techniques. Tetrahydrofuran
(THF) was dried and deoxygenated by distillation from
sodium—benzophenone ketyl under nitrogen. THF so-

lutions of Na,[n’-CsH,CH,(CH,OCH,), CH,CsH,-n?]
(n=1 [19], n=2-4 [20]), [MoCoFe(u;-S)(CO)sp,[n’-
C;H,CH,(CH,OCH,),CH,CsH,-n’J(n =1 [36], n=2-4
[20]), (u5-S)FeCo,(CO), [37] were prepared according to
literature methods. Mo(CO), and solvents used in
work-up were available commercially. Dichloro-
methane used in CV measurements was distilled from
CaH, and degassed. n-Bu,NPF, was prepared from
n-Bu,NBr and HPF, whereas LiPF,, NaPF; and KPF,
were commercially available and dried by heating in
vacuo. Products were separated by preparative TLC
(glass plates, 20 x 25 x 0.25 cm; silica gel H, 10-40
um). IR and 'H-NMR spectra were recorded on a
Nicolet FT-IR 5DX infrared spectrophotometer and a
Bruker AC-P 200 NMR spectrometer. FAB-MS and
metal analyses were carried out on a Zepspec spectrom-
eter and a ICAP-9000 spectrometer. C/H analyses and
melting point determination were performed on a
Yanaco CHN Corder MT-3 analyzer and a Yanaco
MP-500 apparatus, respectively.

T
1.0 pA

J Vb ——
j’ Li* complex of Vb —e—v—

Fig. 4. A comparison between cyclic voltammograms of Vb and its
Li* complex.
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3.1. Preparation of [Mo,Fe(u;-S)(CO),J-
[n°>-CsH,CH,CH,O0CH,CH,CsH ;-n°] (Illa)

A 100-ml three-necked flask equipped with a stir-bar,
a serum cap and a reflux condenser topped with a N,
inlet tube, was charged with 0.158 g (0.6 mmol) of
Mo(CO),, a THF solution of ca. 0.3 mmol of Nay(n>-
C;H,CH,CH,0OCH,CH,CsH,-1°) and 10 ml of THF.
The mixture was stirred and refluxed for 20 h to give
[NaMo(CO);],(n® - CsH,CH,CH,OCH,CH,CsH, - 1)
(Ia). After the mixture was cooled to room temperature
(r.t.), 0.340 g(0.3 mmol) of [MoCoFe(u;-S)(CO)gl,[n’-
CsH,CH,CH,0CH,CH,CsH,n°] (Ila) and 30 ml of
THF were added, and the mixture was stirred and
refluxed for 20 h. After removal of volatiles, the residue
was extracted with CH,Cl, and then the extracts were
subjected to TLC using 3:2 (v/v) CH,Cl,/petroleum
ether as eluent. From the main brown band was ob-
tained 0.041 g (10%) of Illa as a black solid. m.p.
260°C (dec). Anal. Found: C, 37.61; H, 2.25.
C, H,(FeMo0,0,S Calc.: C, 37.30; H, 2.39%. IR(KBr
disk): veo 2029vs, 1977vs, 1940vs, 1880s, 1855s,
1827vs; ve o c 1112m em~!. 'H-NMR (200 MHz,
CDCl,): 6 2.60-3.10 (m, 4H, 2C;H,CH,), 3.58-3.70
(m, 4H, CH,OCH,), 4.98, 5.20 (2s, 4H, 2H?, 2H%), 5.22,
5.39 (2s, 4H, 2H3, 2 H%).

3.2. Preparation of [Mo,Fe(u;-S)(CO),],,-
[n’-CsH ,CH,(CH,OCH,),CH,CsH ,-°],, (IIlb, m = 1;
Vb, m=2; Vb, m=3)

To the same equipped flask described above were
added 0.264 g (1.0 mmol) of Mo(CO),, a THF solution
of ca. 0.5 mmol of Na,[n’-CsH,CH,(CH,-
OCH,),CH,CsH,-n%) and 10 ml of THF. The mixture
was stirred and refluxed for 20 h to give
[NaMo(CO);],[n’>-CsH,CH,(CH,0CH,), CH,CsH,;n’]
(Ib). After the mixture was cooled to r.t., 0.390 g (0.33
mmol) of [MoCoFe(u;-S)(CO)gl,[n’-CsH,CH,(CH,-
OCH,),CH,CsH,-n°] (IIb) and 15 ml of THF were
added, and the mixture was stirred and refluxed for 50
h. After removal of volatiles, the residue was extracted
with acetone and then the extracts were subjected to
TLC using 30:1 (v/v) CH,Cl,/Et,O as eluent. From the
first brown band was obtained 0.100 g (21%) of IIIb as
a black solid. m.p. 200°C (dec). Anal. Found: C, 38.72;
H, 3.02. C,;H,,FeMo0,0,S Calc.: C, 38.36; H, 2.80%.
IR (KBr disk): veo 2028vs, 1981vs, 1957s, 1935s,
1895s, 1875s, 1821s; ve o c 1126m cm~! 'H-NMR
(200 MHz, CDCl,): ¢ 2.64-3.01 (m, 4H, 2C;H,CH,),
3.64-3.75 (m, 8H, 2(CH,OCH,)), 4.97, 5.20 (2s, 4H,
2H2?, 2H%), 5.26, 5.30 (2s, 4H, 2H3 2H*). From the
second brown band was obtained 0.070 g (15%) of IVb
as a brown-red solid. m.p. 57-59°C. Anal. Found: C,
38.45; H, 2.94. C,,H,oFe,Mo0,0,,S, Calc.: C, 38.36; H,
2.80%. IR (KBr disk): veo 2034vs, 1976vs, 1888s,

1835s; ve o ¢ 1110m cm~—!. 'H-NMR (200 MHz,
CDCly): 6 2.64 (s, 8H, 4C;H,CH,), 3.59 (s, 16H,
4(CH,0OCH,)), 5.15, 5.22 (2s, 16H, 4CsH,). From the
third brown band was obtained 0.025 g (5%) of Vb as
a brown-red solid. m.p. 60—62°C. Anal. Found: C,
38.81; H, 3.03. C¢HgoFesMog0,,S; Calc.: C, 38.36; H,
2.80%. IR (KBr disk): veo 2033vs, 1974vs, 1884s,
1830s; ve o ¢ 1107m cm~—!. 'H-NMR (200 MHz,
CDCly): o 2.64 (s, 12H, 6C;H,CH,), 3.60 (s, 24H,
6(CH,O CH,)), 5.17, 5.21, 5.22, 5.31 (4s, 24H, 6CsH,).

3.3. Preparation of [Mo,Fe(u;—S)CO),],,-
[n °~CsH,CH,(CH,OCH,);CH,CsH ,—1 5]m (e,
m=1; Ve, m=2; Ve, m=3)

To the flask described above were added 0.264 g (1.0
mmol) of Mo(CO),, a THF solution containing ca. 0.5
mmol of Na,[n*-CsH,CH,(CH,0CH,);CH,CsH,—1’]
and 10 ml of THF. The mixture was stirred and
refluxed for 20 h to give [NaMo(CO),l,[n’—
CH,CH,(CH,OCH,);CH,C:H,—n°] (Ic¢). Upon cool-
ing the mixture to room temperature, 0.490 g (0.4
mmol) of  [MoCoFe(u;—S)(CO)gl,[n°~CsH,CH,-
(CH,OCH,);CH,C:H,—n°] (IIc) and 30 ml of THF
were added and the mixture was stirred and refluxed for
50 h. After removal of volatiles, the residue was ex-
tracted with acetone and then the extracts were sub-
jected to TLC using 6:5 (v/v) THF/petroleum ecther as
eluent. From the first brown band was obtained 0.151 g
(25%) of Illc as a black solid. m.p. 172°C (dec). Anal.
Found: C, 39.38; H, 3.11. C,sH,,FeMo,0,,S Calc.: C,
39.29; H, 3.17%. IR (KBr disk): ve_o 2029vs, 1982vs,
1952vs, 1929vs, 1908s, 1895s, 1865s, 1840s; ve o ¢
1108m c¢cm~'. 'H-NMR (200 MHz, CDCl,): § 2.57-
2.84 (m, 4H, 2CsH,CH,), 347-3.79 (m, 12H,
3(CH,OCH,)), 5.06 (t, 4H, 2H?, 2H%), 5.28, 5.65 (2s,
4H, 2H3, 2H*. From the second brown band was
obtained 0.106 g (17%) of IVec as a brown-red solid.
m.p. 64-66°C. Anal. Found: C, 39.57, H, 3.09.
CsoH,sFe,Mo,0,,S, Cale.: C, 39.29; H, 3.17%. IR (KBr
disk): ve_o 2034vs, 1975vs, 1886s, 1830s; ve_ o 1102m
cm~!'. '"H-NMR (200 MHz, CDCl,): 6 2.65 (s, 8H,
4C;H,CH,), 3.62 (s, 24H, 6(CH,OCH,)), 5.19-5.31 (m,
16H, 4CsH,). From the third brown band was obtained
0.068 g (11%) of Ve as a brown-red solid. m.p. 51—
52°C. Anal. Found: C, 39.51; H, 3.19. C,H,,-
Fe;Mo,05,S; Cale.: C, 39.29; H, 3.17%. IR (KBr disk):
Voo 2033vs, 1974vs, 1886s, 1830s; ve o ¢ 1109m cm — !
'H-NMR (200 MHz, CDCL): J§ 2.63 (s, 12H,
6CsH,CH,), 3.61 (s, 36H, 9(CH,O CH,)), 5.15-5.31
(m, 24H, 6CsH,).

3.4. Preparation of [Mo,Fe(u;-S)(CO),ln°-
CsH,CH,(CH,OCH,,),CH,CsH -n°] (Ild)

To the flask described above were added 0.422 g (1.6
mmol) of Mo(CO),, a THF solution containing ca. 0.8
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Ila IIIb IIlc

Formula C, H,(FeMo0,04S C,;H,,FeMo0,0,S C,sH,,FeMo0,0,,S
Formula weight 764.25 676.14 720.19
Cryst dimensions (mm) 0.20 x 0.20 x 0.30 0.20 x 0.20 x 0.30 0.20 x 0.30 x 0.30
Crystal system Monoclinic Monoclinic Monoclinic
Space group P2,/n (no. 14) P2,/c (no. 14) P2, (no. 4)

a (A) 11.670(4) 14.455(6) 11.389(2)

b (A) 13.360(6) 11.439(2) 17.440(4)

¢ (A) 14.530(5) 16.338(5) 14.726(2)

B 94.53(3) 110.85(3) 109.17(1)
v (A3) 2258(1) 2524(1) 2762.6(9)
Z 4 4 4
Dy (g em™3) 1.988 1.895 1.837
F(000) 1328 1424 1520
u Mo-K,) (em~1) 18.63 16.76 15.16
Temperature (K) 293 293 296
Wavelength (A) 0.71069 0.71069 0.71069
Scan type w-20 w-20 w-20
20 max (©) 50.0 49.9 53.9
No. of observns, n 2732 2933 5994
No. of variables, p 299 326 747
R 0.041 0.029 0.045
R, 0.050 0.035 0.054
Goodness-of-fit 1.60 1.32 1.54
Largest difference peak and hole (¢ A~3) 0.56 and —0.68 0.41 and —0.70 1.07 and —2.38

mmol of Na,[n*-CsH,CH,(CH,OCH,),CH,CsH,-n’]
and 20 ml of THF. The mixture was stirred and
refluxed for 20 h to give [NaMo(CO);],[n’-
C;H,(CH,0CH,),CH,CsH,-n’°] (Id). Upon cooling the
mixture to r.t., 0.633 g (0.5 mmol) of [MoCoFe(u,-
S$)(CO);l.[n*-CsH,CH,(CH,O CH,),CH,CsH,n’] (11d)
and 20 ml of THF were added and the mixture was
stirred and refluxed for 50 h. Solvent was removed
under vacuum to give a residue. The residue was ex-
tracted with acctone and then the extracts were sub-
jected to TLC using 30:1 (v/v) CH,CL,/THF as eluent.
From the main brown band was obtained 0.140 g (17%)
of IIld as a brown-red solid. m.p. 100—101°C. Anal.
Found: C, 39.81; H, 3.24. C,;H,;FeMo,0,,S Calc.: C,
40.12; H, 3.49%. IR (KBr disk): v 2031vs, 1976vs,
1943vs, 1914s, 1883s, 1836vs; ve o ¢ 1119m cm 1.
'H-NMR (200 MHz, CDCL;): 6 2.63-2.71 (m, 4H,
2CsH,CH,), 3.58-3.68 (m, 16H, 4(CH,OCH,)), 5.16 (s,
4H, 2H?, 2H°), 5.20, 5.42 (2s, 4H, 2H?, 2H%).

3.5. X-ray structure determinations of Illa—c

Single-crystals of Illa, IIIb and IIlc suitable for X-ray
diffraction analyses were grown by slow evaporation of
their CH,Cl,/hexane solutions at about 4°C. Each crys-
tal was mounted on a Rigaku AFC7R or an Enraf-No-
nius CAD4  diffractometer with a  graphite
monochromator with MoKa radiation (1= 0.71069A).
Details of the crystal data, data collections and struc-
ture refinements are summarized in Table 7. The struc-

tures were solved by direct methods and expanded by
Fourier techniques. The final refinements were accom-
plished by the full-matrix least-squares method with
anisotropic thermal parameters for non-hydrogen
atoms. The calculations for IIla—c¢ were performed
using the TEXSAN crystallographic software package of
the Molecular Structure Corporation.

3.6. Cyclic voltammetry measurements of Illa—d, IVb,c
and Vb,c

Cyclic voltammetry measurements were performed
using a BAS-100B eclectrochemical analyzer and were
carried out in dichloromethane solution containing 0.1
M n-Bu,NPF using a platinum working electrode
(¢ =1 mm) and a platinum wire counter electrode, with
ferrocene, E,, =0.41-0.42 V, as internal reference. All
potential values are quoted relative to SCE.

The dichloromethane solution, ca. 1.0 x 1073 M in
cluster compound or ca. 5.0x 10~ M in LiPF,,
NaPF¢ or KPF, was placed in a single-compartment
electrochemical cell and degassed by bubbling with
argon for 5 min before measurement. An argon atmo-
sphere was continuously maintained above the solution
while the experiments were in progress. The platinum
working electrode surface was polished with 0.05 pum
alumina, sonicated in distilled water, and air-dried im-
mediately before use.
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4. Supplementary material

Crystallographic data for the structural analysis have
been deposited with the Cambridge Crystallographic
Data Centre, CCDC no. 150514 for IIla, CCDC no.
150515 for IIIb and CCDC no. 150516 for IIlc. Copies
of this information may be obtained from The Direc-
tor, CCDC, 12 Union Road, Cambridge, CB2 1EZ,
UK (fax: +44-1233-336033; e-mail: deposit@ccdc.
cam.ac.uk or www: http://www.ccdc.cam.ac.uk).
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