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l. Introduction

In 1981, Murray and Hartley reviewed comprehensively the coordi-
nation chemistry of thioether ligands, RoS (149). At that time, rela-
tively few thioether complexes had been prepared compared to the mass
of work reported on metal complexes of amines and phosphines. This
reflected the general observation that thioethers are poor donors to
transition metal ions. Thus, on going from RsP to ReS to RCI, the
coordinative ability of these ligands to metal centers decreases. This
can, in part, be related to the number of available lone pairs on the
donor atom. Assuming one lone pair is donated to the metal ion, the
number of remaining lone pairs on the donor atom is zero for RsP — M,
one for ReS — M, and two for RCl — M. Thus, the repulsive term be-
tween the lone pairs on the ligand and the metal-based electrons will
increase in the order RsP—- M < R;S— M < RCl— M, leading to
weaker complexes along this series (149).

Tertiary phosphines, R3P, are generally regarded as good m-acceptor
ligands. Thus, synergic bonding involving P— M o-donation and
M — P =-back-donation is the characteristic Dewar—Chatt model for
phosphine binding to metal centers (142, 143). For thioethers, R,S,
however, an ambiguity exists. If one lone pair of R3S is involved in
o-bonding to the metal center (assuming sp® hybridization at S), the
second lone pair is then capable of 7-donation to the metal (Fig. 1). In
addition, the S-donor has empty d orbitals that may be of the correct
symmetry and energy to act as wm-acceptor orbitals. In principle, there-
fore, thioethers are capable of acting as m-acceptors or 7-donors(149).
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Fic. 1. Metal-thioether bonding assuming sp® hybridization at S.
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Orpen and Connelly have suggested on the basis of structural evidence
that back-donation into a P-X o*-orbital (X = substituent on P) is
involved in M—P #-bonding (154). It remains to be seen whether a
similar description of M—S(thioether) bonding is of relevance.

The coordination chemistry of thioether ligands has undergone a
renaissance over the past 5 years. This has been primarily due to the
observation that cyclic thioethers can bind to a range of transition
metal ions to form stable metal complexes(74, 188). The properties of
the M-S(thioether) bond can now be studied with a variety of metal
centers, oxidation states, and coordination geometries. The use of cyclic
thioether ligands to stabilize and study M-S(thioether) bonding is
linked to the thermodynamic macrocyclic effect in which macrocyclic
complexes are observed to be of greater stability than their open-chain
analogues (110). The macrocyclic effect for certain thioether ligands is,
however, much diminished (140) due to reorganizational energy con-
siderations (110). For example, [14]aneS;' and [18]aneSs adopt
conformations as metal-free ligands in which the lone pairs of the
S atoms are directed out of the ring (86, 114, 224). This leads to the
formation of complexes in which the thioether donors bind exo to
the ring, causing bridging between two metal fragments. Early exam-
ples of such binding include [CloHg([14]aneS, )HgCly] (6, 7) and
[C1;Nb([14]aneS, )NbCl5 ](85). The latter is a remarkable example of a
thioether ligand bound to a genuinely high-valent, early transition
metal center. The formation of endo complexes of [14]aneS, therefore
requires reorganization of the metal-free cyclic ligand from an exo to an
endo conformation as observed for the complex [Ni([14]aneSs)]*"
(82, 110, 182, 183). In contrast, the trithia crown [9]aneS; requires no
such reorganization for facial binding to metal ions; this ligand is
preorganized for facial coordination to a metal center(102, 110). This, in
part, explains the massive current interest in the coordination chem-
istry of [9]aneS3; and in its N-donor analogues [9]aneN; and Me;s-
[9]aneN3 (67).

Another impetus for the study of the coordination chemistry of crown
thioethers stems from the role of thioether binding in biological sys-
tems such as d-biotin (involving tetrahydrothiophene) (145, 208) and
blue copper proteins such as plastocyanin and azurin (involving methi-
onine) (¢, 13, 73, 109, 124, 185). The binding of Cu(II) and Cu(I) centers
to macrocyclic thioethers has led to a greater understanding of
Cu-S(thioether) interactions and the stereochemical preferences of
these metal centers (91, 95, 99, 121, 180, 181).

! See list of abbreviations at the end of this chapter.
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The binding of cyclic thioethers to metal centers has also led to the
isolation of complexes in which the coordinative properties of the ligand
do not fit the stereochemical preferences of the metal ion(s) (188). Thus,
a series of macrocyeclic thioether complexes incorporating unusual ster-
eochemistries and/or oxidation states has been generated (188). This is
linked to the biological activity of the blue copper proteins and model
systems in which the coordination geometry about Cu(Il) is strained [in
an entatic state (212, 221) ] such that the Cu(II)/(}) couple occurs at a
particularly positive potential; that is, the Cu(l) state is stabilized. The
ability of cyclic thioethers to modify their coordination properties is
inherent in this approach (76, 108, 111).

The parallel between the binding of soft, transition metal ions by soft,
cyclic thioether ligands and the binding of hard, main-group metal ions
(Group IA and IIA) by hard, cyclic oxyether ligands is striking. The
Edinburgh group entered the area of thioether coordination chemistry
as a route to the synthesis of macrocyclic complexes of the platinum
group metal ions, and many of the late second- and third-row metal ions
form very stable complexes with a range of thioether crowns (16, 188).
Interestingly, [9]aneS; and its N-donor analogue [9]aneN3 have quite
similar ligand-field strengths, as measured by values of 10Dgq.
However, values for the Racah parameter B differ substantially, indi-
cating greater covalency in M—S bonds with [9]aneS; compared to M—N
bonds with [9]aneNj; (175). This leads to the formation of low-spin metal
complexes of the first-row transition series with [9]aneS; (219). A com-
parative analysis of [9]aneS3, [9]aneN3, and [9]aneN,0 using the angu-
lar overlap model has been reported (175).

The aim of this chapter is to summarize critically the coordination
chemistry of homoleptic thioether macrocycles, with emphasis on likely
future developments and uses. The chemistry of mixed-donor ligands is
not included. The literature is reviewed up to mid-1989 with particular
emphasis on the literature since 1980. Some unpublished results,
mainly crystallographic data from our own laboratories, are included.
Recent reviews on aspects of thicether chemistry include those by Mur-
ray and Hartley (149), Kuehn and Isied (125), Cooper (74), Schrider
(188), and Miiller and Diemann (148).

Il. Synthesis of Ligands
The high-yield syntheses of macrocyclic polyoxoethers are character-

ized by the strong template effects that arise from oxygen coordination
by alkali metal ions during cyclization of polyoxo units (96, 106, 157,
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158, 159, 160, 161, 162, 168, 214). The low affinity of sulfur for alkali
metal ions, however, renders template effects of less consequence in the
synthesis of polythia macrocycles. Thus, the competition between cycli-
zation and linear polymerization is more statistically defined, with
cyclization kinetically favored only at high dilution (64, 65, 66). Conse-
quently, most of the synthetic methods for the synthesis of polythia
rings involve high-dilution techniques coupled with relatively long
reaction times. Historically, the study of the coordination chemistry of
macrocyclic thioethers has been hindered by difficulties in the synthe-
sis of the free ligands. The synthesis of [9]aneSs, first reported by
Ochrymowycz and co-workers in 1977 (101), illustrates this well.
Reaction of the disodium salt of 3-thiapentane-1,5-dithiolate with
1,2-dichloroethane (Scheme 1) gave an isolated yield of [9]aneS; of only
0.04% (101). Glass and co-workers improved the yield to 4.4% by using
the benzyltrimethylammonium salt of the dithiolate instead of diso-
dium salt and by performing the reaction under high-dilution condi-
tions (198). Although the yield of [9]aneS; was still very low, a bypro-
duct of the latter route proved to be the 2 + 2 addition product,
[18]aneSg, in up to 32% yield (33). It was not until 1984 that a high-
yield synthesis of [9]aneS3 was reported. Sellmann and Zapf utilized the
Mo(CO); fragment as a template around which cyclization of the open-
chain dithiolate and 1,2-dibromoethane could be achieved (Scheme 2)
(194, 195). This methodology inhibits the formation of larger ring mac-
rocycles and polymers to give the 1 + 1 condensation product, [9]aneS;,
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in more than 60% yield. Significantly, this synthetic route is simple and
reproducible, and can be made catalytic in terms of Mo. More recently,
Blower and Cooper have reported a large-scale synthesis of [9]aneS; in
50% yield (64), which makes use of the Cs;CQO3-mediated cyclization of
thioether macrocycles in dimethylformamide (DMF) first reported by
Buter and Kellog (62, 63).

Interestingly, a synthesis of [12]aneS; in 3% yield was reported by
Rosen and Busch as early as 1970 (184). This route involved reaction of
1,3-dibromopropane with the dianion of 1,5,9-trithianonane. However,
using the Cs,CO3/DMF cyclization route, a range of thioether macrocy-
cles of various donacities and ring sizes can now be prepared in good
yields (223). An alternative route to cyclic sulfides has been developed
via hydrolysis of thiouronium salts (78).

The syntheses of [12]aneS,, [13]aneS,, and [14]aneS, were first re-
ported by Rosen and Busch (182, 183, 184; see also 107); Black and
McLean (21, 22) reported the synthesis of | 18]JaneSg using the procedure
first developed by Reid and co-workers (146, 211). This latter procedure
involves the condensation of dithiolate with the corresponding dibro-
moalkane (Scheme 3). In 1974 Ochrymowycz and co-workers described
the synthesis of 19 S,-, S4-, S5-, and Sg-donor macrocyclic compounds in
low to moderate yields (Scheme 4) (151). Although the route involved
the use of mustard gas or its derivatives, this was an important break-
through in the synthesis of polythia macrocycles.

By combining the procedures of Ochrymowycz and co-workers (151)
with the high-dilution Cs,CO;/DMF cyclization developed later by

(L. ™ N
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Buter and Kellogg (62, 63), large-scale synthesis of thioether macrocy-
cles can now be achieved in good yields (177, 223, 224, 226). Octathia
Sg-donor macrocycles have been synthesized as 2 + 2 products from the
cyclization reactions employed to form tetrathia Ss-donor ligands (59,
61,83, 147, 209).

The separation of thioether macrocycles using high-performance lig-
uid chromatography has been reported (69). The ligands [9]aneSs,
[12]aneSy, [14]aneSy, [16]aneS,, [15]aneSs, {18]aneSg, [24]aneSg, and
[28]aneSg are now readily available from commercial suppliers, re-
flecting the ease of their synthesis and the interest now shown in their
chemical and coordinative properties.
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A range of mixed-donor thia macrocycles have also been prepared
using related techniques (5, 57, 58, 59, 60, 62, 63, 93, 123, 150, 213);
water-soluble thioether macrocycles incorporating hydroxy-groups on
the carbon back-bone have also been reported (163).

Sellmann and co-workers have extended their work on the template
synthesis of [9]aneS; and related open-chain thioether ligands at
a Mo(CO); fragment (194, 195, 196) to the template synthesis
of Bzy[18]aneSg and Bz[9laneS; about [Fe'(CO)] (191, 192) and
[Ru'™(CO) ] (193) fragments, respectively (Scheme 5).

Mass spectroscopic (136, 191) and *C NMR spectroscopic (83) studies
on thioether macrocyclic ligands and related open-chain systems have
been reported. The synthesis of thioether macrocyclic compounds incor-
porating the cycloheptatriene and tropylium ion moieties has been
described (152).

Very recently, a series of thioether macrocycles containing the thio-
phene unit was synthesized by Lucas and co-workers (Fig. 2) (137,

)\‘ ([_jﬁs Sflsls
(i)( PRGN

>

Fic. 2. Thioether macrocycles containing the thiophene unit.
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lll. [9]aneS; and Related Trithia Ligands

A. FRreE LiGANDS

The single-crystal X-ray structure of [9]aneS; reported by Glass and
co-workers shows (Fig. 3) the compound adopting a [333] (80) endo
conformation (C3 symmetry) with the S-atoms directed towards the
centre of the macrocyclic ring, C-S = 1.820(5), 1.823(5) A and
C-C = 1.510(6) A (102). The transannular S---S distance of 3.451(2) A
is less than 3.70 A, the sum of the van der Waals radii for S (156).

Interestingly, [9]laneO3 adopts an unsymmetrical [234] conformation
(56). The solid state structure of [9]aneS; contrasts with those of other
polythioether macrocyclic molecules, which generally adopt exo con-
formations with the S-donors pointing out of the macrocyclic cavity (81,
86, 224). [9]aneS; is therefore a unique thioether crown because it is
preorganized for facial coordination to metal ion centers; thus, rear-
rangement from an exo to an endo conformation as observed in the
coordination chemistry of tetra-, penta-, and hexathia crowns (87, 122,
224) is not a general feature of the coordination chemistry of [9]aneSs.
Conformational analysis of [9]aneS; using photoelectron spectroscopy
suggests retention of the [333] conformation in the gas phase (197).
Cyclic voltammetry of [9]aneS; in CH3;CN shows an irreversible oxida-
tion at E,, = +0.99 V vs. Fc*/Fc to give sulfonium and sulfoxide spe-
cies (219); a return wave is observed at E,. = —0.55 V vs. Fc¢*/Fc and is
assigned to reduction of the oxidation product rather than of [9]aneS;
itself (53, 219). Very recently, the oxidation product of [9]aneS; was
characterized as a bicyclic sulfonium cation (Fig. 4) formed via transan-
nular S—C bond formation and C-H bond cleavage. The resulting bicy-
clic compound incorporates fused five- and six-membered rings, which
leads to the relative stability of this species (48).

Fi1G. 3. {9]aneS;.



Fig. 6. [Mo(CO)3([9]aneSs) 1.
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The single-crystal X-ray structure of [12]aneS; (Fig. 5) shows the
molecule to adopt a square conformation similar to that of cyclodode-
cane (97) and [12]aneS4 (178, 224), with one S atom at a corner and two
in side positions (169). Four of the six C—S bonds and four of the six C-C
bonds in [12]aneS; lie in gauche placements (169).

B. CHrROMIUM, MOLYBDENUM, AND TUNGSTEN

Reaction of [Cr(OH,)g]Cl; with [9]aneS3 affords [CrCls([9]aneSs3) ],
which can be converted to [Cr(OSO.CF3)3([9]aneS3)] on treatment
with CF3SO3H (126). Interestingly, reactions of simple Cr(III) salts
with two molar equivalents of [9]aneS; in solution failed to give the
bis-sandwich species [Cr([9])aneSs3);]**. However, this complex could be
prepared by heating solid [Cr(OHs)gl(C103)5 with solid [9]aneS;. The
resultant pink product [Cr([9]aneS3)2](C104); is highly explosive in the
solid state and decomposes in solution. The bonding of [9]aneS; to
Cr(I1I) is, therefore, weak with a small ligand-field splitting. This can
be rationalized in terms of the lack of w-donacity of the hard Cr(III)
center to the soft thioether ligands (126). The binding of hard metal ions
such as Ti(IV) to thioether ligands has been described (153).

The template synthesis of [9]aneS; at a Mo(CO); fragment has been
reported (194, 195) (see Section II, Scheme 2). The single-crystal X-ray
structure of [Mo(CO)3([9]aneS3)] (Fig. 6) shows facial coordination of
[9]aneS; to the Mo(0) center: Mo—S = 2.512(6), 2.504(6), 2.543(7) A;
Mo-C = 1.94(2), 1.97(2), 1.93(2) A (10). The S—C—C-S torsion angle in
[Mo(CO)3([9]aneS3) ] is 48° (10) compared to a value of 58° in metal-free
[9]aneS; (102). The reduction in this torsion angle has been ascribed to
adecrease in S-:-S lone-pair repulsions on formation of M-S bonds (10).

A structural comparison between [Mo(CO)s([9]aneS;3)] and [Mo-
(CO)s(L) ] (L = 2,5,8-trithianonane) indicates that the sulfur-donor or-
bitals are more favorably directed toward the metal center in the latter,
acyclic complex (9). Reaction of [MoCl3(THF)3] with [9]aneS; affords
[MoCl3([9]aneS3) ] in high yield as a red/brown product (195). Oxida-
tion of [Mo(CO)s([9]aneS;)] with 30% H,0. affords the metal-free
hexaoxide of [9]aneSs, 1,4,7-trithiacyclononane-1,1,4,4,7,7-hexaoxide
(129). This compound was prepared previously by direct oxidation of
[9]aneS; with MnOj under acidic conditions (174).

Reaction of the Mo(II) dimer [(CH3CN)sMo(OAc)sMo(NCCH3)3)**
with [9]aneS; leads to replacement of the coordinated CH3CN
ligands to give [([9]aneS3)Mo(OAc):Mo(NCCH3)3]%*  and
[ ([9]aneS;)MO(OAc);Mo([9]aneS3) 1** (126). Reaction of [ ([9]aneSs;)-
Mo(OAc);:Mo(NCCH3)3]** with L affords the neutral species



12 ALEXANDER J. BLAKE AND MARTIN SCHRODER

[ ([9]aneS;3)Mo(OAc)eMo(L)s] (L. = SCN, OCN, Cl, Br) (126).

No complexes of [9]aneS; with W have been reported, although it
seems likely that [W(CO)a([9]aneS3)] and [WCla([9]aneS3) ] might be
prepared by similar routes to their Mo analogues.

C. MANGANESE AND RHENIUM

Reaction of [MnX(CO)s] with [9]aneS; affords the complexes
[Mn(CO)s([9]aneS3) IX (X = Cl, Br, I) (98). The kinetics of this reaction
were found to be zero-order in [9]aneSs; a limiting dissociative mecha-
nism in which loss of a CO ligand cis to X in [MnX(CO)s] was proposed
as the rate-determining step. Activation parameters for these ligand
substitution reactions have been measured. The single-crystal X-ray
structure of [Mn(CO);([9]aneSs) 1* shows [9]aneS3 bound facially to the
Mn(I) center with Mn—S = 2.321(3), 2.338(5) 4; Mn-C = 1.810(10) A
(98). Treatment of [Mn(CO)3([9]aneS3)]1* with NoH, gives [Mn(NCO)-
(CO)2([9]aneS3)], which reacts with HCl to afford [MnCl(CO),_
([9]aneS;)] and reacts with NOBF, to give [Mn(CO):(OHy)-
([9]aneS3) 1" (98). Similar reactivity of [MnBr(CO)s] with the N-donor
ligands [9]aneN3; and Mes[9]aneN; to afford [Mn(CO)3([9]aneN3y) IBr
and [Mn(CO)3(Mes[9]aneN3) 1Br, respectively, has been reported (164).

Reaction of [ReBr(CO)s] with [9]aneS; yields [Re(CO)3([9]aneS;) IBr
as a white, airsstable product (164). The single-crystal X-ray structure
of the complex confirms a stereochemistry similar to that observed for
the Mn(I) analogue, with facial binding of [9]aneS3; and mutually cis CO
ligands, Re—-S = 2.459(3), 2.461(3), 2.466(3) A (164). The IR spectrum of
[Re(CO)3([9]aneSs) IBr shows C= 0O stretching-vibrations, vco, at
2010 and 1940 cm™!, compared to values of 2000 and 1870 cm ™! for
[Re{CO)3([9]aneN3) |Br. Since [9]aneN3z would not be expected to show
significant 7-interactions with metal centers, these data suggest that
the thioether donors in [Re(CO)3([9]aneS3) IBr are acting as 7-acceptor
ligands. This is supported by crystallographic evidence that shows the
average Re—C distances in [Re(CO)3([9]aneS3) 1" to be 0.025 A longer
than in [Re(CO)3([9]aneN3) 1* (164).

No complexes of [9]aneS; with Tc have been reported. Thioether
complexes of Tc may have uses in radiopharmaceutical applications
and would complement the chemistry of Tc-phosphine complexes (90).

D. IroN, RUTHENIUM, AND OSMIUM

Reaction of [Fe(OH3)g] (C104); or FeCly-4H,0 with two molar equiva-
lents of [9]aneS; in refluxing CH30H affords the bis-sandwich complex
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[Fe([9]aneSs)2]2* as a purple product (219). This complex is a low-spin
Fe(lI) species with 10Dg = 20,670 cm™ ' and B = 387 cm™! (219);
for [Fe([9]aneN3)212* 10Dg = 18,940 cm™* and B = 575 cm ™ (55, 219,
220). The single-crystal X-ray structure of [Fe([9]aneSs);]?* shows
hexathia coordination to Fe(II) with facial binding of both [9]aneS;
ligands, Fe-S = 2.241(1), 2.251(1), 2.259(1) A (219).

The complex [Fe([9]aneS3),12* shows a reversible one-electron oxida-
tion at E1/2 = +0.98 V vs. Fc*/Fc in CH3CN assigned to an Fe(II)/(I1I)
couple (219). Chemical oxidation of [Fe([9]aneS3);1?* with PbO2in 1 M
H,S0, affords the green Fe(IIl) species [Fe([9]aneS3).]>*, which is
stable for ca. 5 min at pH 6 and for ca. 1 h at pH 1 (129). This unstable
complex has been characterized by electronic and Massbauer spectro-
scopy as a low-spin Fe(III) species. Enhanced stability of the 3+ cation
was noted in concentrated acidic solutions (31) and crystals of the
unstable [Fe([9]aneS3)2]°>* were obtained from concentrated aqueous
HCIlO,. The single-crystal X-ray structure of [Fe([9]aneSs):1** (Fig. 7)
shows a centrosymmetric cation with Fe-S = 2.280(3), 2.2846(25),
2.276(3) A (43). Significantly, the Fe—S bond lengths in [Fe-
([9]aneS3)213* are longer than those for [Fe([9]aneS;),1?", giving clear
structural evidence for the 7-acidity of the thioether donors in the 2+
complex. The stabilization of high-valent cationic complexes of [9]aneS;
under highly acidic conditions is attributed to the inhibition of depro-
tonation and ring-opening reactions of coordinated thioethers ( 39) (see

Fic. 7. [Fe([9]aneSs).1*.
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Section III, E). [Fe([9]aneS3)2]®" is a strong one-electron oxidant that
oxidizes Cl1~ to Clz and HyO3 to O3 [Eq. (1) and (2) ] (129).

2[Fe([9]aneS3);12* + 2C1~ — Cl, + 2[Fe([9]aneS;). > 1)

2(Fe([9]aneS;)P " + Hy0, — Oy + 2[Fe({9]aneS,),1** + 2H' (2)

Oxidation of [Fe([9]aneS;)2]2* with NagSe0Os in aqueous solution af-
fords an orange Fe(Il) complex in which one of the coordinated S-donors
has been oxidized to a sulfoxide (129). The single-crystal X-ray struc-
ture of [Fe([9]aneSs)([9]aneS(S0)) %" (Fig. 8) shows Fe(Il) coordi-
nated to six S-donors. The average Fe—S(thioether) bond length of
2.258(1) A is similar to that observed for [Fe([9]aneS3).12* [2.246(1) A,
whereas the Fe—S(sulfoxide) bond is shortened to 2.207(1) A,
S-0 = 1.498(7) A (129). The S = O stretching vibration, vgo, is ob-
served at 1090 ecm !, while COSY 'H NMR spectroscopic data are
consistent with the solid state structure. Thus, depending on the oxi-
dant used, metal- or ligand-based oxidation of [Fe([9]aneSs)s}*" is ob-
served (129).

Reaction of [Fe(C5H5)I(CO)2] with one molar equivalent of [9]aneS;
affords the mixed-sandwich complex [Fe(CsHj5)([9]aneS3) |*, the single-
crystal X-ray structure of which shows (Fig. 9) facial binding of both the
carbocyclic cyclopentadienyl ligand, Fe-C = 2.007(12)-2.112(12) A,
and the thiocether macrocycle, Fe-S = 2.2100(18), 2.2053(19),
2.2078(19) A (24). [Fe(CsHs)([9]aneS;) 1" shows a reversible Fe(IT)/(ITI)
couple at Eq/3 = +0.44 V vs, F¢*/Fc in CH3CN (24).

FiG. 8. [Fe([9]aneS3) [9]aneS,(SO)) 12*.
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Fic. 9. [Fe(CsHs)([9]aneS3)]*.

Reaction of [RuCly(arene) ], (arene = 4-MeCgH,4'Pr, CsMes, CeHs)
with two molar equivalents of [9]aneS; or [12]aneS; affords the homo-
leptic thioether complexes [Ru([9]aneSs).1%* (Fig. 10) (18, 170, 172)
and [Ru([12]aneS3)2]%* (Fig. 11) (170, 172), respectively. The Ru—S
distances of 2.3272(14), 2.3357(14), 2.3331(14) A for [Ru([9]aneS3)212*
(18) are on average 0.03 A shorter than those of 2.3676(4), 2.3772(4),
2.3736(4) A for [Ru([12]aneS;3)21?* (172). These complexes can be pre-
pared directly from RuCl; by reaction with [9]aneS3; or [12]aneSs
in MeoSO (18). Interestingly, the crystal structure of [Ru-
([9]aneS3)21(BPhy)z includes two molecules of Me,SO per Ru cation; the
O-atoms of the Me2SO molecules approach the outer faces of the coordi-
nated [9]aneS; ligands and interact with their methylene H-atoms
(O---H = 2.201(8), 2.419(8), 2.790(8), 3.291(8) A) (Fig. 12) (18).

[Ru([9]aneS3);]%* shows a one-electron oxidation at particularly
anodic potential, E;/2 = +1.4 V vs, Fc* /Fc. The redox stability of [Ru-
([9]aneS3)2]%" is remarkable and reflects the matching of the electronic
and stereochemical preferences of d® Ru(Il) with the soft, facially bind-
ing tridentate crown (18). Interestingly, oxidation of [Ru({9]aneS3)s1%*
occurs at a potential that is 0.33 V more anodic than for [Ru-
([12]aneS3)2]%*, reflecting the tighter fit of [9]aneS; with Ru(Il) (74,
172). For [Ru([9]aneS;3).]%*, 10Dq = 30,760 cm™! and B = 291 cm ™}
for [Ru([12]aneS3)2)%2* 10Dq = 29,570 em ™! and B = 207 cm™! (172).
The synthesis of [Ru([10]aneS3)2]1** has also been reported (172).

Reaction of [RuCla(CgMeg) ]2 with one molar equivalent of [9]aneSs
affords the mixed-sandwich species [Ru(CgMeg)([9]aneSs) 1% (14, 19,
188); reaction of [RuCly(arene) ] (arene = CgHg, 4—MeCgH4'Pr) with
one molar equivalent of [9]aneS;, however, tends to form the bis sand-
wich complex [Ru([9]aneSs;);1°* together with unreacted Ru(Il) start-
ing material (14).



Fic. 10. [Ru([9]aneS;).12*.

Fic. 11. [Ru([12]aneS;).1%*.

Fig. 12. [Ru([9]}aneS;);12*.2 DMSO.
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A series of piano-stool complexes of Ru(Il) with |9]aneS; has also been
synthesized (70). Treatment of [9]aneS; with RuCl; in Me2SO affords
[RuCl([9]aneS;)(Me,S0)2 1" (18). Reaction of [RuX2(PR3)3]1 (X = Cl, Br;
PR; = PPh3, PEtPhy) with [9]aneS; affords [RuXs(PR3)([9]aneS3) ] or
[RuX(PR3)2([9]aneS3) 1" depending on conditions, whereas reaction of
[RuCl3(PR3)3] (PR3 = PEt,Ph, PMe,Ph) with [9]aneS3 under reducing
conditions gives [RuCl(PR3)s([9]aneS3)}1* (70). The single-crystal
X-ray structure of [RuCl(PEtPhy)s([9]aneS;) 1" (Fig. 13) shows facial
binding of [9]aneS; to the Ru(Ill) center with Ru-S(trans to
Cl) = 2.294(4) A; Ru-S(trans to P)=2.387(4), 2.369(4) A;
Ru-P = 2.378(4), 2.383(4) A; Ru~Cl = 2.453(4) A (23, 70). Removal of
C1™ from [RuCly(PPhg)([9]aneS;) ] using TIPFg in CH3CN affords the
chiral species [RuCI(NCCH;)(PPh3)([9]aneS;)]*, the structure of
which shows (Fig. 14) Ru—S(trans to P) = 2.348(16) A, Ru-S(trans to
CD = 2.248(14) A, Ru-S(trans to NCCHj) =2.332(15) A,
Ru-P = 2.360(14) A, Ru-N = 2.10(4) A, Ru-Cl = 2.439(13) A (23, 70).

Reaction of [RuCla:(NCCHj),] with [9]aneS; under CO affords [RuCl-
(COYNCCH3)([9]aneS3) 1*; the structure of this complex shows (Fig.
15) Ru-S(¢rans to Cl) = 2.3139(11) &, Ru-S(trans to N) = 2.3115(13)
A, Ru-S(trans to C)=2.3923(13) A, Ru-C=1.884¢4) A,
Ru-Cl = 2.4150(14) A, Ru-N = 2.072(4) A (52). The shortening of the
Ru-S distance trans to C1~ can be ascribed to 7w-donation from C1 - Ru
and across to the S-donor; this together with the lengthening of M-
S(trans to P) is consistent with [9]aneS; acting as an overall 7-acceptor
with Ru(Il) (23, 70). The isolobal analogy between the 6-electron donor
arene ligands and [9]aneS; (and also [9]aneN3 and Mej[9]aneN3) is
clear and suggests that the synthesis and development of organometal-
lic half-sandwich complexes of these macrocycles are important syn-
thetic targets.

The template synthesis of Bz[9]aneS; has been achieved by con-
densation of bis(2-bromoethyl)sulfide with [Ru(dpttd}(CO)]
[dpttd®~ = 2,2’-[thiobis(ethylenethio) Ibis(thiophenolate)] (193). The
single-crystal X-ray structure of [RuBry(CO)(Bz[9]aneS3) ] (Fig. 16)
shows facial binding of the trithioether macrocycle to Ru(Il) with Ru—
S(average, trans to Br) = 2.303(4) A, Ru—S(trans to C) = 2.426(4) A
(193).

Reaction of [0sCly(4-MeCgH4'Pr) ]; with two molar equivalents of
[9]aneS; in refluxing EtOH affords the homoleptic thioether complex
[Os([9]aneS3)2]?", the single-crystal X-ray structure of which shows a
centrosymmetric cation, Os—S = 2.3313(18), 2.3380(19), 2.3408(20) A
(15, 70). The complex [Os([9]aneS;3);1** shows a reversible Os(II)/(III)
couple at E;,2 = +1.16 V vs. Fc*/Fc in CH3CN (15, 70). The interme-



Fic. 13. [RuCl(PEtPhy),([9]aneS;) ]*.

Fic. 14. [(RuCI(NCCH3)(PPh;)([9]aneSa) 1.
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Fic. 15. [RuCKCO)NCCH3)( [9]aneS;) ™.

diate mixed-sandwich complex [Os(4-MeCgH4'Pr)(|9]aneS;) 1** can
also be isolated (14, 19, 188), and a single-crystal X-ray structure
determination shows (Fig. 17) Os-—S = 2.3207(14), 2.3594(14),
2.3439(14) A; Os—C = 2.223(5)-2.281(5) A (14, 188).

Reaction of [OsH(CO)o(PPhj),] with [9]aneS; affords the chiral com-
plex cation [OsH(CO)(PPh3)([9]aneS3) |7, the structure of which shows
(Fig. 18) Os—S(trans to P) = 2.369(3) A, Os—S(trans to H) = 2.402(3) A,
Os—S(transto C) = 2.377(3) A, Os—C = 1.868(11) A, Os—-H = 1.60(9) A,
Os-P = 2.3344(24) A (15, 70).

Fi1G. 16. [RuBro(CO)Bz[9]aneS;) |.
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Fic. 18. [OsH(CO)PPh;)([9]aneSg)]*.

E. CoBaLT, RHODIUM, AND IRIDIUM

The syntheses and structures of [M( [9]aneSs)2)2" (M = Co, Ni, Cu)
were reported by Glass and co-workers in 1983 (198). Significantly, this
was the first report of [9]aneS; binding to transition-metal ions. [Co-
([9]aneS;);]%* is violet and is a rare example of a low-spin Co(Il) com-
plex, with a magnetic susceptibility per = 1.82 BM between 100 and
298 K (219, 222). ESR spectroscopy shows the expected eight-line spec-
trum (5%Co, I = 7/2, 100%) for the complex with g., = 2.067 (175, 222).
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The single-crystal X-ray structure of [Co([9]aneS3)2]** shows hexathia
coordination about Co(II) with a tetragonally compressed octahedral
stereochemistry. The Co—S distances of 2.240(7), 2.356(6), 2.367(5) A
compared to the sum of the covalent radii of Co and S (2.360 A) (198).
Interestingly, the structure of [Co([18]aneSg) |>*, which is also low-
spin, shows a tetragonally elongated octahedral stereochemistry with
Co-S = 2.251(1), 2.292(1), 2.479(1) A (113), whereas the Ng analogue
[Co([9]aneN3)2]%* is a high-spin species with u.r = 4.8 BM (55, 219,
220). The overall formation constant for [Co([9]aneS3)2]>* has been
estimated as 8 X 103, indicating that [9]aneSs is an excellent ligand
for Co(II) (222). Interestingly, the complexes [M([12]aneS3)]®*
(M = Fe, Co, Ni) show much-diminished stability relative to their
[9]aneS; analogues; for example, unlike [M([9]aneSs);]1?*, the com-
plexes [M([12]aneS3):]%* (M = Fe, Co, Ni) decompose instantly on con-
tact with water (74, 75). The preorganization of [9]aneS; for facial
binding to metal centers is the basis for the increase in complex sta-
bility with this ligand (102, 110).

Cyclic voltammetry of [Co([9]aneS3)2]2* shows reversible Co(III)/
(II), Co(ID)/(1), and Co(I)/(0) couples at E;,2 = +0.57, —0.29,and —-1.0 V
vs. SHE, respectively, in CH;CN (219, 222). The Co(II)/(III) couple for
[Co([9]aneN3);12*/3* occurs at a potential 830 mV more cathodic than
for [Co([9]aneS3)22*/3*, reflecting the stability of Co(II) with hexathia
coordination (127). Oxidation of [Co([9]aneSs)2]2* with NagzS20g under
aqueous conditions affords [Co([9]aneS3)2]>* as an orange product. The
single-crystal X-ray structure of [Co([9]aneS3)2]** shows a regular
octahedral geometry consistent with a d® Co(IIl) complex,
Co-S = 2.249(1), 2.253(1), 2.258(1) A (127).

The electron-transfer self-exchange rate constant for the [Co-
([9)aneSs)212*/3* couple has been determined as 1.3 x 10* M~ 1sec ™! at
25°C (I=0.2 M) by studying the cross-reaction between [Co-
([9]aneS3)21%* and [Co(phen)s]?* (127). Using 'H NMR line-broadening
techniques, the self-exchange rate constant has been estimated as
1.6 x 10° M~ 1sec™ ! at 25°C (I = 0.2 M) (130).

Treatment of [CoCls([9]aneN3) ] with AgNOj; followed by addition of
[9)aneS; affords the mixed-sandwich species [Co([9]aneNj3)-
(|9]aneS;) 1**, the single-crystal X-ray structure of which shows
Co-S = 2.237(4), 2.248(4), 2.255(5) A; Co—N = 1.957(13), 1.957(12),
1.970(12) A (130). The electron-transfer self-exchange rate constant
for the [Co([9]aneNs)([9]aneS3)1?*/3* couple has been de-
termined as 4.2 X 10* M~ !sec™! at 25°C (I = 0.2 M) by studying the
cross-reaction with [Ru(NH3)g]?*. The Co(ID)/(III) redox couples
for [Co([9]aneNs3)212"/3*, [Co([9]aneNs) [9]aneS3)1>*/3*, and [Co-
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([9]aneSs3)312*/3* were measured as —0.41, +0.01, and +0.42 V vs.
NHE, respectively (130).

Reaction of [Rh(OHj)s]>* or Rh(III) triflate with two molar equiv-
alents of [9]aneS; affords [Rh({9]aneS3);]>* as a colorless prod-
uct (30, 42, 173, 188). The single-crystal X-ray structure of
[Rh([9]aneS3)213* shows a symmetrical octahedral stereochemistry
about d® Rh(III) with Rh—S = 2.3316(14), 2.3335(12), 2.3335(12) A (30,
173).

The complex [Rh([9]aneS;);13* shows two reversible, one-electron
reductions at E,,, = —0.71 V and —1.08 V vs. Fc*/Fc assigned to
Rh(II)/(QI) and Rh(ID)/(I) couples, respectively. The monomeric d’
Rh(II) species can be generated by controlled potential electrolysis and
shows a strong ESR signal with g = 2.085, 2.042, 2.009 measured at
77 K as a frozen glass (30, 173). This is a rare example of a genuine,
mononuclear Rh(II) complex. Thus, the trithia crown is capable of
conforming to the stereochemical requirements of coordinated df, d’,
and d® metal centers. The stereochemistry about Rh(I) in
[Rh([9]aneS;)2]%* has not been confirmed by diffraction studies but is
probably tetragonally elongated octahedral as observed for related d”
PA(III) complexes (27, 42). The geometry of [Rh({9]aneS3)2]* is un-
known; although Rh(I) prefers a square planar geometry, weak interac-
tion of the apical S-donors to the [RhS,]* plane to give a4 + 2 coordina-
tion appears likely. Similar apical interations have been observed in
the related d® hexathia complexes [M([9]aneSs);I** (M = Pd(ID) (41,
218),Pt(ID) (29),x = 2; M = Au(Il) (26),x = 3). Very recently, however,
the single crystal X-ray structures of [Rh([9)aneS3)}(C2H,4)2]" and
[Rh([9]aneS3)(COD)]* (COD = 1,5-cyclooctadiene) have shown these
complexes to be five coordinate in the solid state (37).

The Rh(III)/(I1) and Rh(II)/(I) redox couples shift anodically on going
from [Rh([9]aneS;3)213" to [Rh([12]aneS3)2]13* (74). Thus, Rh(I) is desta-
bilized more by {9]aneS; than by [12]aneS;, presumably due to the
greater apical interaction of [9]aneS; with Rh(I). Likewise, the Rh—S
bond lengths in [Rh([12]aneSs;),]>* are on average 0.03 A longer than in
[Rh([9]aneSs3)213"; similarly, the corresponding Rh(II) and Rh(I) cations
would be expected to show shorter Rh—S bond lengths for the complexes
of [9]aneS;.

Reaction of [9]aneS; with a series of dirhodium(II) carboxylates
[Rha(OOCR)4] (R = Me, Et,"Pr) yields polymeric adducts of stoichiome-
try {[Rh2(OOCR)4]3([9]aneSs3),} n (118).

Treatment of [M(CsMe5)Clz]z (M = Rh, Ir) with one molar equivalent
of [9]aneS; affords the mixed-sandwich complexes [M(Cs-
Mes)([9]aneSs) 12 (14, 19, 188).
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The complex cation [Ir([9]aneS3);13* can be prepared in low yield via
[IrCls([9]aneS;) ] by extended reflux of IrCl; with [9]aneS; in ethylene
glycol (188). A better synthetic route involves reaction of [IrCI(COT)z];
(COT = cyclooctene) with four molar equivalents of [9]aneS; in EtOH
(44, 188). This yields [IrH([9]aneSs)2]2*, which can be converted to
[Ir([9]aneS3);1** by treatment with HNO3. The single-crystal X-ray
structure of [Ir([9]aneS3)2]®* shows the expected octahedral stereo-
chemistry about Ir(III) with Ir-S = 2.338(3), 2.341(3), 2.342(3) A (49).
The intermediate [IrH([9]aneSs)z]2* shows a characteristic 'H NMR
spectrum with a resonance at § = —13.4 ppm assigned to a metal-
hydride proton; asymmetric resonances from the methylene protons of
two coordinated [9]aneS; ligands are also observed. The single-crystal
X-ray structure of the complex [IrH([9]aneS3)z]%* (Fig. 19) confirms an
octahedral geometry at Ir(III), with one [9]aneS; being tridentate and
the other [9]aneS; bidentate to the metal center: Ir-H = 1.58(6) A;
Ir-S(trans to H) = 2.476(5) A; Ir-S = 2.298(5), 2.319(5), 2.321(5),
2.344(5) A (44). The formation of [IrH([9]aneSs)2]2* occurs presumably
via oxidative addition of H* to [Ir([9]aneS3);]* or a related species.
Addition of protic acids to [IrH([9]aneS3)212* gives [Ir([9]aneSs)213* in
good yield (44).

The complex [Ir([9]aneSs):]** shows a reduction at —1.38 V vs.
Fc*/Fc tentatively assigned to an Ir(III)/(II) couple. Dimerization of
[M([9]aneS3)2]2* (M = Rh, Ir) is a likely route for decomposition of
these paramagnetic monomers (44). In situ electrochemical reduction of

Fic. 19. [IrH([9]aneSs).12*.
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[Rh([9]aneS3)2]3 at —25°C using a UV/vis optically transparent thin-
layer electrode confirms the isosbestic interconversion of 3+, 2+, and
1+ cations with loss of intensity of the S — M charge-transfer bands at
270 nm (44).

Addition of one molar equivalent of EtgN to solutions of the com-
plexes [Co([9]aneS3)213* (M = Co, Rh, Ir) in CH;CN or CH3sNO,, or
dissolution of [M([9]aneS3)2}®* in water at pH > 4 leads to a rapid
change in color of the solutions: from orange to green (A ax = 685 nm)
for Co, from colorless to red (Apax = 474 nm) for Rh, and from colorless
to yellow (Amax = 379 nm) for Ir. Importantly for M = Co, this process is
reversed under aqueous conditions at pH < 2, and the interconversion
of orange to green species can be cycled readily by control of pH (39).

The '"H NMR spectra of the basic solutions each show resonances near
8; = 6.6 ppm (doublet of doublets, 1H) with a multiplet near 8; =
6.2 ppm (2H) assigned to olefinic protons. In addition, a series of mul-
tiplets is observed in the range 2.8—4.0 ppm (20H) and is assigned to the
methylene protons of coordinated [9]aneS;. Selective decoupling exper-
iments show that the resonances 8, and 8; are coupled to one another
but not to any other proton; these data contrast with the 'H NMR
spectra for the parent 3+ cations that show symmetric multiplets in the
8 = 3.6 ppm (24H) region (127). The 3C NMR spectra of the products
confirm that symmetric binding of [9]aneS3; to M(III) has been per-
turbed. The NMR data establish that the complexes [M([9]aneS3)2)3*
(M = Co, Rh, Ir) react under basic conditions to give the same type of
products (39).

The single-crystal X-ray structure of the red complex derived from
the reaction of [Rh([9]aneS3)2]** with EtzN shows (Fig. 20) hexathia
coordination about Rh(III). One [9]aneS; ligand is intact and bound
facially to Rh(III) with Rh-S = 2.315(4), 2.344(4), 2.323(4) A. The sec-
ond [9]aneS3;, however, has undergone a ring-opening via C-S bond
cleavage to afford a coordinated vinyl thicether moiety with a terminal
thiolate donor: Rh—S = 2.350(4), 2.325(4), 2.356(4) A; C—C = 1.289(21)
A (39). Scheme 6 gives the proposed mechanism for the formation of this
species. Deprotonation at a methylene carbon « to a coordinated thioe-
ther donor followed by M—-C bond formation has been reported pre-
viously (20, see also 202).

These results show that thioether crowns can be activated when
coordinated to electropositive metal centers. The first step involves
deprotonation at an a-methylene carbon center. It seems likely that
this type of reactivity will be general for other thioethers since the
complexes [M([9]aneS3).1?™ (M =Pd, Pt), [Pd([15]aneS,) %",
[M({18]aneSg) 1"t M =Co, Rh, n=3; M=Pd, Pt, n=2), and
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SCHEME 6

Rh([12]aneS,)Cl(AsPh3) 12" react similarly (39). The stabilization of
high-valent complexes of PA(IID) (42). Ag(Il) (31), Au(Il) (26), Fe(III)
(31, 43), and Ni(II]) (31) with [9]aneS; at low pH involves inhibition of
this deprotonation/ring-opening process. Deprotonation of [9]aneS;
and related crowns followed by reaction with electrophiles represents a
possible route for the C-functionalization of thicether macrocycles.

F. NickEL, PALLADIUM, AND PLATINUM

The single-crystal X-ray structure of [Ni({9]aneS;)2]%* shows (Fig.
21) octahedral coordination about Ni(II) with Ni-S = 2.377(1),
2.380(1), 2.400(1) A (198). The magnetic susceptibility, geg = 3.05 BM
for [Ni([9]aneSg)z]?* with values for 10Dg and B of 12,760 cm ™! and
680 cm ™!, respectively (219); this compares with values for 10Dq and B
0f 12,500 and 853 cm ™ * for [Ni( [9]aneN3)s 12+ (225). Therefore, [9]aneS;
exerts only a slightly stronger ligand-field than [9]aneNj; (219).
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Fic. 21. [Ni([9)aneSs)2I*".

The complex [Ni( [9]aneS3)2l2* shows a one-electron oxidation at
Ey e = +0.97 V vs. Fc*/Fc (219) and a one-electron reduction at —1.11
V vs. Fct/Fe (reversible at —25°C) in CH3CN (117). No unequivocal
assignment for these being metal- or ligand-based processes has been
made (117, 219), although ®'Ni labelling experiments suggest that the
oxidation is metal based (117). The role of Ni—S bonds and the intercon-
version of Ni(l)/(I)/(I1]) states in Ni hydrogenase enzymes are the
subjects of much current interest (133); the characterization of the
redox products of [Ni( [9]aneS3)2]?* provides a model for the study of
NiSg chromophores.

Fic. 22. [Ni([12]aneSy)l?*.
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The synthesis and crystal structure of |Ni([12]aneS3)2]>* have been
reported (75, 184). The Ni—S bond lengths for this cation (Fig. 22) are
2.409(1), 2.421(2), 2.435(1) A, significantly longer than for [Ni-
(I9]aneS3)2)%* (75). [Ni([12]aneS3)2]1** has a magnetic susceptibility
per = 3.19 BM with 10Dq = 11,240 cm ™! (75, 184).

Reaction of [NiCla(diphos) ] with [9]aneS; in the presence of TIPFg
affords [Ni(diphos)([9]aneS3)]?*, the single-crystal X-ray structure of
which shows (Fig. 23) a five-coordinate Ni(II) complex with
Ni-S = 2.225(3), 2.248(3), 2.381(3) A; Ni—P = 2.193(3), 2.195(3) A (38).

Reaction of [PdC14]>~ with two molar equivalents of [9]aneS; yields a
green product, [Pd([9]aneS3);1%* (41, 218). The single-crystal X-ray
structure of this diamagnetic complex shows (Fig. 24) each [9]aneS3
bound in a bidentate manner to Pd(II) to give a [PdS,;]?* square plane,
Pd—Sequ = 2.332(3),2.311(3) &, <S.quPdS.,. = 88.63(11)° (41,218). In-
terestingly, the two remaining thioether donors are situated at apical
sites and are involved in long-range interactions with the Pd(II) center:
Pd--S,p, = 2.952(4) A, <S,,PdS.,, = 83.13(10)°, 83.24(11)°. The stereo-
chemistry of [Pd([9]aneS;);]?" is therefore a compromise between the
preference for Pd(II) to be square planar and for [9]aneS; to bind fa-
cially to a metal center (41, 218).

The complex [Pd([9]aneS3)2]>* shows a reversible, one-electron oxi-
dation at E;;3 = +0.605 V vs. Fc¢*/Fc¢ in CH3CN. Oxidation of
[Pd([9]aneS3)2]1?* either chemically or electrochemically affords the

Fic. 23. [Ni(diphos)([9}aneS;) I2*.
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Fic. 24. [Pd([9]aneS3);12+.

highly unusual monomeric PA(ITI) species [Pd([9]aneS3),1**, the single-
crystal X-ray structure of which shows (Fig. 25) a tetragonally dis-
torted, octahedral stereochemistry, as expected for a low-spin d’ com-
plex: Pd—S = 2.5448(15), 2.3558(14), 2.3692(15) A; <SPdS = 87.33(5)°,
87.17(5)°, 88.88(5)° (27, 41, 42, 188). Thus, on going from
[Pd([9]aneSs)21%" to [Pd([9]aneS3)z]* the Pd—S,, distance contracts
from 2.952(4) to 2.5448(15) A, consistent with the increase in nuclear
charge at the metal center and the stereochemical preference of d’

Fic. 25. [Pd([9]aneSa)2]®*.
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FiG. 26. cis-[PdCly([9]aneS;)].

metal ions. The oxidation of [Pd([9]aneS3)212* to [Pd([9]aneSs)13* oc-
curs isosbestically and reversibly (42, 188). The Pd(III)/(IV) couple is
observed near +1.0 V vs. F¢*/Fc; this is an ill-defined oxidation process
with [Pd([9)aneS3)2]** decomposing in solution, presumably via depro-
tonation at the coordinated thicether (see Section IILE).

A series of half-sandwich complexes [Pd([9]aneS3)X2]"" have been
synthesized. These include cis-[PdX2([9]aneS;) 1 [X = Cl1 (46) (Fig. 26),
Br (218)] and cis-[PdX2([9]aneS3) I2* [X = PPhj (Fig. 27), tbipy, iphen

FiG. 27. cis-[Pd(PPhg)o( [9]aneSs) 12*.
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Fic. 28. cis-[Pd(phen)([9)aneS,) 2*.

(Fig. 28) (4¢7)]. All of these complexes show square planar coordination
to Pd(II) with an additional long-range interaction of the third thio-
ether donor of [9]aneS; at an apical site; Pd---S,p, = 3.1400(21) A
(X = Cl), 3.125(1) A (X = Br), 2.877(3) A (X = PPhy), 2.906(13) A
(X = }bipy), 2.948(3) A (X = iphen).

Reaction of [PtCl4]?>~ with two molar equivalents of [9]aneS; affords
[PtCly([9]aneS;) 1 (41), which reacts further to give [Pt([9]aneS3)z)%" as
a yellow-orange product (29). The single-crystal structure of
[Pt([9]aneS3)2)2* (Fig. 29) shows that this complex is not isostructural
with [Pd([9]aneS3)2]%". The complex [Pt([9]aneS3):]** has a square-
based pyramidal structure in the solid state with Pt—S.q, = 2.246(8),

Fic. 29. (Pt([9laneS;).1?*.
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2.261(7), 2.293(8), 2.305(8) A and Pt---S,, = 2.885(7) A. The sixth thio-
ether donor is 4.04 A from the Pt(II) center and is noninteracting (29).

Cyclic voltammetry of [Pt([9]aneS3);]°" shows a chemically revers-
ible oxidation centered at £, = +0.39 V vs. Fc*/Fc. Controlled poten-
tial electrolysis of [Pt([9]aneS3);)%* affords the mononuclear Pt(II)
species [Pt([9]aneS3)2]12* that has been characterized by ESR and UV/
vis spectroscopy (29, 188). The complex [Pt([9]aneSs)2]** can be gener-
ated reversibly and isosbestically by chemical and electrochemical oxi-
dation. Exhaustive electrolysis or further chemical oxidation of
[Pt([9]aneS3)212* affords the d® Pt(IV) cation [Pt([9]aneS3)2]** isos-
bestically; this species is stabilized under acidic conditions (28, 188).
The oxidation of [Pt([9]aneS3)2]2* at E,2 = +0.39 V is therefore an
overall two-electron process.

The stabilization of paramagnetic d’ Rh(II), Ir(II), Pd(III), and Pt(II])
centers as mononuclear [M([9]aneS3)s1** complexes requires comment.
The ability of [9]aneS3 to reversibly alter its mode of coordination
between 6-, 4-, and 2-electron donation and, most important, its ability
to take up intermediate donacities as in the case of Pd(II), Pd(III),
Au(III), Au{l), and Au(I) (see Section III,G) is central to this work.
Additionally, [9]aneSs stabilizes otherwise highly reactive oxidation
states by encapsulation, thus protecting the metal center by leaving no
coordination sites available for reaction. The ligand [9]aneN3 has been
found to behave similarly with Pd(ID), Pd(III), and Pd(IV) centers
25, 141).

Ring-opening reactions of [M([9]aneSs):]** (M = Pd, Pt) are dis-
cussed in Section IILE.

Reaction of [PtClMesls with [9]aneS; affords the Pt(IV) alkyl complex
[PtMes([9]aneS3)]*, the structure of which shows (Fig. 30) Pt—

Fic. 30. [PtMes([9]aneS;)]*.
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S(av) = 2.407 A (I, 2). The 'H and '3C NMR spectra of [PtMes-
([9]aneS3) 1" show this complex to be nonfluxional in solution in con-
trast to [PtMes([12]aneS,) 1" (1, 2).

G. COPPER, SILVER, AND GOLD

The single-crystal X-ray structure of [Cu([9]aneS3);]2* confirms a
tetragonally elongated octahedral stereochemistry at Cu(Il), with
Cu-S = 2.419(3), 2.426(3), 2.459(3) A (198). The ESR spectrum of [Cu-
([9]aneS3)2]%* shows g = 2.059, A(63%5Cu) = 0.00625 cm™! (CH3NO,
solution at 293 K), g = 2.120, g1 = 2.029, A = 0.015 cm ' (frozen
solution at 77 K) (111, 174). [Cu([9]aneSs)2]** exhibits a quasi-
reversible Cu(I)/(I) couple at E,/z = +0.61 V vs. SCE; this value is
120 mV more cathodic than the Cu(ID)/(I) couple for [Cu( [18]aneSe) 12+
(B2 = +0.72 V vs. SCE), suggesting that [18]aneSg stabilizes Cu(l)
more than [9)aneSs (111). Recently, the synthesis and structure of
[Cux([9]aneS3)3]?* was reported (71). This species shows one [9]aneS;
bridging two [Cu([9]aneS3)]" moieties to give two tetrahedral Cu(l)
centers (71).

The structure of [CuCly([12]aneS3)q] (Fig. 31) shows a distorted octa-
hedral stereochemistry with Cu~Cl = 2.2054(8) A, Cu-S = 2.4474(9),
3.0504(6) A (169). Significantly, the conformation of [12]aneS; in [Cu-
Cls([12]aneSs);] is almost identical to that of the free ligand; this is
consistent with the general observation that the kinetic product of
thioether coordination involves exo coordination to the metal center.

Reaction of Cul with [9]aneS; in a 1:1 molar ratio affords the com-
plex [Cul([9]aneS3) ], the single-crystal X-ray structure of which shows
tetrahedral Cu(I) with Cu-I = 2.490(1) A, Cu-S = 2.329(1), 2.331(1),
2.343(1) A (131). Treatment of [Cu(NCCHj;),]* with one molar equiva-
lent of [9laneS; affords [Cu(NCCHj3)([9]aneS3)1"; replacement of co-

Fic. 31. [CuClx([12]aneSy)s).
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Fic. 32. [Cu(AsPh;3)({9]aneSs)1*.

ordinated CHsCN with PPh; and AsPhs has been achieved to give
[Cu(PPhg)([9]aneS3) 1t and [Cu(AsPhjs)([9]aneS3) 1t (32, 117). The
single-crystal X-ray structure of [Cu(AsPh3)([9]aneS3) 1" (Fig. 32)
shows tetrahedral stereochemistry about Cu(I): Cu-S = 2.315(6) A,
Cu-As = 2.297(4) A (32, 117).

Reaction of AgNO; with two molar equivalents of [9]aneS; affords
the bis-sandwich Ag(I) complex [Ag([9]aneSs)2)2*, which shows a cen-
trosymmetric [AgSel* cation with Ag—S = 2.697(5), 2.753(4) A (72,
131).[Ag([9]aneS3):]* shows a reversible oxidation at +1.30 V vs. NHE
assigned to an Ag(I)/(II) couple (72). The Ag(II) species can be generated
in MeOH and gives a deep blue solution that is stable at —70°C but not
at room temperature (72). Stabilization of the Ag(Il) species, [Ag-
([9]aneSs)2]2*, has been achieved in aqueous, acidic media and has
been characterized by ESR and UV/vis spectroscopy (31). Wieghardt
and co-workers have isolated a fascinating trimeric Ag(I) complex
[Ags([9]aneS3)3)3t (131). This species involves tetrahedral Ag(I) cen-
ters bridged by [9]aneS; ligands, Ag—S = 2.724(2), 2.595(4), 2.613(4),
2.480(2) A (Fig. 33) (131).

A unique series of bis-sandwich complexes of @'° Au(l), d° Au(Il), and
d® Au(IIl) with [9]aneS; has been synthesized and structurally charac-
terized (26, 34). Reaction of [AuCl,]~ with two molar equivalents of
[9]aneS; under reducing conditions affords the Au(I) complex, [Au-
{[9]aneS3)21", in low yield. The single-crystal X-ray structure of [Au-
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Fic. 33. [Ags( [9]aneSa)3]3 *,

([9)aneS3)2]* (Fig. 34) shows an unusual distorted tetrahedral stereo-
chemistry at Au(I) with one [9]aneS; bound as a monodentate ligand,
Au-S = 2.302(6) A, and the second bound asymmetrically through
three S-donors, Au-S = 2.350(7), 2.733(8), 2.825(8) A. The stereo-
chemistry at the metal center is therefore a compromise between the
facial binding of [9]aneS; and the preference of Au(I) for linear coordi-
nation. Oxidation of [Au([9]aneSs),]* affords the d® Au(IIl) complex,
[Au([9]aneS;)z)®*, which adopts (Fig. 35) a tetragonally elongated oc-
tahedral stereochemistry similar to the d® Pd(II) analogue
[Pd([9)aneSg)s)?*: Au-S = 2.348(4), 2.354(4) A, Au--S = 2.926(4) A
(26).

Fic. 34. [Au([9)aneSs).1".
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Fic. 35. [Au([9)aneS;)z[>*.

The intermediate Au(II) species [Au([9]aneS3)2]%* has been isolated;
the ESR spectrum of this complex at 77 K in frozen CH3CN shows a
strong four-line signal at g, = 2.010 with hyperfine coupling to '%’Au
(I=3/2)(A = 57.3 G) (Fig. 36) (26, 34). The single-crystal X-ray struc-
ture of [Au([9]aneS3)2]** confirms binding of two [9]aneS; macrocycles
to d° Au(Il) and shows (Fig. 37) a tetragonally elongated stereochemis-
try with Au-S = 2.452(5), 2.462(5) A, Au---S = 2.839(5) A (34). Mono-
nuclear Au(Il) complexes are particularly rare and [Au([9]aneS3)2]%* is
the first such complex to have been structurally characterized.

—,

200 G
—

Fic. 36. ESR spectrum of Au(Il) species [Au({9]aneSs)z|**.
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Fic. 37. [Au([9]aneSs).]%".

H. Zinc, CaADMIUM, AND MERCURY

Reaction of M(II) salts with two molar equivalents of [9]aneS; affords
the d'° sandwich complexes [M([9]aneS3)z]2* [M = Zn, Cd (128), Hg
(40) 1. The crystal structures of [M([9]aneS3)2)*" (M = Zn, Hg) each
exhibit octahedral stereochemistries at the metal centers,
Zn-S = 2.491(3), 2.494(3), 2.497(3) A (128). Interestingly, the Hg(Il)
complex shows a significant tetragonal compression, Hg-S = 2.638(3),
2.712(3), 2.728(3) A (40); these structures are similar to that reported
for [Ag([9]aneS3)2]*, which also shows hexathia coordination (72, 131).
A structure analogous to the Zn(II) complex is proposed for
[Cd([9]aneS3):1%* (128). Significantly, the d'® Au(l) complex [Au-
([9]aneSs)]* (26) is not isostructural with the related d*° Ag(l), Zn(1D),
or Hg(Il) complexes.

Although cyclic voltammetry of [Hg([9]aneSs).J?* in CH3CN shows a
reversible reduction at Ey,5 = —0.15 V vs, F¢* /Fc assigned to a Hg(II)/
(0) couple, no stable reduction product could be isolated (40).

I. INDIUM AND THALLIUM

Treatment of InCls with [9]aneS; affords [InCla( (9]aneS;) ] (217).
Reaction of TIPFg with [9]aneS; gives the TI(I) complex
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Fic. 38. Packing diagram of [Tl([9]aneS3) IPFs.

[T1([9]aneS;) I(PFe) (35). The single-crystal X-ray structure of this com-
plex shows [9)aneS; bound facially to the metal center,
T1-S = 3.092(3), 3.110(3), 3.114(3) A, with particularly small <STIS
angles of 67.31(7)°, 67.52(7)°, 67.57(7)°. Additional long-range interac-
tions to an S-atom of another [T1([9]aneS3)]* cation, T1---S = 3.431(3)
A, and to four F~ atoms from PFg counter-ions, Tl---F = 3.228(8),
3.246(8), 3.272(9), 3.389(8) A, are also observed (Fig. 38) (35). Similar
T1---F interactions have been observed in the structure of [T1(Mes-
[9]laneNs) JPFg (216).

J. LEAD

Reaction of Pb(Cl04)2 with two molar equivalents of |9]aneS; af-
fords the complex [Pb(C104)2([9]aneS3)] (128). This species has a dis-
torted square antiprismatic structure with Pb(II) bound to all six S-
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FiG. 39. [Pb(C10,),([9]aneS;)a].

donors of two [9)aneS; ligands, Pb-S = 3.015(5), 3.084(4), 3.129(5)
A (Fig. 39). The coordination sphere is completed by two mutually
trans O-bound ClOj; ligands, Pb-O = 2.719(15), 2.720(15) A (128).
Very few other thioether complexes of Pb(II) have been reported
(153).

IV. [12-16]aneS, and Related Tetrathia Ligands

A. FreE LiGaNDS

The single-crystal X-ray structure of [12}aneS, (Fig. 40) shows the
macrocycle adopting a conformation with the S-atoms at the corners of
a square (178, 224). All eight C—S bonds of [12)aneS, assume mutually
gauche placements, consistent with the generally observed con-
formations of metal-free thioether macrocycles: By maximizing the
number of gauche C—S bonds, S::-S repulsions are minimized (178,
224). Similar solid state features have been found previously by DeSi-
mone and Glick for [14]aneS,, which crystallizes in three con-
formations, the a, 81, and Bz; all incorporate exo conformations with the
S-atoms pointing out of the macrocyclic ring [Fig. 41a (« form) and 41b
(B, form) ] (86). These observations explain the tendency for tetrathia
macrocycles to bind to metal ions in an exo manner. Endo complexation
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Fic. 40. [12]aneS,.

in which the metal ion is complexed within the macrocyclic hole re-
quires reorganization of the ligand (86).

Radical cations of [12]aneS, and [14]aneS, have been generated and
their possible structures discussed (11). [14]JaneS, has been found to be
an effective antioxidant for the stabilization of natural rubber (104).

The structure of the thiophenophane L' (L'!=2, 5, 8-
trithia[9](2, 5)thiophenophane) (see Fig. 2) has been determined crys-
tallographically and shows the thiophene moiety to be placed at an
angle of 60° to the plane of the three thioether donors; all the S-donors
lie in exocyclic positions with respect to the macrocyclic hole (138).

Fic. 41. (a) a-[14]aneS,; (b) 8;-[14]aneS,.
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B. ALUMINIUM

Robinson and co-workers have reported the synthesis and structure
of the adducts of [AI(CH3)3] with [12]aneS, (178) and [14]aneS4 (179).
Reaction of an excess of [AI(CH3)3] with [14]aneS, affords the tetramer,
[Al(CH3)3]4[14]aneS,, in which each thioether S-donor of the macrocy-
cle is bound in an exo manner to one [Al(CHj3)3] moiety (Fig. 42):
Al-S = 2.512(2), 2.531(2) A; Al-C(average) = 1.954(6) A (179).
[Al(CHj3)sl4[14]aneS, is under investigation as a catalyst for the forma-
tion of liquid clathrates (179).

The product isolated from the reaction of [AI(CH3);] with [12]aneS,
was the complex [ANCHj)3([12]aneS,)] (Fig. 43), which shows
[12]aneS, bridging [Al(CHs)s] moieties: Al-S = 2.718(3), 3.052(3) A;
Al-C = 1.943(8)-1.953(8) A with an unusual trigonal bipyramidal
stereochemistry at AI(III) (178).

Fic. 42. [Al(CHj);)4[14]aneS,.
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Fic. 43. [AI(CHa)a([12]aneS,) ].

C. NioBrum

Reaction of [NbCls] with a series of tetrathia macrocycles affords the
dimeric adducts [NbClslo(L) (L = {14]aneS4, [16]aneS,, [20]aneS,)
(85, 89). These highly reactive complexes involve exo binding of the
macrocyclic ligands to [NbCls] moieties. The single-crystal X-ray struc-
ture of [NbCl;]3[14]aneS, (Fig. 44) shows each octahedral Nb(V) center
bound to five C1~ ligands, Nb—Cl = 2.31(1) A, and to one S-donor of
[14]aneS,, Nb—-S = 2.71(1) A, leaving two of the S-dnors of [14]aneS4
uncoordinated (85). The 4:1 complexes [NbClzl4(L) (L. = [14]aneS,,
[16]aneS,, [20]aneS,) have also been prepared (89).

Fic. 44. (NbCls).{14)aneS,.
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D. MoLYBDENUM AND TUNGSTEN

Sevdié¢ and co-workers have reported the reaction of M(CO)g with
[14]aneS; to afford the monomeric species [M(CO)s([14]aneS,)]
(M = Mo, W), in which [14]aneS, is proposed to act as a tridentate
ligand (200). Oxidation of [M(CO)3([14]aneS,)] with I gives the seven
coordinate M(II) species [MI2(CO)3([14]aneS,)] (M = Mo, W) (200). The
synthesis and characterization of a series of Mo(III) complexes such as
[MoCls([14]aneS,)THF] and [MoCls([14]aneSs)], in which the
(14]aneS, bridges Mo(IIl) centers, have been described (202). Ring-
opening reactions of coordinated [14]aneS, to yield vinyl thiocether
complexes have been studied (see Section IILE) (202). Reaction
of [MoOCI3(THF),] with [14]aneS, gives [MoOCI3(THF) Jo[14]aneS,
with [14]aneS, acting as a monodentate ligand to each [MoOCl;
(THF)] moiety (144, 201). The synthesis of the complexes [MoO»-
Cla(L) ], (MoOCl5(L) ], [ (MoCly)2(L) ], and [MoOCl14(L) ] (L = [14]aneSy)
has been reported (201).

Treatment of [Mo2(03SCF3)2(OH,)4]?* with [16]aneS, affords a se-
ries of complexes including the Mo(Il) complex [Mo2(SH),-
([16]aneS4)2)%*, and the Mo(IV) species [M02O2(OEt)([16]aneSy) 3+
and [MoO(SH)([16]aneS4)]* (77, 84, 88). The single-crystal X-ray
structure of [Mog(SH)o([16)aneS,)212* (Fig. 45) shows a binuclear
structure with one S-donor from each [16]aneS, ligand bridging the two
Mo(II) centers: Mo—S(bridge) = 2.320(1), 2.380(1) A; Mo-S = 2.461(2)
-2.537(2) A, with terminal —SH groups on each Mo center:

Fic. 45. [Moo(SH)o([16]aneSy)s12*.
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Mo-SH = 2.471(2) A; the Mo-Mo distance is 2.823(1) A (77). The
structure of [Mo202(OEt)([16]aneS,)]®** shows a linear EtO-
Mo=0---Mo=0 group with [16]aneS, bound equatorially to the Mo(IV)
centers (84). The structure of [MoO(SH)([16]aneS,)]" (Fig. 46) shows
terminal oxo and HS™ ligands mutually trans to one another,
Mo=0 = 1.667(3) A, Mo—~SH = 2.486(1) A, with [16]aneS, occupying
the equatorial sites, Mo-S = 2.469(1)-2.483(2) A, at the octahedral
Mo(IV) center (88).

Yoshida and co-workers have synthesized a series of impor-
tant Mo(0)/(II)/(III) complexes incorporating Meg[16]aneS, (3, 227,
228,229, 230). Reaction of [MoCl,(NCCH3)2] with Meg[16]aneS, and Zn
dust (as a reducing agent) affords fac-[MoCls(Meg[16]aneS,) ]. Treat-
ment of [MoBrg(CO)4] and [MoClz(CO)4] with Meg[16]aneS, gives
trans-[MoBrao(Meg[16]aneS,) ] and fac-[MoCls(Meg[16]aneS,) ], respec-
tively; frans-[MoCla(Meg[16]aneS,) ] can be prepared by treatment of
[MoCla(NCCH3)4) ] with Meg[16]aneS, (230). Cyclic voltammetry of
[MoXz(Meg[16]aneS,) KX = Cl, Br) shows highly anodic Mo(II)/(III) and
Mo(I)/(I1I) redox couples, suggesting that Meg[16]aneS, might stabilize
low-valent Mo complexes. This was confirmed by reduction of [MoXa-
(Meg[16]aneS,)] in the presence of CO to afford the Mo(0) species
[Mo(CO)2(Meg[16]aneSy) 1. The single-crystal X-ray structure of trans-
[Mo(CO)2(Meg[16]aneSy) 1 (Fig. 47) confirms the frans-placement of the
CO ligands, Mo—C = 1.979(8), 2.002(8) A, with Meg[16]aneS,; occupy-
ing the -equatorial sites at the octahedral Mo(0) center,
Mo-S = 2.432(2), 2.434(2), 2.438(2), 2.439(2) A (230). Reaction of

Fic. 46. [MoO(SH)([16]laneS,)1*.
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Fic. 47. trans-[Mo(CO)y(Meg[16]aneS,) ).

[MoBry(Meg[16]aneS,) | with Na/Hg in THF under N affords a unique
Mo(0)-Ng—thioether complex trans-[Mo(N5;):(Meg[16]aneS,)], the
single-crystal X-ray structure of which shows (Fig. 48)
Mo-S = 2.424(2), 2.428(2), 2.419(2), 2.424(2) A; Mo-N = 1.991(5),
2.008(5) A; N=N = 1.105(7), 1.108(7) A (227).

The Mo center in trans-[Mo(Nj):(Megl16]aneS,)] is particularly
electron-rich in comparison to that in trans-{Mo(N2)a(dppe)2], the result

FiG. 48. trans-[Mo(N,)»(Meg[16]aneS,) 1.
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of strong pm(S)—dn(Mo) donation; this is reflected in (i) the value of the
Mo(0)/(I) couple (—0.52 V vs. SCE compared to —0.16 V for trans-
[Mo(Ng)z(dppe)s) 1, (ii) the low-frequency vn=n stretching vibrations
at 1955 and 1890 cm™' compared to 2020 and 1970 cm™! for trans-
[Mo(Ny)o(dppe)2), and (iii) the reaction of [Mo(N3)2(Meg[16]laneS,)]
with CH3Br to give the dimethylhydrazido complex trans-
[MoBr(NoMe,)(Meg[16]aneSy) 1Br (227). The N-arylation and N,N-
dibenzylation of trans-[Mo(Ng)o(Meg[16laneS,;)] has been described
(229). Reaction of trans-[Mo(Ng)2(Meg[16]aneS,)] with L affords the
complexes trans-[Mo(L)o(Meg[16]aneS,)] (L = CzHz, CoH4, *BuNC,
PhNC) (228). The complex [Mo(PhNC)y(Meg[16]aneS,) ] incorporates
bent and linear PhNC ligands, <CNC = 139° and 167°; dealkylation of
the '‘BuNC complex affords [Mo(CN)z(Meg[16]aneS,) ] (3, 228).

E. RHENIUM

Reaction of [ReBr(CO)s] with [12]aneS, in THF yields [Re-
(CO)3([12]aneS,y) 17, the single-crystal X-ray structure of which shows
(Fig. 49) [12]aneS, acting as a tridentate ligand: Re-S = 2.442(5),
2.476(4), 2.493(5) A; Re—~C = 1.900(20), 1.904(16), 1.907(20) A (36). In
contrast, treatment of [ReBr(CO)s] with [14]aneS, in THF affords the
neutral complex [ReBr(CO)s([14]aneS,) | (Fig. 50), which shows biden-
tate [14]aneSy: Re—S = 2.4954(24), 2.4973(24) A; Re—Br = 2.6213(12)
A; Re—C = 1.891(11), 1.916(11), 1.920(11) A (36).

Fic. 49. [Re(CO)3([12]aneSy) 1™,
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Fic. 50. [ReBr(CO)s([14}aneS,)].
F. IroN, RUTHENIUM, AND OSMIUM

Surprisingly few tetrathioether complexes of Fe, Ru, and Os have
been reported.

The Mossbauer spectrum of [Fe(NCCHa)o([14]aneS,) 12" has been
measured (8§ = 0.48, AEq = ca. 0 mm-sec !). These parameters are con-
sistent with a low-spin octahedral Fe(II) complex (79).

On refluxing Ky[RuCls(OH)] with L (L = [13]aneS,, [14]aneS,,
Bz[15]aneS,) in EtO,CoH,OH for two days the neutral complexes
[RuCly(L) ) can be isolated (132, 165, 166, 167). The single-crystal X-ray
structure of [RuCly([14]aneS,) | (Fig. 51) confirms cis-placement of the

Fic. 51, cis-[RuCly([14}aneS,) ).
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Cl~ ligands, Ru-Cl = 2.471(1) A; significantly, the Ru—S distances
trans to C1~ [2.262(1) A] are shorter than those trans to S [2.333(1) A],
indicating that Ru — S w-back-donation is occurring (132). A range of
Ru(Il) and Ru(IIl) complex derivatives of type [RuXY([14]aneS,) **
(X,Y = Br, I, NCS, NO3, N3, OH3; x = 0, 1) have been prepared and the
Ru(II)/(I1I) couples related to the stereochemical and electronic proper-
ties of the complexes (132, 165, 166, 167).

Reaction of [RuCly(PPhy);] with [12]aneS; affords cis-
[RuCl(PPh3)([12]aneS,) 1*; removal of C1~ with TIPFg in CH3CN gives
cis-[Ru(NCCH3)(PPhg)([12]aneS,) 12+, the single-crystal X-ray struc-
ture of which shows (Fig. 52) Ru—S(trans to N) = 2.303(3) A; Ru-
S(trans to P)=2.372(3) A; Ru-S = 2.362(4), 2.376(3) A; Ru-
N =2.07709) A; Ru-P=2357(3) A (49). Treatment of [RuCl,
(CO);DMF (PPh3)] with [12]aneS; pgives cis-[RuCO(PPhj)
([12]aneSy) 1%, the structure of which shows (Fig. 53) Ru-S(¢rans to
P) = 2.3757(11) A; Ru-S(trans to C)=2.3986(10) A; Ru-S =
‘%3819(10), 2.3913(10) A; Ru-P = 2.3880(10) A; Ru-C = 1.889(4)

49).

Reaction of RuCl;-3H;0 with [14]aneS; in EtOH affords [Ru-
Cls)([14]aneS,) 1, which is proposed to involve tridentate [14]aneS, (8);
treatment of this complex with LiBr gives [RuBr3([14]aneS,) I(8). The
ESR spectra of [RuX3([14]aneS,) | show signals at g,, = 1.957 (X = CI)
and 1.993 (X = Br) (8).

Fig. 52. cis-[RuNCCH3)(PPhg)([12]aneS,) J2*.
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Fia. 53. cis-[RuCO(PPh3)([12]aneS,) I**.

The complex [0sCl4([14]aneS,) ] has been prepared as a dark green
product (8).

G. CosaLTt, RHODIUM, AND IRIDIUM

A series of Co(III) complexes [CoX2([14]aneS,) 1" (X = Cl, Br, NCS,
NO;, #C30,) and [CoXy(Bz[15]aneSy) |* (X = Cl, Br) have been pre-
pared (210). The complexes of [14)aneS, were assigned as cis-species
with the macrocycle coordinated to the metal center in a folded manner.
These complexes were characterized by IR and electronic spectroscopy,
and by magnetic and conductivity measurements (210).

A range of analogous Rh(III) complexes with [12]aneS,, [14]aneS,,
and [16]aneS, has been synthesized (51, 134, 210). The single-crystal
X-ray structure of [RhClx([14]aneS,) 17 (Fig. 54) shows cis-coordination
of the C1~ ligands, Rh—Cl = 2.3836(12) A, with the macrocycle folded
about octahedral Rh(III), Rh—S = 2.2870(12), 2.3275(12) A (51). As in
the isoelectronic Ru(Il) complex, cis-[RuCla([14]aneS,) 1 (132), the M-S
bonds trans to C1~ are shorter than those ¢trans to S (51). Whereas the
complexes [RhCly(L) ]* (L = [12]aneS,, [14]aneS,) have been assigned
as cis isomers (51, 134, 210), the single-crystal X-ray structure of
[RhClz([16]aneS,) 1™ (Fig. 55) shows it to be a trans complex:
Rh-Cl = 2.3391(22) A, Rh—S = 2.3483(25) A; this is consistent with
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Fic. 54. cis-[RhCly([14]aneS,)]".

the increased hole-size of the 16-membered ring macrocycle compared
to the 12- and 14-membered ring species (51).

Reaction of mer-RhClz(EEt:Ph)s] (E = P, As) with [12]aneS, affords
the complexes cis-[RhCI(EEtyPh)([12]aneSs) }**. The structure of cis-
[RhCI(PEt,Ph)([12]aneS,) ]** (Fig. 56) shows Rh—S(trans to Cl17)

= 2.2869(16) A; Rh—S(trans to P) = 2.3825(17) A; Rh—S = 2.3402(17),
2.3505(17) A; Rh—Cl = 2.3567(19) A; Rh—P = 2.3494(17) A (49).

Ring-opening reactions of [12]aneS, species are discussed in Section
IILE.

The complexes [RhCly(L)]* (L = [12]aneS,, [14]aneS,, [16]aneS,)
show irreversible reductions by cyclic voltammetry in CH3CN near
—1.1 Vvs. Fc*/Fe. Electrochemical reduction of these complexes occurs

Fic. 55. trans-[RhCly([16]aneS,) ]*.
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F1G. 56. cis{RhCI(PEt.Ph)([12]aneS,) 2"

via intermediate Rh(II) species with loss of C1~ (51, 134). The single-
crystal X-ray structure of [Rh([14]aneS,) 1" (Fig. 57) shows a dimeric
structure with each Rh(I) bound to four thioether donors of one macro-
cycle, Rh—S = 2.285(4), 2.282(5), 2.261(3), 2.264(6) A. The Rh atom is
displaced 0.133(2) A out of the least-squares S, plane toward a second
[Rh([14]aneS,)]1* moiety: Rh-‘Rh = 3.313(1) A, Rh---S = 3.697(9)-
3.822(3) A (231).

The Rh(I) complexes [Rh(L)]* [L =[14]laneS, (134, 231),
Me,[14]aneS, (231), Bz[15]aneS, (134)] are strong nucleophiles and

Fic. 57. [Rh([14)aneS,}]*.
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Fic. 58. [ha(CsMEs )2Clz([l4]ane84 ) ]2+ .

undergo oxidative addition reactions with CHyCly (231), CHjl,
CsHsCH,Br, and CH3;COCI (134). In addition, [Rh([14]aneS,) 1* com-
bines with electrophiles such as SO;, BF3, NO*, O,, tcne, and H* (134).
Reaction of [Rh[14]aneS,) ]* with trace amounts of O, in CH3CN affords
a blue solution of a Rh(II) product (134), which may correspond to a
metal-metal bonded dimeric Rh(II)/(II) species.

Treatment of [Rha(CsMes)2Cly] with [14]aneS, yields the dimeric
species [Rhz(CsMes)oCla([14]aneS,) 2+ (Fig. 58), which shows
Rh-Cl = 2.401(3) A; Rh-S = 2.363(3), 2.389(3) A (14, 188).

Reaction of IrCl; with [14)aneS, affords cis-[IrCly([14]aneS,) 1",
which shows (Fig. 59) Ir-Cl = 2.389(5), 2.385(5) A; Ir-S = 2.268(4),
2.277(4) (trans to C17), 2.287(5), 2.343(5) A (50). This complex exhibits
an irreversible reduction at —1.82 V vs. Fc*/Fc (50).

Fic. 59. cis-{IrCl,([14]aneS,}]*.
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H. NIckEL, PALLADIUM, AND PLATINUM

A range of square planar Ni(II) complexes incorporating tetrathia
macrocycles has been synthesized (82, 135, 140, 182, 183). The single-
crystal X-ray structure of [Ni([14]aneS,)1*?* (Fig. 60) shows square
planar coordination at Ni(II): Ni-S = 2.177(1), 2.175(1) A (82). The
formation of paramagnetic octahedral complexes [NiX2([14]aneS,) 1%*
has been monitored and equilibrium constants for the addition of I~
measured [Eq. (3) and (4) ] (182, 183).

[Nil(L)] = [Nil(L)]* +1° K=6.3x 1072 (3)

[NiL)]* = [NiL))2* + 1= K=25x10"* 4)

Reaction of Ni(BFy); with the small-ring macrocycles L in the
presence of acetic anhydride affords the violet or blue binuclear species
[Nix(L)s)** (L = [12]aneS,, [13]aneS,) (184). Reaction of NiCl, with L
affords the chloro-bridged dimers [NiyCla(L)g]?2* (L = [12]aneS,,
[14]aneS,, [16]aneS,) (38). All three complexes have been characterized
crystallographically and show the same type of chloro-bridged, octahe-
dral coordination at the Ni(II) centers. For [NiyCly([12]aneS,)1** (Fig.
61) Ni—S = 2.412(3) (trans to Cl), 2.373(3) (trans to Cl'), 2.4144(25) A;
Ni—Cl = 2.411(3) A; Ni—-Cl' = 2.382(3) A. For [Ni,Cly([16]aneS,)212*,
Ni-S = 2.4166(23)-2.4388(25) A; Ni-Cl = 2.4118(22), 2.4182(23) A
(38). Interestingly, the structure of [NigCla([14]aneSy)2]°" exhibits
the shortest Ni-S distances: Ni-S = 2.3694(22)-2.3798(21) A,

Fic. 60. [Ni([14]aneS,) [**.
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Fic. 61. [NiyCly({12)aneS,),1**.

Ni-Cl = 2.4416(20), 2.4252(20) A. This suggests a better hole-size fit
between Ni(Il) and [14]aneS, (38). All of the Ni(II) tetrathioether mac-
rocyclic complexes hydrolyze rapidly in water to give aquated Ni(II)
and free ligand (38).

The extraction of Ni(II) and Pd(II) salts by tetrathioether macrocycles
has been described (68, 190). Pd(II) can be extracted either asa 1:1 or
1:2 Pd:[14]aneS, species (190).

Insertion of Pd(II) into [12]-, [14]-, and {16]aneS, has been achieved
(45, 176). The single-crystal X-ray structures of these complexes all
show square planar coordination about Pd(II). For [Pd([12]aneS,)]**
(Fig. 62), Pd—S = 2.280(4), 2.307(4) A with the Pd atom displaced
0.3116 A out of the least-squares S, plane, consistent with poor size-
match between the Pd(II) ion and the small-ring macrocycle. For
[Pd([14]aneS,) ** (Fig. 63), Pd-S = 2.253(10)-2.296(8) A with the Pd
atom lying 0.0381 A out of the least squares S, plane. This contrasts
with the structure of [Pd([16)aneS,) ]** (Fig. 64), which shows the Pd

Fic. 62. [Pd([12]aneS,)1**.
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Fic. 64. [Pd([16]aneSs) 1.

atom precisely in the plane of the four thioether donors:
Pd-S = 2.300(10)-2.315(9) A (45, 176). Reduction of the complexes
[PA(L) 12" (L = [12]aneS.,, [14]aneS,, [16]aneS,) by one electron affords
diamagnetic species tentatively assigned as Pd(I)/(I) metal-metal
bonded dimers (45, 176).

Variable temperature *H and '3C NMR spectroscopy has shown that
the Pt(IV) complex [PtMea( [12]aneS,) 1" undergoes a novel ligand com-
mutation in which the metal exchanges between coordinated and un-
coordinated S-atoms of [12]aneS, (1, 2).

I. COPPER AND SILVER

The extraction of Cu(Il) and Cu(I) salts by [14]aneS, and related
tetrathia ligands has been studied (68, 186, 187, 189). Extraction occurs
via the formation of a Cu(I) complex of stoichiometry [Cu(L) ]* (68, 186).
The single-crystal X-ray structure of [Cu([14JaneS,)]* (Fig. 65) shows
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FiG. 65. [Cu([1l4]aneS,)]", part of polymer.

tetrahedral coordination at Cu(I) with the metal ion bound to three
S-donors of one [14]aneS,, Cu-S = 2.260(4), 2.327(4), 2.338(4) A, and to
one S-donor of a second [14]aneS,, Cu-S = 2.342(3) A, generating a
polymeric chain (91, 94).

The structure of the corresponding Cu(ll) complex [Cu(O-
Cl10Q3).([14]aneS,) ] shows octahedral coordination about the metal cen-
ter with the macrocycle bound equatorially through four S-atoms,
Cu-S = 2.297(1), 2.308(1) A, and two apically-bound ClOj ions,
Cu-0 = 2.652(4) A (103). Reaction of CuCl, with [16]aneS, affords the
dimeric species [CuxCly([16]aneSy) I; monomeric complexes of Cu(Il)
and Cu(I) with [16]aneS, have also been isolated (107; see also 226).

Rorabacher and co-workers have reported a series of elegant studies
on the complexation of Cu(Il) and Cu(I) by polythia macrocyclic ligands
(91,92,94, 95, 99,103, 121, 122, 163, 180, 181, 207, 232). Values of the
Cu(ID/(I) redox couple, thermodynamic parameters, rates of complex
formation and dissociation, rates of electron transfer, and rates of sub-
stitution reactions have been related to stereochemical, steric, hole-
size, and configurational effects of the polythia ligands. Formation rate
constants for Cu(II) complexes of thioether macrocycles and open-chain
ligands range from 6.5 x 10° sec™* for [12]aneS, to 4 x 10® M !sec™!
for the least sterically hindered open-chain ligands (92). Formation of
the second Cu—S bond was proposed as the rate-determining step for all
the cyclic ligands. Ring-size and macrocyclic effects are associated with
the final steps of complex formation and parallel the dissociation rate
constants, which vary from 2.6 for [12]aneS, to 4.5 x 10%ec™* for open-
chain ligands (92). The relationship between these Cu-thioether com-
plexes and the blue copper proteins has been discussed (12, 95, 99, 121,
181).
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The ESR spectrum of [Ni([14]aneS,) ]>* doped with 3Cu shows
g) =2.087,g, =2026withA =172x 1074, A, =45x 10" *cm™!
(82). The complexation of Cu(Il) by water-soluble hydroxy-
functionalized thioether macrocycles has also been reported (163).

The solvent extraction of Ag(I) by [14]aneS, and related ligands
has been described (68, 155, 186, 187, 189, 190, 199, 203, 204, 205);
in organic media, the formation of [Ag([14]aneSy]" and
[Ag([14]aneS,)2]" has been proposed (205). Complexes of stoichiometry
[Ag([14]aneS,) 1" and [Aga([14]aneS,) 1" have been isolated (203, 205).
Successful extraction of Ag(I) from binary and quaternary mixtures of
Ag(l) and other metal ions has been achieved except for mixtures con-
taining Hg(II) (155); in addition, silver was extracted from copper ore
with 80% recovery (155).

The synthesis and structure of the Cu(I) complex [Cu(L!);]*
(L* = 2, 5, 8-trithia[9](2, 5)thiophenophane (see Fig. 2) has been re-
ported (138). The complex shows that each macrocycle acts as a bidentate
ligand to a tetrahedral Cu(l) center, Cu—S = 2.359(3), 2.307(3) A, and
2.392(3), 2.301(3) A, and that the thiophene S-donors remain nonbond-
ing (138). The related Cu(Il) complex [CuCly(L!) ]; is dimeric with two
bridging Cl~ ions: Cu—Cl = 2.321(3), 2.702(3) A. Each Cu(II) center is
octahedral and is bound to two thioether donors, Cu—S = 2.349(3),
2.358(3) A; one thiophene S-donor, Cu—S = 3.014(4) A; and a terminal
Cl™, Cu-Cl = 2.234(3) A (139). A series of related Ag(I) and Au(l)
complexes have been prepared (137). ‘

d. ZiNc, CADMIUM, AND MERCURY

The extraction of Cd(II) (190) and Hg(Il) (68, 155, 186, 190, 199,
203, 204) using tetrathia macrocycles has been achieved. The extrac-
tion of Hg(II) with [14]aneS, was found to be particularly efficient with
89.5% recovery; recoveries of Cd(II) and Zn(II) were much smaller: 0.8%
and 0.5%, respectively (68). Corresponding values for extraction of
Cu(I), Cu(Il), Ag(I), and Pd(II) were measured as 99.4, 5.9, 99.9, and
14.3%, respectively; the recovery of Class a and Class ab metal ions
such as Na(I), Mg(II), Mn(II), Co(II), Ni(II), Zn(II), or T1(I) was less than
1% in each case (68). The formation constant of [Hg([14]aneS,) 1** has
been measured polarographically as log K = 9.8; this is much smaller
than the log K values of 25.5 and 26.4 for the formation of [Hg(tmc) J**
and [Hg(cyclam) ]**, respectively (116).

Reaction of HgCl, with [14]aneS; in CH3NO, affords the dimeric
complex [HgoCly([14]aneS,) ], the single-crystal X-ray structure of
which shows (Fig. 66) two tetrahedral Hg(II) centers each bound to two
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Fic, 66. [Hg,Cly([14]aneS,)].

Cl™ ions, Hg—Cl = 2.407(3), 2.419(3) A, and to two S-donors of the
macrocycle, Hg—S = 2.580(2), 2.699(2) A (6, 7). The mononuclear com-
plex [Hg(OH;)([14]aneS,) )** (Fig. 67) shows a square pyramidal ster-
eochemistry with all four S-donors of the macrocycle bound to Hg(ID),
Hg-S = 2.51(5)-2.71(4), Hg—0 = 2.35(4) A (7).

The single-crystal X-ray structure of (Hgl;([14]aneS,) | shows Hgla
units bridging [14]aneS, molecules to give a chain structure. The
[14]aneS, rings act as double, monodentate ligands with the tetrahe-
dral Hg(II) centers bound to two I” and two thioether S-donors:
Hg-S = 2.752(3) A, Hg~I = 2.653(2), 2.669(2) A (100).

Fic. 67. [Hg(OH2)([14]aneS,) 12*.
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FiG. 68. [15]aneSs.

V. [15]aneS; and Related Pentathia Ligands

A. FRrEE LiGaNDs

The single-crystal X-ray structure of [15]aneS; (Fig. 68) shows the
molecule to adopt an exo conformation with the S-atoms pointing out of
the macrocyclic ring (224).

The template synthesis of Bz[15]aneSs about a [Fe(CO);] fragment
has been described (192).

The single-crystal X-ray structure of L3 (I3=2, 5 9, 12-
tetrathial13](2, 5)thiophenophane (see Fig. 2) shows all the S-donors to
lie in exocyclic positions. Thus, although the cavity of L? is relatively
large (ca. 4.8 X 8.0 A), coordination of metal ions in an endo manner
appears to be inhibited (139). Complexation of metal ions by L3 even in
an exo manner occurs via conformational change of the ligand (139).

B. RHENIUM

Reaction of [ReBr(CO)s] with [15]aneS; affords the neutral complex
[ReBr(CO);([15]aneS5) 1 (Fig. 69) in which [15]aneS; is bidentate to the
Re(I) center: Re-S =2.477(4), 2.493(4) A; Re-Br = 2.602(2) A;
Re—C = 1.900(14), 1.916(15), 1.928(15) A (36).
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Fic. 69. [ReBr(CO);([15]aneSs) |.

C. PaLLapiuM AND PLATINUM

Reaction of [15]aneS; with MCl, affords the complexes
[M([15]aneSs) ** [M = Pd (27), Pt (28)]. The single-crystal X-ray
structure of [Pd([15]aneSs) }** shows (Fig. 70) a distorted trigonal bipy-
ramidal stereochemistry: Pd-S = 2.278(8), 2.294(12), 2.336(11),
2.532(11), 2.540(11) A (27). In contrast, the coordination in
(Pt([15laneSs) I?* (Fig. 71) is closer to square-based pyramidal: Pt-
Seq = 2.283(7),2.301(8), 2.306(7), 2.309(7) A; Pt---Sap = 2.894(9) A (28).

Ring-opening reactions of [Pd([15]aneS;) ** are discussed in Section
ILE.

Fic. 70. {Pd(|15]aneSs) I**.
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Fic. 71. [Pt((15]aneS;) |**.

D. CoPPER

The complexation of Cu(Il) and Cu(I) with [15]aneSs has been in-
vestigated (76, 95, 180, 181). The single-crystal X-ray structure of
[Cu([15]aneSs) 12+ (Fig. 72) shows a square-based pyramidal stereo-
chemistry, Cu—S,q = 2.289(2), 2.315(2), 2.331(2), 2.338(2) A; Cu-
Sap = 2.398(2) A, with the Cu atom 0.41 A out of the basal plane (76).

Fic. 72. [Cu([15)aneSs) 12*.
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The Cu(II) complex [Cu([15]aneSs) 12" is highly redox-labile, affording
[Cu([15]aneSs) 1" (Fig. 73) in which the Cu(I) center has a distorted
tetrahedral geometry: Cu-S = 2.243(5), 2.245(5), 2.317(5), 2.338(5) A;
the fifth S-donor is nonbonding and is disordered over two sites in the
solid-state structure, Cu--S = 3.442(12) and 3.560(11) A (76).

The self-exchange electron-transfer rate constant for [Cu([15]-
aneSs) 12*/* has been determined as 3 x 10* M~ 'sec !, which is the
largest value determined for any low molecular weight Cu(II)/(I) sys-
tem apart from [CuCl4]%~/3~ (76).

Formation and dissociation rate constants for [Cu([15]aneSs)]%*
have been measured and compared to related tetrathia macrocyclic
complexes (92, 180, 207, 232). The effect of [15]aneS5 on the configura-
tional stability and reactivity of a cyclopropylcopper complex has been
monitored (215).

The synthesis and single-crystal X-ray structure of [CuCly(L3) ],
(L3 = 2,5,9, 12-tetrathia[13](2, 5)thiophenophane) (see Fig. 2) shows a
trigonal bipyramidal stereochemistry at each Cu(Il) center. The Cu(Il)
ions are bridged by two Cl~ ions, Cu—Cl = 2.661(4), 2.277(4) A; two
thioether donors of L2, Cu-S = 2.355(5), 2.358(4) A, and a terminal
Cl~, Cu—Cl = 2.265(4) A, complete the coordination at the metal cen-
ters (139). Significantly, the thiophene S-donors are nonbonding; this
contrasts with the structure of [CuCly(L!) ], which shows bonding thio-
phene S-donors to distorted octahedral Cu(Il) centers (139).

Fic. 73. [Cu([15]aneS;)]*.
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VI. [18]aneSs and Related Hexathia Ligands

A. FREE LiGANDS

The single-crystal X-ray structure of [18]aneSg (Fig. 74) shows four of
the six S atoms exodentate and the remaining two endodentate (114,
224). This contrasts with the structures of smaller ring homoleptic
thioether macrocycles (apart from [9]aneS;), which show exclusively
exodentate S atoms. All the C-S bonds in [18]aneSs adopt gauche
configurations; in contrast, 10 of the 12 C—0 bonds in [18]aneQOg lie in
anti placements (224). The difference in 1, 4-interactions in C-C-X-C
and X-C-C-X (X = 0, S) is an important factor in controlling the
configuration of metal-free cyclic thioethers and oxyethers (224).

[18]aneSs shows antioxidant properties in the stabilization of natural
rubber and is a better deactivator than [14]aneS4 (105).

Sellmann and co-workers have reported the template synthesis of
Bzy[18]aneSg (191, 192) (see Scheme 5, Section II). The structure of the
metal-free ligand (Fig. 75) shows all the S-donors lying exo to the
macrocyclic ring, and four out of 12 C—S bonds in anti configurations
(192).

FiG. 74. [18]aneSe.
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Fic. 75. Bzy[18]aneSg.

B. NioBrum

Reaction of [NbCl;5] with {24 ]aneSg affords products of stoichiometry
[ (NbCl5),1[24]aneSg (x = 3, 6) (89).

C. MoLYBDENUM AND TUNGSTEN

Reaction of [M(CQO)s] (M = Mo, W) with [18]aneSs affords the
complexes [Mo(CO)s([18]aneSeg) ], [Mo(CO)3]2[18]aneSg, and
[W(CO),4lof18]aneSg. Oxidation of [Mo(CO)3([18laneSg)] or [Mo-
(CO)3l2f18]aneSg with I affords [Mol»(CO)3]2[18]aneSg (200). Reaction
of [MoCl3(THF);] with [18]aneSg gives the Mo(IIl) species [Mo-
Cl3([18]aneSg) ]; ring-opening reactions of the coordinated hexathia
ligand to form coordinated vinyl thioether products were proposed
(202). In addition, the high-valent Mo(VI)/(V)/(IV) complexes [MoO--
Clolo[18]aneSg, [MoOCl3lo[18]laneSg, and [MoCl,]s[18]aneSg have been
isolated (201).

D. IroN, RUTHENIUM, AND OsMIUM

Sellman and co-workers have synthesized Bzy[18]aneSg via template
synthesis around Fe(II) (see Scheme 5, Section II) (191, 192).

Reaction of RuCl;-3H,O with [18]aneSg in DMF/methanol affords
[Ru([18]aneSg) 127, the single-crystal X-ray structure of which shows
(Fig. 76) a meso configuration with hexathia coordination at Ru(ID),
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Fic. 76. [Ru({18]aneSe) I2*.

Ru-S = 2.3222(23), 2.3326(25), 2.3373(23) A (17). Reaction of [Ru
(Me2S0)g)%* with [20]aneSg affords [Ru([20]aneSg) 12+ (172).

Reaction of [MCly(arene) ], with [18]aneSg affords the binuclear com-
plexes [MCly(arene)([18]aneSg) 1*°* (M = Ru, arene = C¢Hg, CeMeg,
4-MeCgH4'Pr; M = Os, arene = 4-MeCgH4'Pr), in which [18)aneSg acts
as a bridging ligand, bidentate to each Ru(ID) center (14, 188).

E. CoBaLT, RRODIUM, AND IRIDIUM

Black and McLean reported the synthesis of [M([18]aneSg) )%+
(M = Co, Ni) in 1969 (21, 22). The single-crystal X-ray structure of
[Co([18]aneSe) 1" shows (Fig. 77) a tetragonally elongated octahedral
stereochemistry, Co-S = 2.251(1), 2.292(1), 2.479(1) A (112, 113). The
complex is a low-spin Co(II) species, uer = 1.8 BM, and shows an ESR

Fic. 77. [Co([18)aneSe) 12°.
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Fic. 78. [Rhy(COD)y({20]aneSe) J7*.

spectrum with g, = 2.05,g, = 2.14,A, = 0.70 cm™" as a frozen glass
at 77 K in nitromethane/toluene (112, 113). The [Co([18]aneSg) ]2*/3*
couple is observed at E,,2 = +0.844 V vs. NHE, compared to a value of
E1;2 = +0.680 V vs. NHE for the [Co([9]aneS3)2]12*/3* couple, indicat-
ing an increased stabilization of Co(II) with [18]aneSg (113).

Reaction of RhCl; with [18]aneSs affords a product assigned as
(RhCl,([18]aneSs) 1t (51). Treatment of [RhCI(COD) ], with [20]aneSg
affords an unusual dimeric complex [Rhy(COD)([20]aneSe) 12* (Fig.
78), which shows exo coordination of three thioether donors to each
Rh(I) center, Rh—S = 2.320(1), 2.462(1), 2.482(1) A (177).

Reaction of [M(CsMe5)Cly]e (M = Rh, Ir) with [18]aneSg affords the
binuclear complexes [Mz(CsMes)2Cly([18]aneSg) 12*; the single-crystal
structure of [Rhao(CsMej;)2Cla([18]aneSg) 1** shows (Fig. 79) [18]aneSg

Fic. 79. [(Rh2(C5ME5)2C]2( [IS]EDESG) ]2+,
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bridging two [RhC1(CsMes) | moieties with two S-donors bound to each
Rh(II]) center: Rh-S = 2.3645(9), 2.3766(9) A; Rh-Cl = 2.3869(9) A
(14, 19, 188).

Ring-opening reactions to form [Rh([18]aneSg-H) 1* have been ob-
served (176).

F. NicKEL, PALLADIUM, AND PLATINUM

Reaction of Ni(Il) salts with L [L = [18]aneSg (21, 22, 75, 115),
[24]aneSg (75, 171) ] affords the complexes [Ni(L) 12*. The single-crystal
X-ray structure of the centrosymmetric cation [Ni([18]aneSg) |** shows
(Fig. 80) a meso configuration with hexathia coordination at Ni(II):
Ni-S = 2.377(1), 2.389(1), 2.397(1) A (75, 115). In contrast, the
structure of [Ni([{24]aneSe) |>* shows (Fig. 81) a rac configuration
with increased Ni-S bond lengths: Ni-S = 2.413(1), 2.437(1),
2.443(1) A (75, 171). For [Ni([18]aneSe) 1" 10Dg = 12, 290 cm™};
for [Ni([24]aneSg) 12+ 10Dgq = 11,050 cm ™! (75).

Insertion of Pd(II) into [18]aneSs gives the diamagnetic complex
cation [Pd([18]aneSg) 12" (33). The single-crystal X-ray structure of
brown [Pd([18]aneSg) J(BPh,)s shows (Fig. 82) equatorial coordination
of four thioether donors, Pd—S.q = 2.3067(15), 2.3114(14) A, with the
two remaining thioether donors involved in long-range interactions
with Pd(II) at apical positions, Pd---Sa, = 3.2730(17) A (33). Interest-
ingly, [Pd([18]aneS) [(PF¢)2 (Fig. 83) is green in the solid state and
shows a different structure to the BPhj salt with Pd—Se, = 2.3347(18)
A, Pd---S,, = 3.0154(25) A (27). Another important difference between
the two structures is that in [Pd([18]aneSg) [(PFg): the methylene
chains are mutually eclipsed, whereas in [Pd([18]aneSg) (BPh,), these
chains are staggered (27).

Fic. 80. [Ni([18]aneSg) I2*.



Fic. 83. [Pd({18)aneSs) )" as found in green PFg salt.
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Unlike [Pd([9]aneSs).1%*, [Pd([18]aneSe) 1** does not show any clear
oxidative process by cyclic voltammetry in CH3;CN. However,
[Pd([18]aneSg) 12t can be oxidized slowly using chemical oxidants
to afford the mononuclear, paramagnetic Pd(III) complex,
[Pd([18]aneSg) 13" (Fig. 84), which shows a tetragonally elongated octa-
hedral stereochemistry: Pd—S,q = 2.3506(23), 2.3593(23) A; Pd-
Sap = 2.5229(24) A (27); therefore, on going from [Pd([18]aneS¢) I>* to
[Pd([18]aneSe) I** the Pd-S,, distances shorten from 3.0154(25) to
2.5229(24) A, consistent with the increase in nuclear charge at the
metal center and the preferred stereochemistry for d” metal centers.
The bond lengths for [Pd([18)aneSe) ** are marginally shorter than in
the related [Pd({9]aneS3)21** cation, which shows Pd—-S.q = 2.3558(14),
2.3692(15) A; Pd-S,, = 2.5448(15) A (27, 42).

Liquid-liquid extraction of Pd(II) with [18]aneSg has been reported
(120, 189).

The single-crystal X-ray structure of [Pt([18]aneSe) (BPhy); shows
a coordination geometry similar to [Pd([18]aneSg) [(BPh,)y: Pt-—
Seq = 2.2948(24), 2.2980(25) A; Pt---S,p = 3.380(3) A (28, 33).

Ring-opening reactions of [M([18]aneS¢) 12t (M = Pd, Pt) are dis-
cussed in Section IILE.

Fic. 84. [Pd([18)aneSe) 1.



THIOETHER MACROCYCLIC COMPLEXES 69

G. COPPER AND SILVER

Insertion of Cu(Il) into [18]aneSg affords the hexathia species {Cu
([18]aneSe) 1%, the single-crystal X-ray structure of which shows (Fig.
85) a meso configuration for the complex with a tetragonally elongated
octahedral stereochemistry, Cu-S = 2.323(1), 2.402(1), 2.635(1) A
(I111). The ESR spectrum of [Cu([18]aneSg)]>* shows g, = 2.028,
gy = 2.035,g, = 2.119,A | = 0.0153 em™ 1, Al =0.0019cm™! as a fro-
zen glass in nitromethane/toluene at 77 K. The [Cu([18]aneSg) 7'+
couple is observed at E;,5 = +0.72 V vs. SCE in CH3NO,; the related
[Cu([9]aneSs)212*'* couple is observed at E;, = +0.61 V. vs. SCE un-
der the same conditions (111).

Reduction of [Cu([18]aneSg) ]** affords the corresponding Cu(I) com-
plex [Cu([18]aneSg) J*, the single-crystal X-ray structure of which con-
firms (Fig. 86) a distorted tetrahedral stereochemistry at the metal
center, Cu—S = 2.245(2), 2.253(2), 2.358(2), 2.360(2) A (111). The two
remaining S-donors are not bound to the Cu(I) center. The intercon-
version of Cu(Il) and Cu(I) within the coordination sphere of [18]aneSg
occurs, therefore, via rapid Cu—S bond-breaking and -making between
six- and four-coordinate complexes (111); related redox/stereochemical
interconversion between [Cu([15]aneS5) ]**/* has been observed (76).

The binuclear Cu(I) complex [Cus(NCCHg)2([18]aneSe) >+ has been
prepared (108); the single-crystal X-ray structure of this complex shows
(Fig. 87) each tetrahedral Cu(I) center bound to three S-donors of the
macrocycle, Cu—S = 2.3200(15), 2.3250(15), 2.3415(16) A; and to one

Fic. 85. [Cu([18]aneSg) 12*.
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Fic. 86. [Cu([18]aneSg)]1*.

NCCHj; molecule, Cu—-N = 1.939(5) A (108). The Cu---Cu distance is
4.25 A. A long-range interaction with a fourth S-donor, Cu---S = 3.32
A, distorts the coordination at Cu(I) toward trigonal bipyramidal
(32, 108).

The extraction of Cu(II) and Cu(I) with [18]aneSg has been reported
(189), and the effect of [18]aneSg on the configurational stability and
reactivity of a cyclopropylcopper complex has been monitored (215).

Reaction of AgNO; with [18]aneSg affords [Ag([18]aneSe) 1", which
shows (Fig. 88) Ag(I) bound to six thicether donors of [18]aneSg in a
tetragonally compressed stereochemistry, Ag-S = 2.6665(12),

Fic. 87. [Cuy(NCCHs;),([18]aneSq) 12¢.
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Fic. 88. [Ag([18laneSg)]".

2.7813(10) A (31). Oxidation of this species affords an Ag(I) species
that is stabilized under acidic conditions (31). The extraction of Ag(I)
with [18)aneSg has been achieved (119, 203, 206); species incorporating
Ag:[18]aneSg ratios of 1:1 (189, 206), 2:1, and 3:1 (203, 206) have
been isolated.

H. MERCURY

The extraction of Hg(II) with [18]aneSg has been reported; complexes
incorporating Hg:[18]aneSg ratios of 1:1 and 2:1 have been isolated

(203, 206).

I. Leap

The extraction of Pb(II) with [18]aneSg has been investigated (119).

VII. [24]aneSs, [28]aneSg, and Related Octathia Ligands

Very little coordination chemistry of these large-ring ligands has
been reported. Products incorporating Nb(V) (89), Ni(II) (209), Pd(1)
(209), Cu(Il) (61), Ag(I) (186, 205), and Hg(II) (186) have been described;



72 ALEXANDER J. BLAKE AND MARTIN SCHRODER

Fic. 89. [Cua([28]aneSa) 2.

however, none of these complexes have been characterized unambigu-
ously.

Recently, the reaction of [Cu(NCCHa)4]* with [28]aneSg has been
shown to afford the binuclear Cu(l) complex [Cuy([28]laneSg) 12* (Fig.
89), in which each Cu(l) is bound tetrahedrally to four S-donors of the
macrocycle Cu—S = 2.268(5), 2.278(5), 2.328(5), 2.333(5) A, with a
Cu---Cu separation of 6.454(4) A (53).

VII. Abbreviations

[9]aneSs: 1, 4, 7-trithiacyclononane

[12}aneSs: 1, 5, 9-trithiacyclododecane

[12]aneS,: 1, 4, 7, 10-tetrathiacyclododecane

[13]aneS,: 1, 4, 7, 10-tetrathiacyclotridecane

[14]aneS,: 1, 4, 8, 11-tetrathiacyclotetradecane

[15]aneSq: 1, 4, 8, 12-tetrathiacyclopentadecane

[16)aneS,: 1, 5, 9, 13-tetrathiacyclohexadecane

[15]aneSs: 1, 4, 7, 10, 13-pentathiacyclopentadecane
{18]aneSe: 1, 4, 7, 10, 13, 16-hexathiacyclooctadecane
[20]aneSe: 1, 4, 7, 11, 14, 17-hexathiacycloeicosane
[24]aneSe: 1, 5, 9, 13, 17, 21-hexathiacyclotetracosane
[24]aneSq: 1, 4, 7, 10, 13, 16, 19, 22-octathiacyclotetracosane
[28)aneSs: 1, 4, 8, 11, 15, 18, 22, 25-octathiacyclooctacosane

Bz(9)aneSs: 2, 3-benzo-1, 4, 7-trithia-2-cyclononaene
Bzy[18]aneSe: 2, 3, 11, 12-dibenzo-1, 4, 7, 10, 13, 16-hexathia-2, 11-cyclooctadecadiene
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