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AESTR..ACT'

n i, tfr.ri, describes the synthesis, characterization, and co-Flexation of several

macrocyclic thioethers. The investigation of crown thioethers has been thwarted by the

fact that in many cases they are accessible only with great difficulty. High dilution

techniques had to be used, often affording only low yields of mixtures of products which

required laborious separation. It was not until the early 1980's that the synthetic problems

were overcome, when Kellogg and Buter inroduced a new method, which employs

cesium ions in the ring closure step13'14. Both synthetic methods are described in this

thesis. Tmproved synthetic methods and the discovery of copper coordination to

methionine in blue copper proteins, as well as the potential analogy ro catalytically active

phosphine complexes, revived the inærest in thioether coordination chemistry and its

electronic consequences. Two classes of ligands were prepared: tridentate and hexadentate

macrocyclic thioethers. 'Rigid groups' (-CFI2-, oftho- and. meta-xylyl) were incorporated.

in the rings to separate the two coordination sites, formed by SCH2CII2SCffrClfrS strings.

The potentialiy ditopic hexadentate thioether 1,3,6,9,11,14-hexathiacyclohexane(16S6)

forms a mononuclear complex, [Cu(16s6)]tcto4l, with [Cu(CH3CN)4]tClo4l. The -CH2-

"spacing unit" appears to be too small for 1656 to allow the coordination of nvo Cu(I)

ions. Instead the ligand "wraps" a¡ound the Cu(I) ion, which uses only four of the six S

atoms for coordination. The tridentate ligands 2,5,8-Trithia[9]-o-benzenophane (TTOB)

and 2,5,8-Trithia[9]-rn-benzenophane (TTMB) have one subunit for facial metal ion

coordination. They serve as a probe for coordination of metals to the ditopic hexadentate

Iigands 2,5,8,13,L6.19-Hexathialg.gJ-ortho-benzenophane (I{TOB) and

2,5,8,t3,16.19-Hexathia[9.9)-meta-benzenophane (HTMB), in which the chelating strings

1V



aro separated by ortho- and meta-xylyl units respecrively. The C¡I3CN ligand of the Cu(I)

s6mplex, [CUffTOBXCH3CN)]ICIO4], is readily replaced by phosphines and orher small

molecules such as pyridine and benzonitrile. The smalt ring ligand TIOB can accomodate

metals with a tetrahedral or octahedral geometry as evidenced by the su'uctures of

[Cu(TToB)(PPh2Me)]tCto4l and Mo(TToBXCo)3. The mera analogue, T[MB, did not

fomr complexes with Cu(I). The large macrocycle HTOB forms a binuclear complex

lcu2GIToBXcH3cN)2llclo4l2, with [cu(cH3cN)4][cto4] and its chemisqy is

analogous to the Cu(I) complex of TTOB. The tigands and ssmplexes a¡e studied through

the use of 3iP1tHi, t3c{1H1, and lH NMR, infra¡ed and mass specrroscopy, a¡¿ x-ray

crystallography.

v
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I-ess is more.

Simplify, simplify, simptify"

Flenry ÐavÍd Thoreau,
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CF{APTER. T

Xntroduction

tr "1 ÉIistorical tsackground

Macrocyciic thioethers have been known for a long time. In 1934, Meadow and

Reidl found that the reaction of sodium ethanedithiolate with erhylene bromide resulted in

the formation of a lot of polymer and a small amount of the cyclic hexamer

I,4,7,I0,I3,l6-hexathiacyclooctadecane (1856). It was not until about 30 years later that

the interest in the extensive chemistry of crown ethers was renewed. At that time, some

new work by Pedersen2'7 was published on crown oxaethers and by Rosen and Busch3 on

macrocyclic thioether ligands.

Since then, the chemistry of crown thioethers has undergone an explosive

deveiopment. The reasons for this revived interest were the discovery of thioether

coordination to copper in btue coppor proteins4'5'6 and improved synthetic methods. It is
expected that the presence of S-donor atoms in the coordination sphere will lead to some

novel chemistry that may further elucidate the binding of copper in bioinorganic

compiexes. The potential analogy to, and perhaps complement to, phosphine coordination

chemistry ied to investigation of the electronic consequences of thioether coordination.

Industrial interest is geared towards the potentiai application of thioether complexes in

homogeneous catalysis. A large quantity of homoieptic crown thioether complexes with a

wide variety of metai ions has already been synthesized.. The majority of them are

mononuclear compiexes. The research in this area has been focussed on the electronic

consequences of an all sulfur coordination sphere, electochemistry, ring size effects and

conformational analysis.



3.,2 NornenclaÉure

In its broadest sense, the definition of crown thio- or thia-ethers, would entait any

medium sized or macrocyclic system having only one ring and containing only su6ur

heteroatoms in the ring. As the work in thioether chemisnry expanded, the sysæm to

indicate different structural types and/or functional groups became more complicated. The

term "crown", was first invented by Pedersen and generally refers to macrocyclic

polyethers having the ethyleneoxy unit as the basic repeating structure. Thus, for crown

thioethers the repeating unit would be CFI2CFI2-S.

By analogy to the nomenclature convention for simple oxa-crowns, the description

of simple thia-crowns involves nvo numbers; one to indicaæ the ring size and the other to

indicate the number of heteroatoms that a¡e present in the ring. The often long and

cumbersome systematic nâmes can be shortened considerably this way. For instance,

I,4,7 ,10,I3,16-hexathiacyclooctadecane becomes hexathia-18-crown-6, indicating an

eighteen-membered ring with six heteroatoms. Other systems to indicate that the

heteroatoms are sulfur atoms can be used as well. Examples a¡e 18-crown-S6, 18-ANE-S6

or 1856.

Any substituents on the ring, or the presence of mettrylene- or propylene linking

units between heteroatoms, complicate the systematic nomenclature considerably. For this

reason' ¡hg gimple "more convenient crown" descriptors persist, despiæ somet'mes grving

incomplete information and hence creating ambiguity, as shown in Figure 1.1.

BoÚr sructures are referred to as 2056, but their systematic names differ. To

indicate the length of the carbon chains benveen the sulfr.¡r atoms prefixes a¡e inserted in

the name. The two structures could be described as S6-ethano-propano-ethano[20] or

s6-e-pr-e[20] and s6-propano-methano-propano[20] or s6-pr-m-pr[20] ro denote a

2O-membered ring containing six sulfur atoms separated. by the sequence of alþl chains

as indicate¿35'39- However, this system is rarely used and the ambiguous nomenclature



J

s

SS

SS

20s6.

s

L,4,'1,'J. L,L4,t7 -hexathia-
cycloeicosane.

s,^s

S-.-S

20s6

1.,5,9, 1 L, 1 5, l9-hexathia-
cycloeicosane.

)

JI
F'igure n.n Ambiguity in "convenient" nomenclature.

prevails. Rigid groups included in the ring structure are ind.icated before the number

grving the ring size, e.g. dibenzo-1856 or dicyclohexano-18-crown-6. The fully

descriptive systematic name would also include the placement of the Soup as in

2,3,\I,I2-dLbenzo-L,4,7 ,L0,L3,I6-hexathia-2,11-cyclooctadecadienel6.

Once a molecule has been introduced, fully structurally cha¡acterized and

described, the systematic names are often replaced by more "convenient" acronyms, e.g.

1,4,7-trithiacyclononane, (9s3), by f-rcN and 1,4,7-trirhianonane by TTN. Two

numbering systems of the atoms are in use; (a) according to IUPAC conventions the atoms

a¡e numbered sequentially around the ring (s1, c2, c3, s4, etc.)26 and (b) the sysæm in

which the sulfr¡r and carbon atoms are numbered in separate sequences ( 51, C1, C2, 52,

etc.). The latter seems to be used more frequently in crystaltographic descriptions of
structures, whereas the fï¡st one is always used in the systematic nomenclanue.

1.3 Synthesis

A drawback to the srudy of crown thioether ligands and their coordination

chemisuy was the lack of safe, generat, high-yield synthetic roures to the ligands and their



4

subsequent purification. Some of the early syntheses required the use of very toxic

intermediatess such as dichloroethytsulfide, which is a powerful vesicant. The formation

of rings of different sizes in the one-pot reactions, often necessitated the use of
compiicated chromatographic methods8-l2 to separate the desired product.

The majs¡ problem is the formation of poiymeric material. If the cyclization step

proceeds through an ordinary S¡2 reaction, such as the thiolate anion attacking an

activated carbon as shown schematically below, then the formation of linea¡ polymer is

Fígure x."2 schematic representation intramolecular ringclosure
by a S¡{2 mechanism.

favoured over the entropy constrainB of cyclizations. since this is a statistically defined

process, high dilution techniques have to be employed to favor cyclization kinetica[ys-ra.

Another factor on which the ring closure depends is the so-called

"template-effect". This is the ability of the linear polyether fragment to ,,wrap,' itself

a¡ound an alkali metal ion, thus facilitating its ring closure. In contrast to the strong

template effect and corresponding high yields of macrocyclic polyoxaethers, it ûurns out

that the low sulfur-active metal ion coordination renders template effects of little or no

consequence4'8. In thioether chemisuy, only two very specific multi-step syntheses are

known that make use of some kind of æmplate-effect; (1) the formation of
dibenzo[18]-crown-s6 at an fFetrCo] centetl6 by rwice alkylating with s(eHaBr)2 and

(2) the reaction at Mo(0), to form 9S3, which will be discussed.laær. It is obvious that the
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rate of the S¡¡2-displacement reaction depends on factors like the nature of the leaving

8rouP, the solvent and the temperature at which the reaction is conducted.

In 1981, Kellogg and Buterl3'14 introduced a method that gave a dramatic increase

in the yields of crown thioethers. The synthesis employs cesium salts in the the cyclization

step. The role of the cesirrm ion in the cyclization step is not well understood. The

formation of weak ion pairs with RS- anions is suspected, thus making them exceptionatly

nucleophilic. Under high-dilution conditions this would favor the intra- over

intermolecular S¡2 reaction of the open-chain ohalo-q-thiolate intermediate4. For

example, slow addition of a solution of 3-thiapentane-1,5-dithiol and 1,11-dichloro-

3,6,9-trithiaundecane to a suspension of cesium carbonate in DMF gave 1g56 on the 20 g

scale in 807020 yietds. This methsd ssmpetes favorably with pmplate routes because it
involves less manipulation and it proceeds in one step from commercially available

starting materials. Furthermore, the synthesis is general; modifications of the method

provide 9-, 10-, Ll.-, L2-, 14-, L6-, 1B-, and 24-membered crowns in high yieldsa.

Examples of some of these macrocyclic thioethers are shown in Figure 1.3.

(
,:

S

,)

1254

(-s \,,,
1856

r' t-\
\)
SS,

\rsvJ
15S5

Figure f..3 CÏown thioethers.

To illusEate the effect synthetic developments have had on the availability of
crown thioethers, the history of L,4,7-vithiacyclononane (9S3) seryes as a good examFle.

This potentially tridentate ligand was first reported by Ochrym owyczl2 in !977, at a yield

-s^l
(
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of 0.047o, from the reaction of the disodium salt of mercaproethylsulfide with ethylene

dichloride. In 1983, this was improved to 4Vo by using the bis(benzyltriethylammonium)

salt of the dithiol under high-dilution cond.itionsó. The first attemprs ro synrhesize 9S3

using the Cs2CO3/DMF method gave a 20Vo yíeld38, which hås been improved to S}Vore.

In 1984, Sellmann4l published a template reaction at Mo(0) involving the prod.uction of

rhe inrermediate disulfide complex [NMea]2[Mo(scH2cH2scH2cH2sXCo)¡] and

subsequent alkylation with l,2-dibromoethane resulting in the fomration of 9S3 at a 60Vo

yieid. The yields for 1856 have ükewise increased from a SVo yíeld. in the reacrion of the

sodium salt of mercaptoethylsulfide with d"ibromoerhanes to 897o20 using the Cs2CO3

mediated cyclization t¡"¡1ro¿13'la.

I-.4 Conformational Analysis

One of the most important features that eariy structural studies on macrocyclic

thioethers have revealed is that the sulfur atoms tend to point out of the macrocyclic

nng2r'22'zl'u. This preference for an "exodentate" orientation contrasts sharply with that

more commonly seen for oxa- and aza macrocyciesls. However, more recent studies

showed that the orientation of the sulfur donor atoms for a free macrocyclic ligand can be

either out of the ring (exodentate) or into the ring (endodentate)2s.

In 1987, coope/2 introduced a new approach toward the description of
macrocyclic thioethers. He recognized that the conformation of most cyclic thioethers

with ethylene bridging units can be described. in terms of the "bracket" units, defined by

S - CH2CH2-S-CH2CH2-S, and their torsional angles.

The -S-CH2CH2-S-CH2CH2-S- "bracket" unit resembles a right triangie in projecúon, with

the central sulfur atom at the right angle. A cyctic structure then, is generated by the

fusion of two or more bracket units. For example, the structtue of 1254 is obtained. by the

fusion of two bracket units and 1856 has two bracket units fused by C-C fragments.
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s - cH2- cH2- S

I

cEz
I

cHz
I
I

S

Figure L.4 The SCH2CH2SCH2CH2S "bracker" unit.

The torsional angles of these crown thioethers display a ciear parrern. The C-S

Iinkages adopt, without exception, a gauche placement with torsional angles of * 600,

whereas the preferred placement at the C-C bonds is anti. As mentioned before, this is in

sharp contrast with the placements of C-O and C-C bonds in oxa crown ethers. For

example, 12 out of 12 C-S bonds in 1856 are gauche, but only 2 out of 12 C-O bonds in

18-crown-6 are gauche. These conformational preferences of both C-S and C-O bonds

manifest themselves very clearly in mixed oxa-thia crowns. For instance,

1,4-dithia- 18-crown-6 has 4 out of 4 C-S bonds gauche and 0 out of 8 C-O bonds gauche.

Though ring size is an important factor, the main reason for these conformational

preferences appears to be the different l,4-interactions in gauche C-C-E-C and E-C-C-E

(E = O, S) units. Consider the l,4-interaction between the heteroatoms in the E-C-C-E

units on the left side in Figure 1.5. For E = O dispersion forces (electron-nuclear

attaction)72 between the E-atoms stabilize gauche placement (the attractive gauche

effect). However, when E = S the greater size of the atoms causes gïeater electron-electron

repulsion between them which destabilizes gauche placement (the repulsive gauche

effect). The l,4-interaction in the C-C-E-C fragments on the right hand side in the figure

reinforce the observed preferred placements in the E-C-C-E units. Due to the smaller size

of the oxygen atom, gauche placement would. cause repulsion between the terminal

protons of the C-C-E-C chain. In the case where E = S, little or no repulsion exists,
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because the greater length of the C-S bonds keeps the terminal H atoms relatively far

apaft. Hence, in crown ethers 1,4-interactions favor gauche placements at O-C-C-O bonds

but disfavor them at C-C-O-C bonds and in crown thiaethers the opposite is true; S-C-C-S

bonds disfavor gauche placements, whereas C-C-S-C bonds favor them. The above

findings apply only to ethyl-ünked sysrems of high symmebT/. On the other hand, these

systems are among those of greatest interest in the context of coordination chemistry.

o....
\/\ / STABILIZINGc__c

,.H\

C

2.4 

^
^/.El'(j
\
\ 1.84
C---

oÌ- 1.8 Å

-.-W""- FI

c-c DESTABILIZING 1.4 A.c-o
Figure L.5 schematic representation of 1,4-interactions in gauche

CH2-CH2-E-CH2 and E-CH2-CH2E linkages: (E = O, S).

tr.5 Coordination Chernistny

i) general. The coordination chemistry of thioethers in transition metal complexes

was reviewed extensively in 198i by Hartley and Muray2l. They reported six transition

metal complexes of crown thioethers that had been fuliy characterized by X-ray

-CC
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crystallography. Since that review the syntheses of compiexes with crown thioethers have

accelerated enormously. Complexes of ltt,2nd and. 3td row tansiúon motals with several

crown thioethers have been fully characterized by X-ray crystallogaphy: Ni(11¡3,ó,zz-ze,

Fe(tr¡0't0'27-2e, Co(II) and Co(m¡e'so-32, CulI¡ and Cu(II)6,33-38,61, Nb(tr)3e, Mo(g) and

MoQI¡+o+r, Ru(II)4a7, RhqI¡ and Rh(Itr¡48-51, pd(II) and pd(Itr)s2-sa, ¡ç¡J)60, Ag(I)ut,62,

Pt(tr)63 and Mn(I)7a. In the foliowing paragraphs a few of these compiexes and some of

their unusual characteristics are discussed in more detail.

ii) 9S3 complexes. One ligand that has been used. extensively in complexation

studies is the potentially tridentaæ crown thioether ligand 1,4,7-rrithiacyclononane (9S3).

This ligand itself is rather unique, because its X-ray structure64'65 shows that all three S

atoms are endodentate. The enthaipic price for rearranging the S atoms for coordination to

a trigonal face has been accounted for during the synthesis of the free ligand!

This ligand forms very stable ML2 complexes with a variety of transition-metal

ions; Ni(II¡6, Cu1tr¡6, Co(II)6, Co(III)30, Fe(II)2s, Fe(Itr)27, pdgl¡s+,r2, pd(trI)s2, Rh(m)s1,

Pt(tr)63, and Ru(tr)446, which have all been structurally characterized. The metal center is

"sandwiched" between two ügand moieties @igure 1.6). With exception of the

Figure L.6 [Co(9S3)ù2*, "sandwiched" metal ion.

[Pt(9S3)r]2+ and tPd(9s3)212+-compiexes, the metal ions are coordinared to six S-donor

r^sl'v
Co

ê,
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atoms from two 9S3 iigands. The resulting coordination sphere is octahedral or disrorted

octahedral. The metal ions of the ft(II) and Pd(II) are coordinated to four thia donors from

two ligands in an approximate square plane: the Pt(II)-ion showing apical interaction with

one "dangling" S-atom and the Pd(tr)-ion with both remaining sulfur atoms. The

macrocyclic cavity of 9S3 is too small for the iigand to wrap around the metal ion. Hence

most complexation reactions of 9S3 form ML2 complexes when a2:I ligand to metal ratio

is used. so far only five complexes, Mo(9s3XCo)¡, Mn(9s3XCo)3, cu(9s3)I,

[Fe(9S3XCsHs)][BPh4] and Pd(9S3)Br2 are known where the ligand "caps" the meral,

leaving other coordination sites open4r,6L,29,t7 .

iii) electronic effects. These effects are best addressed. in homoleptic complexes.

An all sulfur coordination sphere limits the number of variabies and simplifies the

interpretation of the results. Thioethers generaliy bind weakly because they are both weak

o-donors and weak 7r-acceptors2l. CYown thioethers, however, enhance coordination due

to stabilizing factors like the chelate effect, the macrocyclic effect and the absence of
steric repulsions between alkyl substituents26. Some unusual properries have been

attributed to the iow rc-acidity of thioethers. In the co(9S3)22*, Co(1g56)2* and Fe(9S3)r2+

compiexes6'31'28 a stabilization of the iow-spin states is observed. This is unexpected,

since thioethers are weak fietd ligands (comparable in strength to ammonia6s).

Deiocalization of t2*-eiectron density into S-C o* orbitals (because of the low æ -acidity)

is believed to reduce electron-electron repulsions and therefore the spin-pairing energy of

the tze elecEons4. The electronic effect of thioether coordination is also apparent

comparing the reactivities of RhCt(PPh3), *d RhCi(14S4) towards oxidative addition of
CHICL2. RhCl(14S4) reacts rapidiy at room ¡emperarure, while Rhcleph3)3 is inert. The

increased nucieophilicity of the metal ion of the cycüc thioether complex, is probabiy due

to the iow æ-acidity of the thioether 1igand50. Another intriguing aspecr of homoleptic

thioether coordination is its ability to stabüize unusual oxid.ation states as in pd(ttr)s2 and
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Pt(Itr)63. This effect is also illustrated by the reducrion of tRh(9s Ðù3* to rhe Rh(I)

complex, in which atare example of a monomeric Rh@) species is observed5l.

iv) ring size efìfects. As the ring size and the number of S-donor atoms of the

thioether ligand increase, some different modes of coordination result. Interesting studies

on the effects of ring size have been performed by the group of RorabacheÉ3,3s. They

prepared a series of Cu(tr)-csmFlexes with macrocyclic thioether ligands of which the

ring size gradually increased; 1254, 1354, 1454, and 1654 1eaving the number of

coordination sites unchanged. It was found that for 1254 and 1354 the copper atom is

forced above the plane through the four sulfur atoms. However, when the ring contains 14

or more atoms the central caviry is large enough to accomodate a divalent, first-row

transition metal ion such as Cu(tr). Thus, in the 1454- a¡d 16S4-complexes the S-donor

atoms lie in a square-plana¡ a¡rangement a¡ound the central copper ion in an overall

tetragonal geomebry.

To iLlustrate the effect of ring size on coordination modes it is also appropriate to

compare the structures of Ni(18S6¡z+ and Ni(24S6)2*. Although the number of S donor

atoms and potential coordination sites a¡e the same in these complexes, the modes of
coordination are different. In Ni(18S6¡2+ the srown is coordinated entirely in faciat

segments (each triad of adjacent S atoms occupies a trigonal face)%.In Ni(24S6)2*, there

still is an octahedral NiS6 core, but the six sulfur atoms are bonded to the metal such that

two loops of adjacent sulfurs coordinare meridionally23 @gure 1.7).

The Ni-S bonding distances in Ni(18S6)2* are shorrer (0.06 ,4,) than the rypical

value of 2.44 Å found for other Ni(tr)-thioerher complexes6,8. Both 9S3 and 1g56

constrict the metal coordination sphere (macrocyclic constriction effect), a phenomenon

which is not observed for the complexes Ni(12s3)22+ and Ni(24s6)2+, which have propyl

linkages between the S donor atoms.

The orientaúon of the sulfur donor atoms in the free ligand has an important
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influence on metal binding, since conformational changes 6n ssmPlex formation must be

reflected in the thermodynamics of complexation. Several structures were cha¡acterized

by X-ray crystallography, where the potentially muttidentare macrocyclic thioether ligand

coordinates in an "inside-out" manner (exo-coordination)67 and forms a bridging unit

between two metal cenrers. some examples are [(cl2Hg)2(1asa)]66, lNbclr¡2(14s4)3e and

lRhz(n5-CsMej2Cl2(18s6)l(BPh4), *.Note that not all S-donor aroms are used for

coordination (Figure 1.8). This feature is also observed in tCu(15S5)ltclo4l, where the

ligand is wrapped around the distorted terahedral Cu(I) metal center, leaving one sulfur

atom "dangling"3z. The same ligand is capable of using atl ñve donor atoms as shown in

the square pyramidal [Cu(trX15S5)]tCtO4l2 complex3T, indicating that the coordination

mode also depends on the oxidation state of the metal.

v) 3-8S6 complexes. An increase in the number of coordination sites to six leads to

the possibility of the ligand acting as a mono- or binuciear chelating 1igand. The most

studied thioether ügand in this class is without doubt the large flexible crown molecule

1,4,7,"1'0,I3,16-hexathiacyclooctadecane (1856). It forrns mononuclear complexes with
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co(tr)3i, Niçn¡ao and Cu(tr)38 with the met¿I ion coordinated to all six S donor atoms in
an octahedral geomeEy (cf. M(9S3)2 complexes). The Pd@¡ and prCtr) complexess3 of
1856 are similü' to the M(9S3)2 complexes of these metals discussed earlier, with the

metais being coordinated to foru suÌñ¡rs while showing some interacdon with the

"dangling" apical S atoms. Co(tr) is low spin and both the CoCtr) and Cu(tr) complexes

show tenagonal distonion due to Jahn-Teller effects; the Ni(Q çsmplex is high spin and

exhibits almost perfect octahedral geomerriy.

When 1856 is reacted with Cu(D in a 1:1 ratio, a mononuclear comFlex results3s.

The complex adopts a severely distorted æu'atredral geometry and nvo neighbouring

S-d'onor atoms a.re not used for coordination. Addition of a two-fold mola¡ excess of

[cu(Gl3cN)4]tclo4l to a solution of 1856 in dichloromethane/acetonitile, however,

yielded the binucle¿¡' ssmFlex36. Each of the two copperg) ions is facially coordinated. to

three S atoms and one acetonitrile molecule in an up and down conformation. Both centers

have a süghtly distorted æt'ahedral geome!ry and each copper lies 1.0g Å above the plane

of its coordinating 53 set @igure 1.9).

The same feature is observed for the binuclea¡ Rh(Ð(CoD)-complex (COD =
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1.5-cyclooctadiene) of 2056, where the two metal ions also coordinate to opposite sides of
the ligandag. Thioether complexes with both metal centers residing on the same side of the

ügand in close proximity to each other with the ligand in a "srown-like" conformation

have yet to be isolated. Dinuclea¡ çemplexes with this geomeEry are known for ditopic

hexa-aza-macrocyclesTs as illustrated in Figure 1.9.

14

,$
lCuz(CH3CN)2( 1 656)12+

complex, "up and down" conformation.

[Rhz(co)sG)]2*

metal ions on the same side

of the ligand.
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I-.6 Reaction Clrennistry

In the past decades, the research on crown thioethers has been directed towards

their synthesis and their coordination chemistry. Many synthetic problems have been

overcome and much more is known about how homoleptic thioether coordination affects

the electronic properties. Research into the reaction chemistry of macrocyclc thioether

complexes requires the presence of vacant coordination sites or labile tigands at the metal

core. If the properties observed a¡e to be used to generate unique reaction chemistry, then

the research will have to focus on the preparation of these complexes. The analogy to

phosphine chemisury seems to be evident and the possibitities are tremendous.
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Chemisúry of 3.656

2.X. Introduction

While homoleptic crown thioether coordination modes are ideal for studying

elecuonic effects, they do not allow for the possibility of reacdon chemistry. proper tigand

design is essential to create a suitable environment, which aliows for coordinative

unsaturation and reaction chemisnry at the metal center. 1656 was designed. for this reason;

a macrocyclic thioether iigand, consisting of two S-CH2CH2-S-CH2CH2-S "brackets",

joined by two methylene bridges.

Figure 2.L 1656 'building blocks'.

In order to prevent the ligand from "wrapping" around the metal center in an octahedral

geometry' rigid S-CH2-S groups were incorporated in the macrocyclic ring. Since the

formation of a 4-membered chelating ring is energetically unfavorable because of the high

ring strain, encapsulation of the metal ion in an octahed.ral geomety would be unlikely.

Thus, 1656 has the potential to act as a binucleating tigand. The S-CH2-S unit seryes as a

"spacer" between two potentially tridentate coordination sites, suitable for facial

ì
sJ
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coordination to metal ions in either octahedral or tetahedral geometries. 1656 also has the

potenrial to be a simple probe for tetrahedral coordination in a monomeric Cu(I) complex.

In this case, encapsulation would occur, but two of the six d.onor atoms would not be

involved in complexation.

In this chapter, the synthesis, characterization by X-ray diffraction and NMR, of
r,3,6,9,11,l4-hexathiacyclohexadecane (16s6) and its cu(r) complex [cu(16s6)]lclo4l
are described.

2.2 Experimental Section

i) General.

[Cu(CH3CN)¿]tClo¿l was prepared by the literature methodse. 2-Mercaptoerhanol,

dibromomethane and 3-thiapentane-1,5-dithiol (bis-mercaptoethylsulfide) were purchased

from Aldrich and used as received. Absoiute ethanol was purified by distillation from

Cüz under N2. All reactions were conducted under an amosphere of N2 and solvents
'wore degassed prior to use. Co-plexation reactions were done by standard Schlenk

techniques55'56using a double gas/vacuum manifold., and syringes for transferring liquids.
1H and t3c{ttl} NMR spectra were recorded ar 300.1 and.7l.4MHz respectively on a

Bruker 4M300 spectrometer locked to the deuterated solvent. tH NMR simulation

calculations were performed using the program LAOCOON m. Infrared spectra were

recorded on a Perkin-Elmer 781 grating spectrometer. GCMS experiments were

perforrned routinely to monitor reaction progress using a HP 5970 series MSD coupled to

a HP 5890 gas chromatograph. Elemental analyses were performed by Canadian

Microanalytical service Ltd., New Wesminsær, British columbia, canada.
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åi) FneparaúÍore of 3,5-diúhiahepúane-X_,7-dåol.

Na metal (11.64 g, 506 -mol) was dissolved in anhydrous ett¡anol (500 mL).

2-Mercaptoethanol (39.56 g, 506 mmol) was added and the resulting solution stirred for

one hour. This solution was heated to reflux under N2, ând dibromomethane (M.gI g,253

mmol) in anhydrous ethanol (100 mL) added dropwise over a period of 4 h. The mixn¡re

was refluxed for 12 h during which time a white solid. precipitated and rhe solution color

slowly changed to orange brown. The solvent was removed and the residue taken up in

diethylether (300 mL). The solids were removed by filtration and the solution dried over

MgSOa. The diethylether was removed. ín vacuo and the resulting oily residue vacuum

distilled (bp 149-152 oc, 
1. mm Hg). yield: 26.1 g (6r ro). MS: r¡le 16g (M+). IR: v(oH)

3340 cm-l (vs, br). tsg¡t¡¡¡ NMR (CDCI3): õ 60.74 (cH2oH), 35.4t (CHzS), 33.gg

(scrl2s); tH NMR (CDCI3): õ 3.77 (t, 4H, CH20), 3.72 (s,2H, SCH2S ),2.g1, (s, 2H, OH),

2.83 (t, cH2s, 4H). Anat calculated for c5H12o2s2: c, 35.6g; H,7 .20; s, 3g.11. Found: c,
35.31; H,7.20; S, 38.14.

üÍi) Pneparatíon of 3,5-dËthiaheptane-Í.,2-dithÍol.

To a suspension of thiourea (6.74 g, 88.6 mmol) in 3,5-dirhiaheptane_1 ,7-drol(7.45

9,44.3 mmol) under N2 was added HBr (aq, 48Vo) (22.4 g,I32.g mmol). The mixture was

refluxed for t h and then cooled to room temperature. Sodium hydroxide (5.32 g, I3Z9
mmol) in H2O (50 mL) was added dropwise during which ¡me a white solid precipitaæd.

Upon heating the solid dissolved. This solution was then refluxed for another 9 h during

which time the product separated as an oil. The mixture was cooled to room temperature

and extracted with CtIzCLz (3 x 50 mL). The organic layer was dried over Na2SOa and

filtered. The solvent was removed ín vacua and the oily residue vacuum disti¡ed. The

fracúon distilling from 120-155 oC (2 rnm Hg) was collected and redisti¡ed fractionally
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(bp 135-140 oc,2 mm Hg). Yield: r.4t g (r6vo). MS: m/e 200 (M+). IR: v(sH) 254a cm-l

(-). 13c{iH¡ unnn (cDCrj: ô 36.06 (cH2s), 34.s2 (scg2s), 24.1,9 (cH2sH); rH NMR

(cDClj: ô 3.71 (s, 2H, scH2s), 2.82 (m, BH,cH2cH ù, L.7t (t, 2H, sH). A satisfactory

eiemental anaiysis could not be obtained. I

iv) Freparation of Í.,7-dichloro-39-dithiahepûaree.

Extrevne Cøutíon! Vesicønt" Thionyl chloride (5.21. g,40 mmol) was ad.ded via

syringe to 3,5-dithiaheptane-1,7-diol (3"11 g, 18.5 mmol) dissolved tn C:F'.CL2 (15 mL)

under Nz it a 50 mI. Schlenk flask. During the addition gas evolved and the solution

developed an orange-brown color. The mixture was stirred for t h, after which the solvent

was removed in vacuo. CH2CI2 (10 mL) was added followed by a saturated solution (5

mL) of NaHCO3 and the mixture stired vigorously. The two phase system was then

filtered through phase separation paper and the organic layer dried over MgSOa. After

filtration and removal of solvent in vecuo, the product was obtained as a pale

orange-brown liquid. Due to the dangerous nature of this ssmFound no further purification

was attempted. However, the material was >97vo pure by GcMs. MS: m/e 204. yield:

2.50 g (66Vo). tsç1t¡1¡ NMR (CDC13): õ 43"24 (CH2CÐ, 36.08 (CH2S), 34.11(SCFrzS);

1H NlÆ. (cDCt3): ô 3.75 (s,2H, scFl2s),3.6g (t,4H, cH2cl),3.00 (t,4H, cH2s).

v) Freparation of x.,3,6,9r1x.,l4-hexathiacyclohexadecane, 3.6s6.

Method A: 3-thiapenrane-1,5-dithiol (15.9 g, 103 mms]) was added to anhydrous

ethanol (250 mL) in which Na metal (4.73 9,206 mmol) had been dissolved and the

resulting solution was stirred for t h. Dibromomethane (17.9 g, 103 mmsl) was then

dissolved in anhydrous ethanol (250 mL) and both solutions were simultaneously added

dropwise, using constant addition funnels, to anhydrous ethanol (500 mL). After 4 h, the
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addition was compiete and a white precipitate had. formed. The mixture was sti:red

overnight and then fîltered. The filtrate was concentrated and the residue extracted. with

CHICI2 (300 mL). The CII2CI2 fraction was filtered through celite and the filtrate

evaporated leaving an oily residue. The resid.ue was then dissolved in a minimum amount

of CH2CI2 and added dropwise to boiling ethanol (100 mL). Upon cooling, a white solid

precipitated which was recrystattizedfrom cHCi3. yield.: r.44 g g.4vo).

Method E; Cs2CO3 (3.79 g,12 mmsl) was suspended. in DMF (250 mL) under an

atmosphere of N2@). A solution of 3,5-dithiaheptane-1,7-dithiol (2.1.2 g,11 mms]) ¿rr¿

1,7-dichloro-3,5-dithiaheptane (2.17 g, 11 mmol) in DMF (45 mL) was added dropwise

over a period of 6 h, while maintaining the temperatue at 55 oC. After the addition period,

the mixture was cooled to room temperattue and stirred for another 12 h. The DMF was

removed in vacuo and the resulting oily residue and white solid extracted wittr CH2CL2.

This was filtered and then washed wirh H2o (2 x 50 mT.). The cH2cl2 solution was dried

over MgSO4, filtered, and taken to dryness. The resulting residue was then treated as in

method A. Yield: 2.45 g (6280). mp: 92.5-94.5 oC. MS: m/e 332. L3CíIH¡ NIAR (CDC13):

õ 36.54 (SCH2S); 32.02,31.90 (SCTI2CH2S); 1II NMR (CDCI3): õ 3.80 (s, 4H, SCII2S),

2.9r (m, 16H, scH2cHzs). Anal calcurated for eorlzose: c, 36.10; H, 6.07; s, 57.g3.

Found: C, 36.05; H, 6.10; S,58.47.

vi) Preparation of [Cu(16S6)]tC¡O41.

Ca'ution! Perchlorøte salts af metat complexes with organic tigands øre

potentiølly explosive. 1656 Q46 mg, 0.74 mmol) was suspended in acetonitrile (3 mL)

and dichloromethane was added until a clear solution resulred. [cu(cH3cN)4]tc1o4l (242

mg, 0.74 nrmol) dissolved in acetonitrile (4.5 mL) was added and the mixture warmed to

40 oC. The resulting clear, coloriess solution was stired for L hour, cooled to room

temperature and the solvent removed in vacuo. The remaining white solid was
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recrystallized from acetonitrile resulting in coloriess needles. Yield: 324 mg (ggZo). IR:

v(cto) 1090 cm-1 (vs, br). tsc{lH} NMR (CD3GN): ô 3g.91 (SCHzS); 36.00, 35.87

(SCH2CH2S); 1IT NMR (CD3CN): õ 3.91 (S, 4H, SCH2S), 3.06 (S, 16ÉI, SCH2CH2S). ANAI

calculated for ClsFI2sClCuOaS6: C,24.23;H,4.07; S, 3g.g2. Found.: C,24.37; H, 4.05; S,

37.95.

vii) General X'nay Ðiffraction Ðata CollectÍon, Solution and RefÏnernent.

Diffraction experiments were performed on a four-circle Syntexp¿ldiffractometer

with graphite monochromatized MoKq, radiation. The initiat orientation matrices were

obtained from 15 machine-centered reflections selected from rotation photographs. partial

rotation photographs a¡ound each axis were used to determine the crystal system.

Ultimately, 30 high-angle reflections were used to obtain the final latdce parameters and

orientation matrices. The intensities of three standard reflections were recorded every I97

reflections and showed no statistically significant changes over the duration of the data

collections. The data were processed using the SHELX-76 program package. Refinement

was carried out using full-matrix least-squares techniques on F minimizing the function

>w(fFof-fF.f)2, where w = 4Fo2/ê G"2) an¿ F" and F" are the observed and calculated

structure factors. Atomic scauering factors69 and anomalous dispersionT0 terms were taken

from the usual sources. Fixed H-atom contributions were included with C-H distances of

0.95 Å and the thermal parameters equal to 1.1 times the isotropic thenr¡al parameter of
the bonded C atoms. No H atoms were refined, but all values were updated as refinement

continued.

viii) StrucÍure Determination of f.6S6.

Crystals of 1656 were grown by slow evaporation of a CIICI3 solution of the
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compound. Preliminary photography was consistent with a monoclinic crystal system.

observed extinctions were consistent with space group P21/n. Machine par¿rmerers,

crystal data, and data collection paftrmeters are listed in Tabte 2.1. Intensity data

(th,+k,+[) were collected in one shell (4.5o40<45o). A roral of 1940 reflecrions were

collecæd and 1663 unique reflections with Fo2 > 3o(Fo2) were used in the refinement. The

absoqption coefficient was small and psi-scans recorded showed no significant absorption

effects. Thus, no absorption correction was applied to the data. The six S atom positions

were determined by direct methods from the E-map with highesr fi.guro of merit. The

remaining non-hydrogen atoms we¡e located from successive difference Fourier map

calculations. In the final cycles of refînement, sulfur and carbon atoms were refined

anisotropicaliy. At final convergence this resulted in:

R = EllFol - lF"lÆlF"ll= 0.0259 and R* = (Ew(lFol - lF"l)2Æwro?¡Lrz =0.0295

The ¿/o value for any parameter in the final cycle was less than 0.004. A final

difference Fourier map calculation showed. no peaks of chemical significance; the largest

was 0.25 electons/Å3 and was associated with the C1 carbon atom. Selected bond.

distances and angles a¡e summa¡ized in Table 2.2. Atorntc positional parameters (fable

B1)' hydrogen atom parameters (Table B2) and anisotropic thermal paramerers (Table B3)

are given in appendix B.

ix) Structure Ðeterrnination of [Cu(j.6S6)]tCåO41"

Crystals of [Cu(16S6)]tClO4l were obtained by recrystallization from acetonitrile.

Preliminary photography was consistent with an orthorhombic crystal system. Observed

exdnctions were consistent with space group pzrzp:. Machine parameters, cr¡rstal data,

and data collection parameters are listed in Table 2.1. Inænsity data (+lz,+þ+f were

coliected in one shelt (4.5o<2e<45o). A total of 1862 reflecdons were collected and 1445

unique reflections with Fo2 > 3o(Fo2) were used in the refinement. The absorption
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coefficient was small and psi-scans recorded showed no significant absorption effecrs.

Thus, no absorption correction was applied to the data. The Cu atom position was

determined by conventional heavy atom methods and the remaining non-hydrogen atoms

were located from successive difference Fourier map calcuiations. In the final cycles of
refinement, the copper, chlorine, sulfur and oxygen atoms were assigned anisotropic

thermal parameters. The carbon atoms were assigned isotropic thennal parameters. The

correct enantiomorph was determined by inversion of the atomic positions and comparison

of resulting R and R* values at convergence. At final convergence, this resulted in:

R = XllFol -lF"/ElF"ll = 0.0515 and R* = (Xw(lFol - F"D1EwFo2¡12 =0.0551.

The ¿/o value for any parameter in the final cycte was less than 0.033. A final

difference Fourier map calculation showed no peaks of chemical significance; the largest

was 1.1 electrons/Å3 and was associated with the chlorine atom. Selected bond distances

and angles ale strmmanzed in Table 2.2. Atomic positional parameters (Table B4),

hydrogen atom parameters (Table 85) and anisotropic thermal parameters (Iable B6) are

given in appendix B.

T'able 2.1 crystatlographic Ðata for tr6s6 and tcu(x6s6)ltcto4l.

Chemical formula

Crystal color

Crystal form

Formula weight

arÃ

b,^

crÄ

Ê, deg

Crystal system

clorl2os6

colorless

needles

332.7

16.386(4)

s.322Q)

17.986(3)

107.64(3)

monoclinic

CtoII2oClCuO4S6

colorless

prisms

495.7

8.464(s)

18.321(9)

12.477(6)

orthorhombic
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Space group

Vol, Ä.3

p(calcd), E/c^-s

Z

Crystai dimensions

p, abs coeff, cm-l

Radiation (1, Å)

Temp, oC

Scan speed, deg/min

Scan range, deg

Bkgd/scan time ratio

Data collected (20)

2g

hkl range

Unique data @o2>3oFo2)

No. of variables

R@o2), Vo

R*(Foz), Vo

P2/n

1494.7(9)

r.48

4

.2tx.28x.55

8.1 1

MoKo,(.71069)

24

0.5

2272

4.5 to 45o

*h,+k,+l

1663

r45

2.59

2.95

P2r2pt

1934(2)

1.70

4

.34x.38x.M

78.25

MoKa,(.71069)

24

0.5

188 1

4.5 to 450

+h,+k,+l

1445

149

5.15

5.51

2.0-5.0 ( 0-20 scan)

1.0 below Kø1 and 1.0 above Kc2
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2"3 Resu¡lts.

Í) Synthesüs.

The macrocyclic thioether ligand 1656 was prepared using nvo different synthetic

routes. The simplest method is a one-pot synthesis which employs high dilution

techniques. This method is a slight modification of that previously described by

Ochrymowycz for the preparation of a series of mac¡ocyclic thioethers8,l2. Although the

yields are low, usually less than "1.0.7o, the desired product was isolated with minimal

manipulation. Employment of ch¡omatographic techniques was never necessary, since the

product could always be obtained by recrystallization. The reaction sequence to form 1656

(eq 1) involves four reaction sites. The mechanism at each siæ is an ordinary S¡2

substitution. The cyclization step to form the 16-membered ring can take place through the

coupling of two intermediate fragments or the ring closure of a longer linea¡ fragment.

Na
2 HSEISEISH w*2NaSEtSEtSNa

Ethanol

C[I2B12

---@1656 

+ 4NaBr
Ethanol

(1)

The potential problems in the cyclization step are polymerization and the

possibility of the closure of intermediate fragments resulting in the formation of smaller

anüor larger titgs, depending on the size of the fragments. During the synthesis of 1656

insoluble polymeric matedal was formed; the nan¡re of this material (tinear or

macrocyclic) was not further investigated. Mass spectome!ry showed that the formation

of the smaller 8-membered ring (half the desired size) was negligible. The ratio of g- to

16-membered ring formation was smaller than 1:1000. This may be due to the

destabilizing effect of incorporating a dgid s-cH2-S unit in a porcntially srrained.,
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8-membered ring system. The presence of the smaller 8-membered ring in the mass

spectrum is more likely caused by a breakdown of 1656 in the injection port of the mass

spectrometer, since the NMR spectrum did not contain any peaks that could be attributed

to the 8-membered ring species.

In order to get more control over the ring closure step, linear dithiol and dichloro

fragments of desired length were synthesized (Figure 2.2).To fonn the desired ring only

2 HSETOH

| *uæ,ont
I cn"nr^v'L

HOEISCHTSEIOH

HBrÆhiourea /
NaoH /

/
HSEISCH2SEIS CIEISCHTSEICI

Cs2CO3IDMF

1656

Figure 2.2 Reaction Scheme Synthesis of 1656.

two fragments are needed now. For ring closure the Cs+ mediated cyclization method of
Kellogg and Buterl3'l4 was employed. The reactions to forrr the diol and d.ichloro

compounds are clean and give good yields. The conversion of the diol into the dithiol,

however, was cumbersome and gave very poor yields. 3-Thiapentane-1,5-dithiol was a

persistent side-product. The mechanism through which this proceeds must involve the

cieavage of the S-CH2-S unit, the protons of which are somewhat acidic due to the

electron withdrawing capacities of the sulfur substituents. Though the literaturezz cites

good yields for similar thiolization reactions (not involving the S-CH,-S unit), the yield

for this particular reaction never exceeded r6Vo. Tlhe final cyclization step proceeds
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smoothly and gives a good yield; 62Vo. However, because of the poor yield in the

thiolization step, the overall yield of 1656 using this mulri-srep synthesis, is still low: 4Zo.

Since the synthesis of the required starting materials in the cyclization step is elaborate

and dme consuming, the one-pot synthesis of i6S6 is recommended, because of its
simplicity and easy work-up.

ii) X-ray Structure of t6S6.

The unit cell contains four discrete molecules of 1656. The asymmetric unit

contains two independent halves of a molecule, each on a crystallographic center of
inversion. The closest interrnolecular non-bonding contact is 2.39 Å bet*een H3B and

H108. Sulfur-ca¡bon bond distances range from 1.798 (2) to i.819(2) Å and ca¡bon-ca¡bon

bond distances from I.492(3) to 1.5i4(3) Å. These disrances compare well to those found.

previously for other macrocyclic thioethersl8,65. A compiete listing of the interatomic

distances and angles is given in Table 2.2. From the ORTEp diagrams (Figures 2.3 and

2.4) it can be noticed, that 1656 crystallizes in rwo slightty different conformadons

(molecule 1 and molecuie 2). This is also evident by examination of the torsional angles

associated with the rings listed in Table 2.3. The only torsional angles in moiecule 1 that

differ appreciabiy from the corresponding angles in molecule2 are S1-C1-S2-C2 (-169.g0

vs' 64.80) and S2-C2-C3-S3 (173.60 vs. 56.40). In molecule 1, the rwo 'bracker, unirs

joined by the methylene linkages are easily recognized. The preference of
gauche-placement around S-C bonds is confirmed by the observation that four out of the

six C-S bonds adopt this orientation. The conformation a¡ound the C-C bonds is anti. Four

of the six sulfur atoms are exodentate to the ring, the other two point into the ring
(endodentate). Overall the conformation of the molecule appears rectanguiar with suifur

atoms at the corners. In moiecuie 2, as well, four sulfur atoms are exodentate and two are

endodentate. The conformation around the S-C and C-C bonds, however, differs slightty.
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Five S-C bonds have a gauche placement and only one C-C bond. has an anti placement.

This results in distorrion of the 'bracket' units and makes the rectangular shape of the

molecuie less recognizable. A süght degree of rotation about the S2-C2 bond in molecule

1 would essentially produce the conformation observed for molecule 2. Since both

molecuies crystallize in the same unit cell, the energy needed for this interconversion must

be small.

Table 2.2 selected tsond Distances ared A.ngres f'or i.6s6

S1-C1

s 1-c5

S3-C3

S3-C4

52-C2

C2-C3

C4-C5

c1-s1-c5

c3-s3-c4

c6-s4-c10

c8-s6-c9

s2-c2-C3

Distances (Ä,)

r.7egQ)

r.807Q)

1.810(2)

1.810(2)

1.8i7(3)

1.492(3)

1.s14(3)

Angles (o)

101.3(1)

100.3(1)

100.e(1)

100.1(i)

r093Q)

S4-C6

s4-c10

s6-c8

S6-C9

S5-C7

C7 -C8

c9-c10

s3-c3-C2

s3-c4-c5

s1-c5-c4

s5-c7-c8

s6-c9-c10

1.80e(2)

1.81e(2)

1.81e(2)

r.816(2)

1.808(2)

1.s09(3)

1.s02(3)

114.2Q)

rt2.s(2)

1,14.9Q)

111.1(2)

r1,1.3Q)
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Table 2,3 T'orsional dngtres for f.6S6.

s 1-c1-s2-C2

CI-52-C2-C3

s2-c2-c3-S3

c2-c3-s3-C4

c3-s3-c4-Cs

s3-c4-c5-S1'

c4-c5-s1'-C1',

c5-s1'-c1'-S2',

-169.8

163.7

173.6

84.7

-74.7

170.4

-94.7

-72.0

s4-c6-s5-c7

c6-ss-cY-c8

s5-c7-c8-s6

c7-c8-s6-C9

c8-s6-c9-c10

s6-c9-c10-s4

c9-c10-s4-c6

c10-s4-c6-Ss

64.8

166.6

56.4

1.L2.1,

-80.3

172.6

-103.6

-s8.8
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Figure 2.3 Perspective ORTEP drawing of 1656, Molecule 1 showing the atom

numbering scheme. 207o thermar ellipsoids are shown.
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Figure 2.4 Perspective oRTEp drawing of 16s6, Molecuie 2 showing the atom

numbering scheme. 20vo themtal erlipsoids are shown.
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iii) X-ray Structure of [Cu(tdSd)]lCtO4l.

The unit cell conøins four [Cu(16S6)]+ carions and. four tclo4l- anions. The

ORTEP diagram is shown in Figure 2.5 Complete listings of interatomic distances and

angles are given in Tabie 2.4.The 1656 ligand is wrapped around the Cu(Ð ion, using four

of the six sulfur atoms for coordination. The remaining two sulfur atoms are directed

towards the Cu center, but at non-bonding distances of 3.555(3) Å for 52 and 3.413(3) Å

for 55. The Cu(Ð ion is in a tetrahedral environmenr. The S-Cu-S angles range from
q¡.0(t)" and 95.1(1)o for the five-membered chelate rings to 115.g(1)o and 119.2(1)o for

the seven-membered chelate rings, grving an average s-cu-s angle of 110(11)0. The

sulfur-ca¡bon bond distances range f¡om 1.785(13) to I.852(I2) Å and the carbon-carbon

bond distances from 1.499(16) to 1.522(18) Å. me perchlorate anion has the expecred

tetrahedral geometry. The angles around the chlorine atom in the anion range from

93.5(12) to 129.8(17) o, while the Cl-O bond distances vary from 1.311(19) to 1.41g(1g)

.Ä.. Although the large thermal parameters of the perchlorate anion indicate some degree of

disorder, these vaiues are comparable to those of other deterrninations3T.

Table 2.4 selected tsond Distances and Angtes for [cu(f.6s6)]tcto4l.

Distances (Å)

Cu-S1

Cu-S3

Cu-S4

Cu-S6

si-c1

s1-c10

S2-C1

2.30s(3)

2.29e(3)

2.306(3)

2.29r(3)

1.83 1(13)

t.827(r4)

1.785(13)

S5-C6

S5-C7

S6-C8

s6-c9

C2-C3

C4-C5

C7-C8

1.799(Lr)

1.821(14)

1.808(12)

1.820(13)

1.s01(19)

1.49e(16)

1.4ee(18)
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S2-C2

s3-c3

S3-C4

S4-C5

s4-c6

Cu-S2

S1-Cu-S3

S1-Cu-S4

S3-Cu-54

S1-Cu-S6

S3-Cu-S6

S4-Cu-S6

Cu-S1-C1

Cu-S1-C10

Cu-S3-C3

Cu-S3-C4

Cu-S4-C5

Cu-S4-C6

Cu-S6-C8

Cu-S6-C9

si-c1-s2

CT-52-C2

s2-c2-c3

c2-c3-s3

1.800(14)

1.822(14)

r"8s2(12)

1.811(11)

1.837(11)

cg-c10

cl-o1

ct-oz

cr-03

cl-04

Cu-S5

c3-s3-c4

s3-c4-c5

c4-c5-s4

cs-s4-c6

s4-c6-s5

c6-s5-c7

s5-cY-c8

c7-c8-s6

c8-s6-c9

s6-c9-si

c9-c10-s1

c10-s1-c1

o1-cl-o2

o1-c1-o3

o1-ct-o4

02-cl-o3

o2-cr-o4

03-c1-O4

r.s22(18)

r.334(13)

1.410(18)

1.418(16)

1.311(19)

3.413(3)

Non-bonding Distances (Ä,)

3.sss(3)

Angles (o)

119.2(r)

113.s(1)

9s.1(1)

e3.6(1)

121.1(1)

11s.8(1)

108.7(4)

e6.2(s)

103.6(5)

e8.1(4)

e7.0(4)

r07.4(4)

102.8(4)

e7.6(4)

11s.8(8)

104.s(7)

117.s(10)

112.6(10)

100.6(6)

114.1(8)

116.2(8)

102.0(s)

116.s(6)

101.3(6)

116.3(9)

t12.4(9)

ee.3(6)

110.8(e)

10e.e(9)

e8.s(6)

107.1(1 1)

10s.8(14)

116.9(18)

93.s(rz)

tze.8(17)

96.s(r2)
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Table 2.5 T'onsüonal .{regles for Cu¡(j.6$6)l tCn04l

s1-c1-s2-c2

c1-s2-c2-c3

s2-c2-c3-s3

c2-c3-s3-C4

c3-s3-c4-C5

s3-c4-c5-54

c4-c5-s4-C6

c5-s4-c6-S5

102.8

6r.7

52.8

-170.2

72.2

53.4

-69.6

-87.2

95"2

63.6

54.8

-r73.9

1,47.5

-oJ. /

-158.3

-66.9

s4-c6-s5-C7

C6-S5-CY-C8

s5-c7-c8-S6

c7-c8-s6-c9

c8-s6-c9-C10

s6-c9,C10-S1

c9-c10-s1-c1

c10-s1-c1-S2
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Figure 2.5 Perspective oRTEp drawing of [cu(16s6)]+ cation showing the arom

numbering scheme. 20vo thermal ellipsoids are shown.
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2.4 Ðiscussion"

The torsional angles of the 1656 ligand in [Cu(16S6)]* (Tabte 2.5) areuseful for a

comparison to those observed for the free 1656 ligand (Tabte 2.3) since they give some

indication of the amount of conformational adjusment required for the ligand to
coordinate in a tetrahedral geometry. This is of interest since the majority of the sulfur

atoms in crown thioethers a¡e exodentate and must be converted to endodentate for
compiexation to be favorablt6'8'26. The torsional angle analysis of the complexed tigand

shows that 8 out of 12 S-C bonds are in gauche placements and 4 out of 4 C-Cbonds are

in gauche placements' The major change from the free tigand fonn is the need for ttre C-C

bonds (anti-piacement) to convert to gauche piacements in the bonded conforrration. This

is simply the result of placing a C-C linkage in the back-bone of a metal chelate ring.

However, this entirely disrupts the 'bracket' formations favored in the uncomplexed

ligand and may restrict the coordinating ability of certain crown thioether ligands. The

formation of the cu(I) complex, however, proves that 1656 is mechanically quiæ flexible
and the energy needed for the conformational change is accounted for during

compiexation.

1656 is a potentialiy ditopic ligand. In order to explain why binuciea¡ coordination

was not obseryed, it is useful to examine the Cu(I) complexes formed by other crown

thioether ligands; 1856, 1555 and 1454. The mononuclea¡ complexes tcu(lgS6)l[BF4],

[Cu(15s5)][clo4] and tcu(laSa)ltclo4l and the dinuctear complex

[cu2(cH3cN)z(18S6)]tCIO4l2 have been structurally cha¡acterizr¿38,37,34,36. kr

lcu(1856)ltBF4l and [Cu(15S5)]tclo4l, the thioether ligand coordinares the Cu(I) ion via
four s-atoms from one conrinuous secrion GSCH2cH2scI{2cH2scH2cH2s-) of the

macrocyclic ligand in a severely distorted tetrahedral geometry leaving the remaining

S-atoms uncoordinated. In the complex [cu(14S4)][clo4], three s-atoms are coordinated

from one macrocycle in a simitar manner, with the fourth site occupied by the fourth
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S-atom from a neighbouring complex, to give a distorted tetrahedral geomegy in a

polymeric form.

In the dicopper complex, the six S donor sites are coordinated to two

(Cu-CH3CN)+ fragments in identical tetrahedral geometries. The two copper atoms are

bonded to opposite sides of the macrocyclic ligand in an in-out conformation. A similar

coordination could also be expected for 1656. In describing the solid state structure of

[Cu2(CH3CN)2(18s6)][CtOq]2, it was noted that there was a ciose intramoiecular conracr

between two S atoûrs (3.64 Å), one from each coordination site, through the center of the

complex. It is possible that this interaction would be sQvere in ¿ simil¿¡.

[Cu2(CH3CN)2(16S6)]tclOal2 complex, since only a methylene group would separate the

two coordination sites. This potential destabilization of the dinuclear complex and the

ability of the 1656ligand to form a homoleptic thioether complex using four S aroms from

the same macrocyclic ligand, by 'wrapping' around the metal center, without appreciable

distortion from tetrahedral geometry, are possible explanations for the observed

coordination mode of 1656.

2.s NMR.

The lH NMR specrrum (cDCl, of 16s6 shows a singlet (4H) at ð = 3.g0 ppm,

which was assigned to the methylene protons of the rigid S-CH2-S units, and a multiplet

(16H) at ô = 2.91 ppm, consisting of 16 peaks and. associated with the

S-CH2CH2-S-CH2CH2-S brackets. The observation of this well resolved multiplet may be

related to the retention of the S-CFI2CFI2-S-CH2CH2-S bracket in solution. The latter

portion of the spectrum forms an AA'BBþattern and was simulated ( Fig 2.6) using the

program LAOCOON ltr. This progrâm starts with a trial set of molecular parameters

(coupling const¿nts and chemical shifts) and calculates from these a trial spectrum. The

user then assigns certain transitions of the experimental spectrum to those in the calcuiated
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specû-um. The program then iterates the parameters to find the best fit between observed

and calculated spectrum. Oniy well-resoived., sharp peaks in the observed spectrum were

used in the assignments. A list of observed/assigned and calcuiated transitions is given in

Table 87.

The results of the final iteration gave as best values: geminal coupling constant

(2¡ss) = -13.0 Hz and vicinal coupling constants (3Jrur) of 6.i and 9.1 Hz. To assess the

validity of the statement that the retention of the configuration of the

S-CH2CH2-S-CH2CH2-S bracket is retained in solution, the coupling constants (3Jru)

were also calculated using the dihed¡al angles from the X-ray data. There are two

formulae in use to do this. Both formulae, ,Jo= 10cos20 s7 and ,Jo=

4.22-0.5cos0+4.5cos20 58, where 0 is the dihedral angle, give comparable resulrs (5.9 and

9.957 compared 
¡o 

2.6 and g.1s8 Hz,respectively). Ideally the torsional angles for gauche

and anti placement of the coupled protons would be 600 and 1800, corresponding to

calculated coupling constants of 2 and 10 Hz depending on which formula one uses.

These values are consistent with an anti placement of the su1fr.¡r atoms around a C-C bond..

To account for the observed differences, it should be noted that ttre above formulae are

approximations and that the magnitude of the coupling constants also depends on the

nature of substituents and the hybridization of the Cfl2-groups; effects that have not been

taken into account. In the lH NMR spectrum of the Cu complex, the multiplet has

collapsed into a stightly broadened singlet. Since there a¡e five inequivalent methylene

goups in the solid staæ conformation, this might indicate that some kind of fluxional

process is occurring in solution. A possible explanation is ttrat the coordinating S-atoms

(S1 and 54) of the SCII2S group exchange with the conesponding non-coordinating

S-atoms (S2 and S5), which are already oriented towa¡ds the Cu center. This would make

all the methylene units of the S-CII2CHTS-CII2CH2-S brackets equivalent and accounr

for the two observed singlets in the spectrum. Variabie temperattlle NMR (solvent

CD2C1, showed ttrat the singlet due to the protons of the SCII'S unit splits into a quarret
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at 190 K, whereas a complicated broad multiplet results for the resonance due to the

protons of the ethylene linkages. The iow temFerature limi¡ s6uid not be reached.

Figure 2.6 rH-NMR spectrum of the S-CFI2CH2-S-CH2GI2-S bracket of 1656 ar 300

MHz. (a) simuiated and (b) observed-

b
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2.6 S¡¡x¡¡mrary and Cor¡clusio¡rs.

In this chapter the synthesis, characterization.by X-ray d.iffraction and NMR of the

macrocyclic hexadentate thioether ligand L,4,'7,9,L1,14-hexathiacyclohexadecane (1656)

and the tCu(16s6)ltctO4l complex were described.

In the free ligand four out of six S donor atoms a¡e exodentate. However, the

flexibility of 1656 proved to be large enough to undergo the necessary conformaúonal

realrangement for complexation. Therefore, endodentate conformation of S donor atoms

in the free ligand is not always an essential criterion for complexation.

Although designed to act as a binucleating ligand and therefore not 'wrap-a¡ound'

a meþl ion, the results with Cu(I) show that 1656 encapsulated the metal ion to form a

mononuclear complex. 1656 appears to be ideally suited for encapsulating and providing a

homoleptic coordination sphere for metal ions in a tetrahedral geomen¡r.
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Appendix ts

T'abtre EL. Fositional Parameúersa for 1656.

Atom v

S1

S2

s3

S4

S5

s6

C1

C2

C3

C4

C5

C6

C7

c8

C9

c10

270e(1)

63t7(1)

s3es(1)

2733(1)

6386(1)

s45s(1)

286e(1)

616tQ)

s700Q)

43e3(1)

3678(1)

2736(2)

6s42(r)

sTeG)

4446(2)

3732(1)

6e07(1)

rr464(t)

60e4(1)

8s62(1)

79s9(t)

7s70(1)

e367(s)

8486(s)

8e33(s)

s402(4)

7146(s)

1450(s)

1,0479(5)

r0799(s)

7273(s)

8867(5)

3243(t)

sr47(1)

32r6(r)

8307(1)

102e9(1)

83e2(1)

3es8(1)

4629(1)

3787(r)

3402(r)

2e67(1)

8838(1)

9681(1)

8977(L)

8s7i(1)

8071(1)

a Multiplied by 104
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T'able tsZ. Fnydrogen A,tonn Farametersa f'or X.6S6.

Atom ¡ru

H1A

H1B

ÍnA

IfzB

H3A

H3B

H4A

H4B

H5A

H5B

H6A

H6B

H7A

H7B

H8A

H8B

H9A

H9B

HlOA

HlOB

3024

2340

5832

6702

5196

6063

4473

4232

3883

3539

2228

2723

7024

6&1

5297

s884

4544

4309

3907

3633

10854

9667

7395

7740

9866

9887

5562

3724

8824

6780

1r457

12784

10107

r7999

17304

12077

7589

5553

10576

8392

3763

4078

4843

4679

3752

3752

3945

3243

3059

2426

9001

8502

951.2

9972

9151

868s

9104

8457

8137

7542

47

47

68

68

50

50

42

42

40

40

45

45

38

38

47

47

50

50

46

46

a Multiptied by 104. b Mulriplied by 103.
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T'able ts3. Ther¡nal Fararnetersa for X.6S6.

Atom U11 u22 u33 u23 u13 UT2

sl 32.7(4)

s2 47.9(4)

s3 36.s(4)

s4 32.s(4)

s5 47.8(4)

s6 34.2(44)

c1 43.3(rs)

c2 61.8(18)

c3 4s.8(1s)

c4 38.0(14)

c5 36.6(14)

c6 4r.7 (14)

c7 34.9(13)

c8 42.7(14)

c9 4s.7(Ls)

c10 4r.4(14)

44.3(4)

3s.4(4)

42"s(4)

42.8(4)

34.3(4)

47 "2(4)

37.0(14)

40.e(16)

37.0(14)

29.s(r3)

47.4(ts)

37.3(14)

3s.0(14)

32.7(r3)

38.4(1s)

47.9(16)

33.3(4)

33.7(4)

36.2(4)

37 "r(4)

37.t(4)

36.0(4)

34.8(14)

37.3(1s)

37.1(1s)

37.2(r3)

30.7(14)

29.6(t3)

34.2(13)

34.2(13)

37.8(1s)

28.6(13)

-7.0(3)

-5.e(3)

-11.s(3)

-7.e(3)

-0.6(3)

-11.0(3)

-2.0(11)

-10.7(r2)

-4.9(12)

-1(1)

2.s(12)

2.e(tt)

-3.1(1 1)

1( 1)

-2.0(12)

1 (1)

e.e(3)

4.s(3)

12.8(3)

10.2(3)

7.4(3)

10.s(3)

9.s(12)

-1(1)

rL.2(r2)

13.6(11)

12.4(1,1)

s.e(11)

12.7(1,1)

11.1(11)

t2.8(12)

7.2(1.1)

-7.0(3)

s.4(3)

-1.0(3)

-7.6(3)

-8.4(3)

-1.1(3)

1 (1)

13.0(13)

-10.3(12)

-2.1(11)

-1(1)

3.s(11)

-5.2(1,t)

-2.3(r1)

-2(L)

-2.6(12)

a Multiplied by 103.
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Table ts4. Fositionat Fararneúensâ for [C¿¡(Í.6S6)]tCl04l

Atom

Cu

CI

s1

S2

s3

S4

S5

S6

o1

02

o3

o4

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

s786(1)

e8e7(3)

7668(3)

s2t2(s)

3t7s(3)

s419(3)

4s66(4)

7107(3)

11279(18)

e9es(18)

88s9(28)

e06e(31)

67s0(1s)

3418(r7)

3079(17)

2360(14)

34sr(r3)

s033(12)

6498(16)

7738(14)

894s(1s)

8618(17)

8716(1)

rLa18Q)

8174(2)

6e47Q)

8404Q)

ee3e(1)

e8leQ)

84s1(1)

10830(10)

1 1846(10)

11072(r0)

10632(17)

7416(7)

7283(8)

8084(7)

e336(6)

e861(6)

10398(6)

e718(8)

e34L(6)

8140(7)

7649(8)

6402(1)

ss86(3)

747s(2)

7s06(3)

6620(2)

6762(2)

43s9(2)

4847(2)

s22L(12)

s610(22)

4693(19)

6186(13)

8201(1 1)

8101(12)

8001(1 1)

6771(r0)

7321(9)

s480(e)

3734(12)

4388(e)

s4s1(10)

6410(1 1)

a Muitiplied by 104.
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Tabtre tsS. E{ydrogen .atoma Farametensa for tcu(l-6s6)ltcåt+1.

gb

H1A

H1B

TfzA

H2B

H3A

H3B

H4A

H4B

H5A

H5B

H6A

H6B

H7A

H7B

H8A

H8B

H9A

H9B

HlOA

HlOB

7553

6313

2565

3458

383s

2050

2132

1412

35s9

2975

4165

5946

6365

6878

7990

86s3

9547

9529

9580

7935

7072

7605

7028

7167

8345

8176

9525

9306

9703

10030

r0720

10673

94s3

101,94

9633

928r

7879

8552

7447

7266

8370

8844

7776

8843

8413

8275

6079

7776

8043

7306

5583

5299

3086

3576

4994

39s6

4935

5690

6667

6189

69

69

77

7I

64

64

56

56

47

47

47

47

73

73

52

52

66

66

69

69

a Multiplied by 104. b Muttiplied by 103.
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Table 86. T'hermal Farametersa for Cut(16S6)ltCIO4l.

Atom U11 u22 u33 u23 u13 UT2

Cu

CI

s1

S2

s3

s4

S5

S6

o1

02

o3

o4

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

39.7(7)

42(2)

s1(2)

e4(3)

4s(1)

3e(1)

ss(2)

44(2)

100(e)

12s(13)

240(2r)

276Q8)

61(3)

67(4)

63(3)

53(3)

43(2)

44(2)

64(3)

47(3)

58(3)

62(3)

40.7(7)

87(3)

46(2)

40(2)

4e(1)

37(t)

71(2)

43(1.)

208(18)

t13(r2)

r31(t2)

343(32)

3e.6(7)

7r(2)

4s(2)

6s(2)

3e(1)

33(1)

35(1)

37(1)

109(10)

30r(32)

234Qt)

6e(e)

0.0(6)

-4Q)

-2(1)

7Q)

-3(1)

-6(1)

-2(1)

-10(1)

57(1r)

-7s(1s)

76(14)

17(1,4)

s.4(s)

7(2)

-7(1)

-7Q)

0(1)

-6(1)

-14(1)

2(r)

33(e)

-s2(17)

-168(1e)

t4(r4)

6.2(6)

4Q)

6(1)

-8(2)

-7(1)

I (1)

s(1)

-1(1)

71(10)

3(10)

-6s(1s)

-174Q6)

a Multplied by 103. Note: here only u11 is given, this refers to the isotropic temperature factor.
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T'able 87. ÐaÚa for NMR. sÍmr¡lation of t6S6 (S-CF{2CË12-S-CI{2CF{2-S brackeú).*

Expt Freq Calc Freq Intensity Error

851"700

8s4.760

866.970

875.520

882.540

886.440

851.705

854.747

8s7.399

860.321

860.321

861.288

863.314

863.3t4

866.982

868.315

875.5t7

876.851

880.518

880.s 18

882.544

883.511

883.511

886.434

889.085

892.127

.785

1.074

r.041

.851

.851

1.697

1,.149

r.1.49

3.215

4.r55

4.155

3.2r5

I.149

1.r49

1.697

.851

.851

T.O4L

1.074

.785

-.00s

-.013

-.0t2

.003

-.004

.006

*Frequencies are in Hz. Simuiaúon at 300 MHz.
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CF{.åTYFER 3

SynthesÍs, Charactenization and Cornplexatüon of tt¡e Tridenúate Ligands

2,5,8-Tnithial9l-ortko-benzenophane, (TI[.OB), a¡¡d

2, 5,8 - T nÍ t h iaÍ91 - rn e tn- b en øem op h an e, (T,TMts ).

3.X. Introduction

The tridentate crown thioether ligand 9S3 has proven to be an excellent ligand for

facial coordination to a variety of transition metals. The exceptional ligating properties of
this ligand have often been attributed to the endodentate conformation of the S donor

atoms. It forms very sÞble lr{I2 complexes6,28,44, with the metal ion "sandwiched,,

between two ligand molecules in an octahed¡al geome!ry. The homoleptic coordination

sphere, however, makes reaction chemistry impossible. In our search for "capping"

ligands, we replaced one of the ethylene linkages in 9S3 by a xytyl group. Introducing

steric hindrance in the ligand may prevent the coordination of nvo ligands to the metal

center, thus leaving sites open for reacdon chemisutrr. In this chapter the synthesis and

chatactenzation of two tridentate ligands and their complexation capacities are reported.

3.2 Expenimental Secúion

i) Freparation of 2,s,8-úrithia[9]-ortho-benzenophane, TTots.

3-Thiapentane-1,5-dithiot (16.08 g, I04 mmol) was added to anhydrous ethanol

(250 mL) in which K metal (8.15 g, 208 mmsl) had been dissolved. The resulting solurion

was equilibrated for one h. c,o'-dibromo-ortho-xylene (27.5I g,104 mmol) was dissolved
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in anhydrous ethanol (500 mL). Both solutions were added dropwise and. simultaneously

to EIOH (500 mL) over a period of 72 h using constant addition funnels. During this trme

a white precipitate formed. The mixture was then stired overnight and filæred. The

filtrate was concenn"ated and the residue extracted with benzene (300 mL). After filtering,

the solvent was removed from the filu'ate to give a semi-solid residue. The crude product

was dissolved in a minimum amount of hot anhydrous ethanol, filtered and the filtrate

cooled to give the product as colorless needles. Yield: 5.55 g, QLVr). mp: 98.5-100.0 oC.

MS: m/e 256 (M+). rç1t¡¡¡ NMR (CDCI3): ô 136.91, 130.26, 1,27.60 (a¡omaric); 32.27

(benzylic CH2S); 32.10,31.90 (SCH2CH2S). lH NMR (CDCþ: õ7.39 (m,4H, aromatic),

3.94 (s, 4H,benzylic CH/, 2.68 (nq 8H, scrl2cHzs).AnaI calculared: c,56.19; H, 6.30;

S, 37.51. Found: C,56.21;H,6.14; 5,37.29.

ii) Freparation of 2,5,8-trüth ialgl-rne ta-benzenop hane, T.T.MB.

3-Thiapentane-1,5-dithiol (13.50 g, 87 mmol) was added to anhydrous ethanol

(200 mL) in which K metal (6.84 g, 175 mmol) had been dissolved. The resulting solution

was equilibrated for one h. c,c,'-dibromo-meta-xyrene (22.96 g, g7 mmst) was dissolved

in anhydrous ethanol (500 mL). Both solutions were added dropwise and simultaneously

to EIOH (300 mL) over a period of 4 h using constant addition funnels . During this time a

white precipiøæ formed. The mixnue was concentated and the resid.ue extracted with

benzene (300 mL). After frltration, the benzene solution was left to stand, upon which

colorless prism-shaped crystals formed. yierd: 10.14 g, (46vo). mp: 144-145 oc (lit:
t43-r44 og¡tl. MS: m/e 256 (M+). 13C{lH} NMR (CDCI3): ô 137.06, 130.65, 130.54,

L28.13 (aromatic); 35.51 (benzylic ffizS); 30.98, 30.09 (SCII2CII2S). lH NMR (CDCþ):

87.00-7.47(m,4H, aromaric),3.77 (s,4H, benzylic c[I), z.rg-2.4r (m, gH, scFI2cH2s).

Anal calculated: c,56.i,9; H, 6.30; s, 37.51. Found.: c,56.2L;H,6.1,4; s,37.2g.
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iii) FrepanaÉüor¡ of [Cu¡(TTttsXCE{3CN)]tCåO41.

TTOB (1.1'2 9,4.36 mmol) was dissoived in CH3CN (5 mL) under Nz. A solution

of [Cu(CH3CN)4]lClO4l Q..43 9,4.36 mmol) in CH3CN (30 mL) was added by syringe.

The temperature was kept at 45 oC. The resulting mixture turned tea-colored atmost

immediately, but this color faded as the reacdon progressed.. The mixture was stirred for

two h and then cooled to room temFeratue, during which time a white crystalline solid

precipitated. The CH3CN was removed ín vecul and the product recrystallized from

cH3cN. Yield: 1.85 g (94vo). Anal calculared: c, 36.5L; H,4.16; s,20.g9. Found: c,
36.57; H, 4.24; s, zr.z7. trç1i¡1¡ NMR (Acetone-d6): õ 134.g 5, 132.s7, r2g.g4, 37.g2,

35.67,35.22.1H NMR (Acetone-d6): õ7.39-7.46 (m, 4H), 4.1g (s, 4H, broad), 2.g5 (s, gH,

broad).IR: v(ClO) 1088 cm-l(vs, br).

iv) Freparation of [Cu(TTOtsXpph2Me)]tCtO¿1.

To a solution of ICu(TTOBXCH3CN)]IC1O4I (3g2 mg, 0.g3 mmot) in CH3CN (10

mL) under N2 was added, by syringe, pph2Me (166 mg, 0.g3 mmol) dissolved in CH3CN

(5 mL).No visible change occured as the nvo colorless solutions were mixed. The mixrure

was stirred for 3 h at room ¡smperafue. cbystals formed after approximately 10 days by

diffusion of diethylether into the reaction mixture. Yield: 329 mg (64Vo). Anal calculated:

C,48.46;H,4.72: S, 15.52. Found: C, 48.38; H,4.74; S, 15.52. tsc{lH} NMR (CD3CN,

300 K): õ 129.7-L33.7 (aromatic),37.16,36.34,34.99, 12.94, Lz.ss.1H NÀ/R (cD3cN): õ

7.0-7.5 (m, 14H), 3.8-4.4 (q, 4H, broad), z.g-3.s (m, gH, broad), 1.6 (d, 3H, broad).
3tp{tH} NMR ô -12.80 (s,broad).IR: v(ClO) 1090 cm-l(vs, br).
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v) Fneparatton of [C¿¡(T'T'OBXPP[I3)] tCl04l.

To a solution of TIOB (0.70 g, 2.7 mmol) in 20 mL CtlzcLzunder N2 was added

lCu(CI{3CN)4ltC1O4l (0.89 g,2.7 mmol) in CH3CN (20 mL). The mixture was stired for

two h at a temperature of 48 oC and then cooled to room temperature. An extra quantity

(10 mL) of CH3CN was added to dissolve the white solid that precipitated. While stirring

vigorously, a solution of triphenylphosphine (0.7I g,2.7 mmel) in CH3CN (15 mL) was

added slowly by syringe. Approximately one min into the addition, a whire precipitate

fomred. Stirring was continued for five more min after which the solid was allowed to

settle- The CH3CN was syringed off and the white solid residue dried in vacuo. Crystals

were obtained by slow diffusion of either aceþne or diethylether into a CH3CN solution of

the.product. Yield: 1.15 g (65vo). Anal calculated: c,52.86; H,4.5g; s, 14.11. Found: c,

53.07; H, 4.46 S, 13.54. trgltg¡ NMR (CDSCN, 300 K): õ r34.5-t29.5 (aromatic),

37.r9,35.M,34.92. THNMR (CD3CN): ð7.5-6.9 (m, lgH), 4.3-3.9 (q,4H,broad), 3.6-2.g

(m, 8H, broad). atplt¡1¡ NMR ô 5.55 (s,broad).IR: v(ClO) 1094 cm-l(vs, br).

vi) Fneparation of [Cu(TTOB)(Fyridine)]tCtO¿1.

To a solution of TIOB (238 mg, 0.9 mmol) in CFI3CN (10 mL) at a remperature of

45 oc, under N2, wâs added dropwise by syringe, [cu(cH3cN)4]tclo4l (304 mg,

0.9mmol) dissolved in CII3CN (5 mL).The colorless mixtu¡e was stirred for two h. After

cooling to room temperature, pyridine (237 mg,3 mmol; 3 x excess asst¡ming L00Vo

reaction yield) was added by syringe. The mixture was again warmed. to 45 oC and stined

for one more h. The solvent was removed in vacuo and the off-white sotid recrystallized

from CH3GN. Yield: 390 mg (877o). AnaI calculated: C, 40.96; H, 4.25; s, 19.29. Found:

c, 37.83; H,4.40; S, 19.63. 13C{iH} NMR (CD3CN): ô 137.gg, 132.57,1.2g.g4,37.4g,

35.59, 35.39. iH NMR (CD3CN): ô g.6-7.3 (m, gH), 3.gg (s, 4H, broad), 3.00 (s, gH,
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broad). IR: v(ClO) t090 cm-l(vs, br).

vÍi) Fneparatio¡r of ICu(TTOBXC6F{sCN)]tC}O41.

This comPound was obtained by recrystallization of ICu(TTOBXCFLCN)IIC1O4I

from c6H5cN (benzonitrile). 1H NÀ¡ß. (cD3cN): õ 7.9-7.3 (m, 9H), 3.95 (s, 4H, broad),

3.6-2.7 (s, 8H, very broad). Anal calculated: c,43.67: H, 4.05; s, 1g.41. Found: c,40.3L;

H,3.78; S, 19.91.

viii) Freparation of Mo(TTOBXCO)¡.

Mo(co)6 (634 mg, 2.4 mmol) was dissolved in cFI,cN (20 mL) under N2. The

initially colorless solution tumed yellow after a few minuæs and was refluxed for four h.

To the resulting yellow solution of fac-Mo(cH3cN)3(go)r, TTOB (4g7 mg,1.9 mmol)

dissoived in CH3CN (10 mL) was added dropwise by syringe, while stirring vigorously.

The color of the soiution changed to a yellow-brown and after a few minutes into the

addition a dirty yellow precipitate sta¡ted to form. The mixture was refluxed for one more

hour and cooled to room tomperature. The solvent was removed, in vacua leaving a shiny

beige colored residue. Yield: 802 mg (977o). Recrystallizarion from a DMSOÆI O

mixture yielded yellow crystals suitable for X-ray diffraction. Anal calculated: C,39.69;

H, 4.31i 5,24.93. Found: C,39.57; H, 3.91; S, 22.87. i3C{1H} NMR (DMSO_d6): ô

t34.96, 130.95, t29.26,37.42,34.77,31.g5. iH NMR (CD3CN): õ7.29 (s, 4H), 4.13_3.77

(q, 4H), 3.3-2.6 (m, 8H). IR : v(co) 181g, 1935 cm-l(cH3No2) ; v(co) 1g10, t925 cm-r

(KBr).

ix) General X-ray Ðiffraction Ðata Collection, Solufion and Refiner¡¡ent.
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In order to avoid repetition, the reader is referred. to the relevant paragraph in

chapter 2 fot general comments on X-ray diffraction data collection, solution and

refinement. This paragraph applies to all subsequent structures unless stated otherwise.

x) Structure ÐetenrninaÉion of 2,5,8-Trithia[9]-r¿ eta-benzemophane, T,T'ME.

Colorless crystals of TTMB were grown by slow evaporation of an acetone

solution of the compound. heliminary photography was consistent with an orthorhombic

crystal system. Observed extinctions were consistent with space group pLppt.Intensity

data (+h,+k,+[) were collected in one shell (4.5o<20<45c). A total of Ig72 reflections

were collected and 1384 unique reflections with %t t 3o(Fo2) were used in the refinement.

The six S atom positions were determined by direct methods from the E-map with highest

figure of merit. The remaining non-hydrogen atoms were located from successive

difference Fourier map calculations. In the final cycles of refinement, sulfur atoms were

refined anisotropicatly and the carbon atoms were assigned. isotropic thermai parameters.

The correct enantiomorph was determined by inversion of the atomic positions and

comparison of the resulting R and R* values for the possibie enantiomorphs at

convergence. At final convergence this resulted in:

R = IllFol - lF"lÆlF"ll = 0.0659 and R* = (Iw(lFol - lF,l)2ÆwF"2¡rt2 = 0.0704

The ¿/o'value for any pffameter in the final cycle was less than 0.002. A final difference

Fourier map calcuiation showed no peaks of chemical significance; the largest was 0.35

electrons/,4'3 and was associated with the C2 and C3 carbon atoms. Machine parameters,

crystal data and data collection parameters are given in Table 3.1. Seiected bond distances

and angles are summarized in Table 3.4. Atomic positional par¡meters (Table c1),

hydrogen atom pararneters (Table C2) and anisoropic thermal parameters (Tabte C3) are

given in appendix C.
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xi) Structure Ðetermination of 2,5,8-Trìthia[gl-ortho-benzenophane, T'TÛE,

Colorless crystals of TTOB were grown by slow diffusion of d"ierhylether into an

acetone solution of the sompound. preliminary photography was consistent with a

monoclinic crystal system. Observed extinctions were consistent with space group p21/n.

Intensity data 7+¡,ak,+I) were collected in one shell (4.5o<2e<45o). A toral of lg27

reflections were collected and 1034 unique reflections with Fot t 3oiFo2) were used in the

refinement. The three S atom positions were determined by direct methods from the

E-map with highest figure of merit. The remaining carbon atoms were located from

successive difference Fourier map calculations. In the final cycies of refinement, sulfur

atoms were refined anisotropically and the carbon atoms were assigned. isotopic themral

parameters. At finai convergence this resulted in:

R = EllFol - lF.lÆlF"ll = 0.0480 and R* = (Iw(lFol - lF"l)21ÐwFoz¡tt2 = 0.0551

The ¡/o value for any parameter in the.final cycle was less than 0.001. A finaI

difference Fourier map calculation showed no peaks of chemical significance; the largest

was 0.26 electrons/Å3 and was associated with the C3 and C4 ca¡bon atoms. Atomic

positional parameters are summarized in Table C4 and seiected bond distances and angles

in Table 3.6. Hydrogen atom parameters (Tabie C5) and anisotropic thermal pârâmsleyg

(Table C6) are grven in appendix C. Table 3.1 gives the crystal data and machine and

coilection parameters.

Table 3.tr Crystallographic Data for 2,5,8-Trithia[9]-meta-benzenophane (T'TMts) and

2,5,8-Trithia[9]- ortho-benzenophane (TTOts).

Chemical formuia

Crystal color

Crystal form

C12H1653(ru)

colorless

prisms

CpH1653(o)

colorless

prisms
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Formula weight

a, A.

b,Ã

c, A,

Ê, deg

Crystal system

Space group

Vol, Å3

p(calcd), Elcm-z

Z

Cryst dimens, mm

p, abs coeff, cm-l

Radiation (r, Å)

Temp, oC

Scan speed, degimin

Scan range, deg

Bkgüscan time ratio

Data collected (20)

2e

hkl range

Unique data 1Fo2>3oFo2)

No. of variables

R@o2),70

R*@o2),7o

256.5

e.107(s)

8.8s1(7)

31,.897(21)

orthorhombic

P2PPL

2s7r(L)

1.33

8

.24x.33x.I6

4.85

MoKa(0.71069)

24

256.5

8.840(2)

1s.866(s)

10.600(2)

t19.34(6)

monoclinic

P21ln

129s.9(6)

1.31

4

.42x.23x.25

4.8i

MoKø(0.71069)

24

0.5

1827

4.5 to 45o

th,+k,+l

1034

96

4.80

5.51

2.0-5.0 ( 0-20 scan)

1.0 below Kø1 and 1.0 above Ka2

0.5

t972

4.5 to 45o

+h,+k,+l

1384

183

6.59

7.04
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xii) Struct¡¡re deter¡nination of [Cu (T'TOE XpFf!2Me)] tC[O+]

Coiorless crystals of the compiex were grown by slow diffusion of diethylether

into an acetonitrilo solution of the compound. Preliminary photography was consistent

with a triclinic crystal system. Observed extinctions were consistent with the space g¡oups

Pl and PT. me spacegroup PT was confirmed by successful soiution refTnement. Intensity

data 1+¡,X¡r,+/) were collected in one shell (4.50<20<450). A total o17I93 reflecrions were

collected and 5091 unique reflections with Fo2 > 3o(Fo2) were used in the refinement. The

position of the Cu atoms were determined by direct methods from the E-map with highest

figure of merit. The remaining non-hydrogen atoms were located from successive

difference Fourier map calculations. In the final cycles of refinement, the heteroatoms

were refined anisotropically and the carbon atoms were assigned isotropic therrnal

parameters. At flnal convergence this resulted in:

R = XllFol - lF"llDlF"ll =0.0643 and R* = (Ew(lFol - lF"D2Æwfo2¡rtz =0.0697

The ¡/o value for any parameter in the fi.nal cycle was less than 0.412. A final

difference Fourier map calculation showed no peaks of chemical significance; the largest

was 0.89 electrons/Å3 and was associared with the C44 atom of one of the phosphine

phenyl Foups of molecule 2. The dara were absorption corrected (p=1t.g3) empiricaliy

by interpolation in 20 and Q between v-scans of reflections (3,-4,10), (2,-3,7) and e,-4,9).

Selected bond distances and angles are summanzed. in Table 3.8. Atomic positional

parameters (Table C7), hydrogen atom parameters (Table C8) and anisotropic thermal

parameters (Table C9) are given in appendix C. Table 3.2 gives the crystal data and

machine and data collection p¿ìrameters.
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Table 3.2 Cnystallographic Ðata for tCu(T'T'Ots)@Fh2Me)llCl04l

Chemical formula

Crystal color

Crystal form

Formula weight

a, A.

b,^

c, .Ä.

cx, deg

Ê, deg

T, deg

Crystal system

Space group

Vol, Ä,3

p(calcd), Elcm-s

Z

Cryst dimens, mm

p, abs coeff, cm-1

Radiadon (r, Å)

Temp, oC

Scan speed, deg/min

Scan range, deg

Bkgd/scan time ratio

Data collected (20)

20

hkl range

C2sHzsClCuOaPS3

òolorless

prisms

619.64

12.888(4)

8.1s6(2)

31.s7s(8)

rrs.64Q)

r04.s6Q)

9e.73Q)

triclinic

PT

274s(1)

1.50

4

.26x.32x.22

11.38

MoKa(O.71069)

24

2.0-5.0 (0-20 scan)

1.0 below Ka,rand 1.0 above Kc2

0.5

7t93

4.5 to 45o

*h,!k,+l
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Unique data çFo2>3oFo2)

No. of variables

F.Qoz), Vo

R*@o2), vo

5091

r67

6.43

6.97

xÍii) S trucúure Determination of Mo(COb G:ilOts ).ÐMS O

Yellow crystals of the complex were gïown by slow diffusion of diethyiether into a

DMSO solution of the compound. hetiminary photography was consistent with a

monoclinic crystal system. Observed extinctions were consistent with space group p21lc.

Intensity data (+¡,¡k,+l) were collected in one shell (4.5o eT<45o). A total of 2904

reflections were collected and 2174 uníque reflections with Fot t 3"Go2) were used in the

refinement. The position of the molybdenum atom was detemrined by the heavy atom

method from analysis of a Patterson map and the remaining non-hydrogen atoms were

iocated from successive difference Fourier map caiculations. This aiso resulted in the

Iocation of a disordered solvent molecule in the crystal lattice. In ttre final cycles of

refinement, ell ¡O¡-hydrogen atoms, excopt for the solvent molecule, were refined

anisotropically. The solvent molecule was refined isotropically with site occupancy

factors of 78 and 22vo respectively. At final convergence this resulted. in:

R = XllFol - lF,llDlF"ll =0.0452 and R* =(EwqFol - lF,D2lEwFo2¡Uz = 0.05U.

The ¡/o value for any parameter in the final cycle was less than 0.002. The largest

peak in the final difference Fourier map caiculation was 1.23 elecnons/Å3 and was

associated with the solvent molecule. Selected bond distances and angles a¡e summarized.

in Table 3.10. Atomic positional parameters (Table C10), hyd.rogen atom paramerers

(Table C11) and anisonopic therrnal parameters (Tabie C1,2) are given in appendix C.

Table 3.3 gives the crystal data and machine and data collecúon pammeters.
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Table 3.3 Crystallographic Dafa f'or Mo(TTOtsXCO)3.ÐtufSO.

Chemical formula

Crystal color

Crystal form

Formuia weight

a, A,

b, A,

c, A,

Ê, deg

Crystal system

Space group

Vol,,Â,3

p(calcd), E/c^-t

Z

Cryst dimens, mm

p, abs coeff, cm-l

Radiation (r, Å)

Temp, oC

Scan speed, deg/min

Scan range, deg

Bkgüscan time ratio

Data collected (20)

2A

hkl range

Unique data qFo2>3oFo2)

No. of variables

C17H22MoOaSa

yellow

prisms

5r4.37

7.732(4)

18.693(16)

14.996(10)

104.0s(s)

monoclinic

P21/c

2103(1)

t.62

4

.24x.38x.20

9.39

MoKa(O.71069)

24

2.0-5.0 (0-20 scan)

1.0 below Ka,land 1.0 above Ka2

0.5

2904

4.5 to 45o

*h,+k,+I

2174

215
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R@oz), Vo

R*@o2), vo

4.52

5.44

3.3 Results

i) Synthesis.

The macrocyclic thioether ligands TTMB and TTOB wero prepared by a slight

modification of the general synthesis described by Ochrym owyczï,rz for macrocyclic

thioethers. High dilution techniques are employed.. The simple one pot synthesis requires

minimal manipulation of the reagents. Separation and purification of the products by

column chromatoglaphy was never necessary, since the desired products could always be

obtained by fractional recrystalli2¿¡isr. The reaction (Figure 3.1) is a simple SN2

substitution as described previously in chapter 2 for 1656.

HS-EI-S-Et-SH

I Nuæron
w

Na+-s-Et-s-Et-s-Na+
slow

addition

(3 days)
^-Br 

,A. r 
rBr

\-Lr, /''ot|, q / EtoH .iJ;"
{ \ L Br (2 hours)

Á^sl
qr-_j rrMB

(2,5,8-Trithia[9]-o-benzenophane) (2,5,g-Trithia[9]-m-benzenophane)

Sì
TTOB I II S\.^__,r/

Figure 3.f. Synthesis of TTOB and TTMB.
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The high yield of TTMB (45Vo) and the independence of rhe yield on rhe addition

rate probably result from the near perfect fit of the S-CH2CII2-S-CH2CH2-S "bracker" and

the meta-xylyl fragment. This is in sharp contrast to the results obtained for TTOB.

Yieids depend very strongly on the addition rate of the dithiolate. If the addition is

completed within a few hours, then the yields of TTOB are usually very low (<5Zo). Most

of the product is polymeric material and one can isolate small amounts of

2,5,8,17,20,23-hexathia[9.9]-ortho-benzenophane (rrroB), the rrimer of TToB, which

will be discussed in chapter 4. Yields improve significantly (>2OVo) when the addition

period is stretched over three days. Both ligands are quite air-stable and can be stored on

the shelf for months without decay.

The labile cH3cN ligand on rhe cu(D complex, [cu0toBxcH3cN)][cloa], is

easily replaced by a variety of ligands. The addition of triphenylphosphine or

diphenylmethylphosphine gave the phosphine complexes in almost quantitative yields.

The CH3CN moiecule is spontaneously exchanged when the ICu(TTOBXCH3CN)]¡CIO4I

complex is recrystallized from benzonitrile to give tCuFroBxcoHscN)ltclo4l.

The moiybdenum tricarbonyl complex precipitates as a grey-yellow powder from

the reaction mixture and seems to be less sensitive to air in this form than after

recrystallization from DMSO. The color of the crystals changes gradualty from yellow to

g¡een and the composition of the complex becomes powdery. Whether these observations

are due to evaporation of solvent from the crystal lattice or oxidation by air, was not

further investigated.

ii) x' ray stnucture of 2,s,8-tri thiaÍgl-m e ta- benzenop hane, TTMB.

The compound 2,5,8-trithiafgl-meta-benzenophane (TTMB) was previously

synthesized by Vögtlell, but not structuraliy characterized. by X-ray diffraction.

The unit cell contains eight distinct molecules of TTMB and therefore the
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asynìmetric unit consists of two independent moiecules. Perspective ORTEp drawings of

these moiecules are shown in Figures 3.2 and,3.3. Both molecules show a high degree of

disorder. Sulfur-carbon bond distances range from I.774(I2) ro 2.00(3) ,4,' and

carbon-carbon bond distances from 1.42(3) to 1.59(3) Å for the aliphatic carbons and from

1-336(12) to 7.407(13) Å for the carbons in the aromatic ring. The C-S-C angles range

from 89.7(10) to 107.3(10)0. A complete listing of the interatomic disrances and. angles is

given in Tabie 3.4.

The S-atoms are exodentate and form a triangular cavity with a non-bonding

distance between Si and 53 across the meta-xylyl linkage of 6.84 Å. rire torsional angies

associated with the ring (Tabie 3.5) show that the S-CH2CH2-S-CH2CH2-S "bracket"

spans the gap between the benzyiic xylene carbons almost perfectly. There is almost no

distortion from the ideal conformation for these "bracket" units as predicted by Coopef6.

The torsional angles of most interest are those of S1-C8-C9-S2 (180.00) and

S2-C10-C11-S3 (179.1o), clearly indicating the preferred anti-placemenr atong the C-C

bonds. The trend for preferred gauche placement along the C-S bonds can be derived from

the torsional angles of the appropriate C-C-S-C fragments. Eight out of twelve (two

molecules!) C-S bonds have torsional angies that range from 61.90 to 88.60. The plane

through the S-atoms of the thioether portion of the ligand is almost perpendicular to the

plane through the aromatic pan of the molecule (I04.4o for molecule 1 and 98.10 for

molecule 2).
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Figure 3.2 Perspective ORTEP drawing of TTMB, Molecule 1 showing the atom

numbering scheme. 20Vo thewtal ellipsoids a¡e shown.

Figure 3.3 Perspective oRTEp drawing of rrMB, Molecule 2 showing the atom

numbering scheme. 20vo thermar etäpsoids are shown.
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Table 3.4 selected Eond Ðistances and Angles for 2,s,8-T'nithia[g] -mete-

benzenophane.

Molecule 1:

S1-C7

S1-C8

s1-c8d

S2-C9

s2-cgd

s2-c10

s2-c10d

s3-c11

s3-c11d

s3-c12

CT-C2

c7-s1-c8

c7-s1-c8d

c9-s2-c10

c9B-S2-C10d

c1i-s3-c12

c11d-s3-c12

c5-c7-s1

s1-c8-c9

Distances (Ä.)

1.781(13)

r.es(z)

1.86(3)

1.80(2)

r.7e(3)

1.7e(2)

1.85(4)

r.87Q)

L.er(4)

1.820(11)

1.354(13)

Angles (o)

105.0(7)

8e.7(10)

103.3(8)

100.9(13)

e6.2(7)

107.3(10)

113.4(8)

110.5(13)

C2-C3

C3-C4

C4-C5

C5-C6

C1-C6

C5-C7

CT-CTz

C8-C9

c8d-c9d

c10-c11

c10d-clid

s1-c3d-c9d

c8-c9-s2

c8d-c9d-s2

s2-c10-ci1

s2-c1Od-c11d

c10-c11-S3

c10d-c11d-s3

s3-c12-C1

1.373(14)

1.370(13)

r.407(r3)

1.393(13)

1,.403(12)

1.s21(1s)

1.s23(14)

r.48Q)

i.s8(4)

1.48(3)

1.s3(5)

110(2)

111.5(14)

113(2)

112.2(14)

106(2)

r09.7(14)

10s(2)

11s.s(7)



65

Molecule 2:

s4-c19

s4-c20

s4-c20d

s5-c21

s5-c21d

s5-c22

s5-c22d

s6-c23

s6-c23d

s6-c24

CT3-CT4

c19-S4-C20

c19-S4-C20d

c21-55-C22d

c21d-s5-c22d

c23-56-C24

c23d-s6-c24

c17-C19-S4

S4-CzO-CzI

Distances (Ä.)

r.774(r2)

2.00(3)

1.80(2)

1.81(3)

1.78(3)

r.84(2)

1.83(3)

r.ezQ)

1.88(3)

1.7e8(1i)

r.39s(12)

Ang1es (o)

108.2(1)

1,04.r(7)

103.2(1)

e9.6(11)

e7.s(1)

106.e(9)

1i6.3(8)

108(2)

c14-C15

c15-C16

c16-C17

ci7-c18

c13-C18

CT7-CIg

c13-C24

CzO-CzT

c20d-czrd

c22-C23

c22d-c23d

s4-c20d-c21d

c20-c21d-s5

c20d-c21d-s5

s5-c22-C23

s5-c22d-c23d

c22-C23-56

c22d-c23d-56

s6-c24-C13

1.336(12)

r.342(13)

1.3e2(13)

1.38s(13)

r.342(12)

1.s00(14)

1.498(13)

r.42(3)

1.se(3)

r.49(3)

1.48(4)

108.2(1)

10s(2)

113.6(16)

10s.8(1s)

10s(2)

103.3(1s)

107(2)

rts.9(7)

d = atom for minor component in disorder model.
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Table 3.5 T'orsional Angles for T'TMts.

Molecule 1

c7-c5-c6-c1

c5-c6-c1-c12

c6-c1-c12-S3

c1-c12-S3-Ci1

c12-S3-C11-C10

s3-c11-C10-52

Molecule 2

cI9-C11-Cl8-C13

c17-C18-Cr3-C24

c18-C13-C24-56

c13-C24-S6-C23

c24-56-C23-C22

s6-c23-C22-S5

-r75.7

177.7

r04.9

-63.4

TOI.7

T79.7

c11-C10-S2-C9

ci0-s2-c9-c8

s2-c9-c8-s1

c9-c8-s1-c7

c8-s1-c7-c5

s1-c7-cs-c6

c23-C22-55-CzI

c22-55-CzL-C20

s5-c21-C20-S4

c21-C20-S4-C19

c20-s4-ci9-c17

s4-c19-C17-Ctg

8r.2

77.r

180.0

-72.8

32.2

110.4

-74.9

75.7

173.0

-88.6

2T.T

105.0

178.0

175.3

107.4

6r.9

103.3

-r76.5

iii) X-ray structure of 2,5,8-trithia[g]-ortho-benzenophane, TTOts.

The unit cell contains four discrete molecules of TTOB. Sulfur-carbon bond.

distances range from 1.793(7) to I.822(7) Å and carbon-carbon bond disrances from

1.499(8) to 1.515(6) Å for the aliphatic carbons and from 1.359(7) to t.399(7) Å for the

carbons in the aromatic ring. The C-S-C angles range from 99.2(3) to 101.3(3)o and are all

smaller than the ideai tetrahedral angle, due to the repulsion between the lone pairs on the

sulfur atoms (Gillespie-Nyholm approach)7. These values are in good agreement with

those found for other macrocyclic thioethers reported in the liærature18,65 and those



67

reported for 1656. A complete listing of the interatomic distances and angles is given in

Table 3.6.

From the ORTEP diagram Gigure 3.4) it can be seen, thar the S-atoms are all

exodentate to the ring and the S-CH2CI{2-S-CH2CH2-S "bracket" is again easily

recognized. Aithough less pronounced than is the case for the meta analogue of the ligand.,

the magnitude of the torsional angies (Tab1e 3.7) for the S-C-C-S fragments (158.50 and

166.70) stiil indicate the preferred anti-placement of the C-S bonds along the C-C axis.

The conformation of the "bracket" is siightly distorted because of the smaller ring size due

to the ortho-xylyl fragment . The torsional angles of the C-C-S-C fragments are clearly

indicative of the preferred gauche piacement along C-S bonds. The S-atoms form a

triangular cavity with a non-bonding distance between 51 and 53 across the ortho-xylyl

fragment of 5J6 Å. ttre thioether portion (the S-CH2CH2-S-CH2CI{z-S bracket) of the

iigand i5 ¡lmss¡ pe¡pendicular to the plane through the aromatic part of the molecule

(96.1o).

Table 3.6 selected tsond Ðistances and Angres for 2,s,8-Trithia[9] -ortho-

benzenophane.

Distances (Ä.)

S1-C7

S1-C8

S2-C9

s2-c10

s3-c11

s3-c12

CT-C2

C2-C3

1.807(s)

1.801(6)

r.822(7)

1.816(6)

r.7e3Q)

1.803(s)

r.39e(7)

r.3se(7)

C3-C4

C4-C5

C5-C6

C6-C7

c1-c6

C8-C9

c10-c11

CT-CT2

1.361(7)

1.364(7)

t.3e4(6)

r.s02Q)

1,.394(6)

1.4e9(8)

t.49s(7)

1.s1s(6)
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Angles (o)

c7-s1-c8

c9-s2-c10

c11-S3-C12

c6-c7-s1

s1-c8-c9

9e"s(2)

99.2(3)

101.3(3)

116.0(3)

113.s(4)

c8-c9-s2

s2-c10-c11

c10-c11-S3

s3-c12-C1

1r3.2(s)

rr3.e(4)

114.7(4)

116.1(3)

Table 3.7 Torsional Angles for TTûts.

s1-c7-c6-c1

C7 -C6-CT-CT2

c6-ci-c12-s3

ci-c12-s3-c11

c12-S3-C11-C10

s3-c11-C10-52

138.6

5.0

r27.9

79.5

80.4

166.7

c11-C10-S2-C9

c10-s2-c9-C8

s2-c9-c8-S1

C9-C8-S i-CY

C8-S1-CY-C6

-74.5

75.3

158.5

-74.4

58.4
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Figure 3.4 Perspective ORTEP drawing of TTOB showing the atom numbering scheme.

20Vo thetøal ellipsoids are shown.

iv) X-ray structure of [Cu(TT'OEXpph2Me)]tCtO¿1.

The unit cell contains four [Cu(TfOB)@Ph2Me)]+ cations and four tcl64l- anions.

The asymmetric unit contains two distinct molecuies, differing only in the orientation of
the diphenyLnethyl phosphine groups with respect ro the TTOB ligand. The ORTEp

diagrams are shown in Figures 3.5 and 3.6, while Figure 3.7 gives a top-view (down the

P-Cu axis) of both cations to illustrate the rotation of the phosphorus substituents.

compiete listings of interatomic distances and angles are given in Table 3.g.
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The TTOB ligand is facialty coordinated to the Cu(I) ion. The Cu(I) ion is in a

tetahedral environment. In molecuie 1 the S-Cu-S angles for the five-membered chelate

rings are both 92.6(1)0 and the seven-membered chelate ring has a S-Cu-S angle of
113.5(1)o. The s-cu-p angres range from 1i3.6(1)o (s1-cu1-p1) and

114.6(1)o(S2-Cu1-P1) to 1'23.4(1)o(S3-Cui-P1), indicating that the Cul-pl axis deviates

slightly from the norrnal of the plane through the three S-atoms. The Cu1-S distances

range fuom2.294(3) to 2-376Q) Ä.. rne sulfur-carbon bond distances range from 1.799(g)

to 1.824(12) Å and the carbon-carbon bond distances from r.4g0(rz) to i.521(11) Å for

the aliphatic ca¡bon and from I.32I(16) to I.403(12) Å for the aromatic carbons. These

distances compare wetl with those reported in the literature for other Cu-thioether

complexes33-38. 11tt Cul-Pl distance is 2.234(2) Å. ttre angles around the chlorine atom

in the anion range from 101.6(10)o to 115.3(10)0, while the Ci-O bond disraxces vary from

1.316(18) to I.407(13) Å. These distances and angles for the perchloraæ anion indicate

that it is well behaved, though the iarge thermal parameters do suggest some disorder. The

angle between the plane through the three S-atoms and the piane of the phenyl ring of the

ligand is 167.6o.

Molecule 2 shows basically the same features as molecule 1. The S4-C¡2-S6 angle

in the seven membered chelating ring is considerably larger (115.5(1)g than the chelating

angles in the five-membered rings (93.0(1)0 and 93.4(1)0 for s4-cb2-s5 and s5-cu2-s6,

respectively). The S-Cu-P angles range from 112.6(1)0 to L20.2(I)o, which means that the

cuZ-PZ axis is tilted with respect to the plane through the sulfur atoms. The cu2_s bond

distances range from 2.284(2) Å to 2.355(4) Å, the longest bond being rhe one from Cu2

to the central s-atom(s5) opposite the ortho-xylyl fragment of the ligand. The c-c bond

distances range from 1.478(18) to 1.510(13) Å. ttre aromaric carbon-carbon bond

distances vary from 1.305(20) to 1.402(19) Ä. tre CI2-PZ bond distance is 2.222(2) Å.

The angle between the plane through the sulfur atoms and the plane of the phenyl ring of
the ligand for molecule 2 is 762.90, indicating the ligand is slightly more ,,flattened,, in this
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conformafion. The perchlorate shows the expected terahedral geomeÞ-y with O-CI-O

angies ranging from 99.1(8)o to II5.2(7)o and Ct-O bond distances from 1.349(10) to

r.424(16) Ã.

The torsional angles of the coordinated ligand on both molecules (Tabie 3.9) show

the same trends. Since both conformations crystallize in the same unit cell, the energy

required to interconvert the molecules (rotation of the diphenytmerhylphosphine group

around the Cu-P axis) must be small.

Figune 3.5 Perspective ORTEP drawing of the tCu(TfOB)(PPh2Me)l+ carion, Molecule 1

showing the atom numbering scheme. 20vo thetrlal e[ipsoids are shown.
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Figure 3"6 Perspective ORTEP drawing of the tCu(TTOB)(PPh2Me)l+ carion, Molecule 2

showing the atom numbering scheme. 2AVo thetmal ellipsoids are shown.
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S2

Figure 3.7 Perspective ORTEP drawing of the tCu(TIOB)(PPh2Me)l+ cations of Molecule 1 and

Molecule 2 showing top view down the P-Cu axis. Note the rotation of the

phosphine group with respect to the TTOB ligand.
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Table 3.8 selected tsor¡d ÐÍstances and,{ng[es for [cu(Täotsxpph2Me)]tclû¿1.

Molecule 1

Cu1-S1

Cu1-S2

Cu1-S3

Cu1-P1

S1-C7

s1-c8

S2-C9

s2-c10

s3-c11

s3-c12

P1-Cl3

P1-C31

P1-C4I

C6-C7

2.300(3)

2.376(2)

2.2e4(3)

2.234(2)

1,.828(12)

i.79e(8)

1.820(9)

1.824(12)

1.803(8)

r.824(t2)

r.828(12)

1.82s(s)

r.822(6)

r.49r(r4)

e2.6(r)

113.s(1)

e2.6(1)

113.6(1)

114.6(1)

123.4(1)

109.6(4)

e7.e(3)

Distances (Å)

Ang1es (o)

C8-C9

c10-c11

cLz-CL

CI-C2

C2-C3

C3-C4

C4-C5

c5-c6

c6-c1

cL1-O1

cLr-o2

cL1-O3

CLT-O4

c10-c1i-s3

s3-c12-Ci

c12-C1-C6

CT-C6-C7

c6-c7-s1

c13-P1-C31

c13-P1-C41

c31-P1-C41

r.s21(LÐ

1.sOe(14)

r.4e0(12)

1.396(1s)

1"3s9(r4)

r.32e(2r)

i.3e1(16)

1.403(12)

r.362(16)

1.327(17)

1.404(8)

1.316(18)

r.407(r3)

116.9(7)

109.4(7)

r22.s(e)

t23.6Q)

1r0.2(6)

100.9(4)

104.2(4)

104.sQ)

Si-Cu1-52

S1-Cu1-53

52-Cu1-S3

S1-Cu1-P1

S2-Cu1-Pl

S3-Cu1-P1

Cu1-S1-C7

Cu1-S1-C8
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c7-s1-c8

Cu1-S2-C9

Cu1-S2-C10

c9-s2-c10

Cu1-S3-C11

Cu1-S3-C12

c11-S3-C12

s1-c8-c9

c8-c9-s2

s2-c10-c11

r03.4(4)

9e.2(2)

ee.4(3)

102.0(5)

e7.7(4)

t}e.6(4)

101.e(4)

r16.2(7)

rr2.7(s)

rr2.3(6)

2.2e8(3)

2.3ss(4)

2.284(2)

2.222(3)

1.813(7)

1.808(12)

1.82s(11)

1.820(11)

1.815(15)

1.823(1 1)

1.80s(7)

1.817(8)

r.821(7)

1.s10(13)

Cu1-P1-C13

Cu1-P1-C31

Cu1-P1-C41

o1-cL1-O2

o1-cL1-O3

o1-cL1-O4

o2-cl1-O3

02-cLl-O4

o3-cl1-O4

i 11.7(3)

r17.3(2)

116.4Q)

i08.8(7)

11s.3(10)

101.6(i0)

113.4(8)

112.2(6)

10s.0(10)

1.478(18)

1.49s(17)

r.482(19)

1.39e(1s)

r.337Qs)

1.30s(20)

1.402(1e)

r.3e9(20)

1.384(14)

1.407(r0)

1.349(10)

1.366(13)

r.424(16\

Distances (4.)

Molecule 2

Cu2-S4

Cu2-S5

Cu2-S6

CuZ-P2

s4-c20

S4-CzT

s5-c22

s5-c23

s6-c24

s6-c25

P2-C26

P2-C5T

P2-C61

c19-C20

c21-C22

c23-C24

C25-CI4

c14-C15

c15-C16

c1,6-CI7

c17-C18

c18-C19

CTg-Cl4

cLz-O5

cLz-O6

cLz-07

cL2-O8
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Angles (o)

S4-Cu2-S5

S4-Cu2-S6

S5-Cu2-S6

S4-Cu2-P2

S5-Cu2-P2

S6-Cu2-P2

Cu2-54-C20

Cu2-S4-C21

CzO-54-CzT

Cu2-55-C22

Cu2-S5-C23

c22-55-C23

Cu2-56-C24

Cu2-S6-C25

c24-56-C25

s4-c21-C22

CzT-C22-55

s5-c23-C24

93.0(1)

11s.s(i)

%.4(1)

r12.6(r)

120.2(r)

118.3(1)

111.0(3)

e7.e(4)

102.0(5)

e7.s(4)

ee.s(s)

102.7(s)

97.8(3)

107.1(3)

103.8(6)

116.2(7)

rr2.7(s)

r12.3(6)

c23-C24-56

S6-C25-CT4

c25-Ct4-Ct9

cr4-c19-c20

c19-C20-S4

c26-P2-C5I

C26-P2-C6I

c51-P2-C61

Cu2-P2-C26

Cu2-P2-C51

Cu2-P2-C61

05-cL2-O6

o5-cL2-O7

05-cL2-O8

o6-clJz-O7

06-cr-2-o8

o7-cL2-O8

116.9Q)

109.4(7)

r22.s(e)

123.6(7)

r10.2(6)

r04.6(4)

100.6(4)

107.6(3)

1r3.9(4)

t13.2(2)

Irs.6(2)

112.1(7)

113.e(6)

r04.0(7)

rrs.2(7)

9e.1(8)

111.0(10)

Table 3.9 TorsÍonal Angtes,Associated with [cu(TToBxpphrMe][ctoaJ.

Molecule 1

s2-c9-c8-S1

c10-s2-c9-C8

c11-C10-S2-C9

s5.0

L33.6

I33.3

Molecule 2

s4-c21-C22-S5

cLr-c22-55-C23

c22-55-C23-C24

58.3

r39.6

127.0
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s3-c11-C10-S2

c12-S3-C11-Ci0

c1-c12-S3-C11

c6-c1-c12-S3

c7 -c6-c1-c72

s1-c7-c6-c1

c8-s1-c7-c6

c9-c8-s1-c7

-54.8

67.9

166.t

93.4

-t.4

93.8

163.9

68.4

s5-c23-C24-S6

c23-C24-56-C25

c24-56-C25-Cr4

s6-c25-Ci 4-C19

c25-C1.4-Cr9-C20

c14-C19-C20-S4

c19-C20-S4-C2t

c20-s4-c21,-C22

-49.1

69.0

166.8

95.9

-1.2

90.7

160.0

71.3

v) X-ray structure of Mo(CO)3(TT'OB).ÐMSO.

The unit ceII contains four Mo(CO)3GIOB) molecuies each associated. with one

DMSO solvent molecuie. The oxygen atom of the Me2SO solvent molecule points into the

rear cone/cavity formed by the axial hydrogen atoms on the carbons atoms C7, C8, C10

and CL2. The O..H non-bonding distances range fuom2.42 to 2.64 Å. e similar inclusion

of Mo2SO in the crystal lattice has been reported before by Schröder and co-workers33,

who found that Ru(9S3)2+ has an oxygen atom of a DMSO solvent molecule pointing into

the rear cavity of each coordinated 9S3 ligand, with O..H non-bonding distances ranging

ftom 2.20 to 3.29 Å. me ORTEP diagram is shown in Figure 3.8. Complere listings of

interatomic distances and angles are given in Tabte 3.9.

The TTOB ligand is facially coordi¡ated to the Mo(O) arom. The environmenr

around the metal is pseudo-octahedral with three facial carbonyl ligands and the three

thioether donor atoms. The S-Mo-S angles for the five-membered. chelating rings are

81.3(1)0 and 81.9(i)o, whereas the cheiating angle for the seven-membered. ring is much.

larger: 96.5(1)0. The angies of the metal center with the carbon atoms of the carbonyl

$oups range from 84.4(3)o to 88.9(3)0. With the exceprion of S1-Mo-C13 (85.9(2)0), the
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angles between the carbonyl carbons and the cheiating S-atoms range from 93.0(2)0 to

96.9(2)0. The S-Mo-C "trans" angies vary from 170.0(Z)o to 175.I(2)o. Thus the Mo

coordination sphere deviates slightty from octahedral geomery by virrue of a trigonal

elongation. The Mo-S distances range from 2.531(2) to 2.546(2) Å. fne metal-carbon

distances vary from 1.931(8) to 1.958(7) ,Ä. and are approximately 0.1 .4. shorter than the

reported distance in Mo(CO) 6 Q.O6(2) Å¡73. ttre sulfur-carbon bond dist¿nces range from

1.810(7) to 1.8a4(8) Å and the ca¡bon-carbon bond distances from I.471(10) to 1. 515(10)

Å for the atiphatic carbon and from I.366(11) to 1.431(10) Å for the a¡omaric carbons.

The carbonyl C-O bonds are between 1.173(8) and 1.149(9) Å. These distances rire very

simila¡ to those reported in the litoranue for Mo(9S3XCO)342. The angle between the

plane through the three S-atoms and the plane of the phenyt ring of the ligand is 148.50.

Figure 3.8 Perspective ORTEP drawing of Mo(CO)sCITOB¡ showing rhe atom numbering

scheme. 2070 thermal ellipsoids a¡e shown.



79

Table 3.10 selected tsond Ðistances and Angres for &ião(TTotsXCo)3.

Mo-S 1

Mo-S2

Mo-S3

Mo-C13

Mo-C14

Mo-C15

S1-C8

C8-C9

C9.S2

s2-c10

c10-c11

c11-S3

s3-c12

S1-Mo-S2

S1-Mo-S3

S2-Mo-S3

C13-Mo-C14

C14-Mo-C15

C15-Mo-C13

S 1-Mo--C13

S1-Mo-C14

S 1-Mo-C15

Angles (o)

Distances (Å)

2.s46(2) cL2-C1

2.s3t(2) c1-c6

2.s4s(2) c6-c7

1.931(8) c7-s1

1.9s8(7) C1-C2

1.9s4(7) c2-c3

1.831(7) c3-c4

1.s03(11) c4-c5

1.820(8) c5-c6

r.817(7) c13_O13

1.s1s(10) cr4-o74

1.8i0(7) C1s-O15

1.831(7)

Mo-S3-C12

Mo-S 1-C7

Mo-S3-C11

Mo-S2-C9

Mo-S2-C10

c|-c6-c7

c6-c7-s1

c7-s1-c8

s1-c8-c9

r.47r(10)

1.431(10)

1.488(10)

1.844(8)

1.3e1(e)

1.360(11)

1.364(12)

1.366(11)

1.386(10)

1.173(8)

1.r4e(e)

1.1ss(8)

rrr.4(2)

118.s(2)

103.7(2)

103.1(3)

104.8(2)

120.8(6)

111.8(s)

100.e(4)

112.s(s)

81.3(1)

e6.5(1)

8i.e(1)

88.e(3)

87.7(3)

84.4(3)

8s.e(2)

94J(2)

170.0(2)
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S2-Mo-C13

S2-Mo-C15

S2-Mo-C14

S3-Mo-C14

S3-Mo-C15

S3-Mo-C13

Mo-S i-C8

e4.3(2)

e6.e(2)

174.6(2)

9s.2(2)

e3.0(2)

L7s.LQ)

107.6(3)

c8-c9-s2

c9-s2-c10

s2-c10-c11

c10-c11-s3

c1i-s3-c12

s3-c12-C1

clz-Cr-C6

11s.7(s)

101.1(4)

110.7(5)

1,13.9(4)

101.e(3)

108.1(s)

121.e(6)

Table 3.X.L Torsional .Angtres for Mo(TTOEXCO)¡.

s1-c7-c6-c1

C7-C6-CT-CL2

c6-c1-c12-S3

c1-c12-S3-C11

c12-S3-C11-C10

s3-c11-C10-52

84.1

-0.8

101.8

166.0

74.4

-58.7

c11-C10-S2-C9

c10-s2-c9-c8

s2-c9-c8-s1

c9-c8-s1-c?

c8-s1-c7-c6

150.1

61.0

49.8

150.0

r49.5

vÍ) NMR.

The lH NMR spectra for TTMB and TTOB are shown in Figure 3.9. In the

aromatic region they show the cha¡acæristic pattern for meta- and ortho-substituted

benzene tingt, respectively. The benzylic protons in both molecules are assigned to the

singlet just below 4 ppm, and the protons of the S-CH2CH2-S-CII2CH2-S bracket a¡e

associated with the semplex second order multiplet at 2.10-2.50 ppm (TTlvß) and at

2.50-2.85 ppm (TTOB). A tH NltR simularion of this portion (AA,BB, system) of the
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spectrum was carried out for both ligands @igure 3.10). Tables C13 and C14 in the

appendix list the observed,/assigned and caiculated frequencies. The coupling constants

thus obtained are given in Table 3.I2 and compare well to those calculated by using the

dihedral angles from the X-ray data, indicating that the solid state conformation is

preserved in soiution. The results of the final iteration for TIMB gave as best values:

geminal coupling constant (2J) = -14.34II2 and vicinal coupling consrants 131¡ of 4.54 and,

13.14 Hz with a RMS error of .02. The retention of conformation is most evident ftom the

results obtained from TTOB. The X-ray data show no disorder in the molecuie and low

R-values' These are indications that the dihedrat angles obtained from the X-ray data and

used to calcuiate the coupling constants are very reliable. The 3J¡¡¡¡ values thus calcuiated

(8.8 and 5.9lFr2.s7;8.1 and 4.658), are very close to those obtained from the simulation. The

NMR simuiation calculations with LAOCOON Itr give a geminal coupüng consranr of

-14-85 Hz and vicinal coupling constants of 8.74 and 6.04 Hz, while the RMS error was

down to 0.004.

Table 3.1,2 Calculated coupling constants,2.Ius and 3.Iro, for TTME and T,TOts

J(Hz) TTMB

LAOCOON X-ray

TTOB

LAOCOON X-ray

2J""(geminal)

3J""1vicinal¡

-14.3

13.1

4.5

-14.8

8.7

6.0

8.8

5.9

10.0

2.5
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--+J
PPC

Figure 3.9 ]H-NMR spectra of TTMB and TTOB, at 300 MHz
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a

TTOB

l++1+| ,.1 ..,r... l r',..1. ..I....!..i ¿.5c ¿.¡5 ; ¡0 ¿.35 2.lO ?.?t 2.¿O 2. t5 ¡:rc

Figure 3.X-0 IH-NMR spectra of the SCI{2CH2SCI{2CH2S "bracker" of TTMB and TTOB.

(a) simulated and (b) observed.

b
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The specua of both the Cu and the Mo complex of TIOB show some interesting

features. At room temperature the resonance of the benzyiic protons for the Cu complex is

split into a qua-rtet and the multiplet of the erhylene linkages has collapsed inro a singler

and a triplet. The multiplet of the a¡omatic protons has collapsed as well. All peaks are

severely broadened and this might indicate some kind of fluxional process. Upon cooling

to 235 K the signal due to the ethylene linkage consisted of a well resolved complex

muitiplet. Sharpening of the peaks associated with the aromatic protons has also occured

and some additional splitting was observed in the low field porrion of the signal due to the

benzylic protons (Figure 3.11).

a) 300 K

r r I r r,I t Íu r. I ...I
4.0 3.5 3.0

Figure 3.LL lH NMR specrrum showing the -crl2scHzcH2scH2cHzscH2- string of

TIOB in [Cu(T'IOB)(PPh2Me)]lClO4l at a) 300 and b) 23.5 K.

This coupling can also be seen in the aromatic part of the spectrum. The same

phenomenon is observed when the ancillary ligand is PPh3 instead of pph2Me, whereas

the additional splitting is absent when the ancillary ligand is CH3CN, phCN, or pyridine.

This spiitting is due to the n-contributions to the H-H coupüng between the benzyiic and

4.5
PPM
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the aromatic protons of the ügand. The magnitude of this long range ( 4r(n) ) coupling can

be estimated from the product of the e.s.r. hyperfine coupling consrants an¿ is proportional

to cos2 Q, where $ is the torsional angle between the benzylic proton and the p-orbitals of

the unsaturated system58.

Figure 3.X.2 0 = 0o or 1800 aJln¡ is maximal

0 = 90o or270o alqn¡ is zero

The dependence on the cos2 term results in a large n-contribution when Q = 0o and q =
1800 @gure 3.I2). The n-contribution totally disappears when Q approaches 90o or 270o.

It may therefore be conciuded that the downfield resonan ce at 4.2 ppm is due to the axiaj

benzylic proton and the upfield signal can safely be assigned to the equitorial benzylic

proton (in the same plane as the aromatic ring and therefore forming a 90o angle with the

p-orbital system). The experimental value (L.4 lFrz) comparcs well to the aJ coupling

observed in the liærature for similar basic structuresSs. The fact that this coupling is not

observed when the ancillary ligand is CH3CN, C6H5CN, or pyridine possibly ind.icates

that the low tempera¡ure limi¡ for these complexes was not reached or may have to to do
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with the quadrupolar reiaxation properties of nin'ogen. The peaks in the aromatic part of

the iH NMR specE'a of the phosphine ssmplexes also sharpen considerably at low

temperature, which might indicate that the aromatic part of the ligand is flipping up and

down at room temperature.

The lH NMR spectrum of MoTTOB(CO)3 ar room remperature shows basically

the same relevant features as the spectra for the Cu complexes at 1ow temperature, though

no broadening is observed. The signal assigned to the benzylic protons is a sharp quartet

and the "bracket" methylenes forsr a complicated multiplet of a stightly different pattern

than the gu çomplexes. The aromatic region shows only one sha¡p resonance. This is in

confast to the broadened signal for the Cu complexes. The amount of movement for the

coordinated T'IOB in the Mo-complex seems therefore much more restricted than for the

Cu complexes. The rH NMR spectra of the other [Cu(TTOBXL)]+ complexes, where L=

CH3CN, PPh3, C6H5CN, or pyridine ali show severe broadening at room temperature,

indicating fluxionality and of course when the coordinating atom is nitrogen, quadrupolar

relaxation effects.

3.4Ï)Íscussion

The subtle differences benveen TTMB and TTOB seem to be large enough to

create a totaliy different coordination chemistry for ttre two molecules. X-ray

crystallography shows that the S atoms in both ligands are exodentate in the solid st¿æ.

Therefore, rearrangoment of ttre S atoms to an endod.entate conformation must occur in

order ¡6¡ ssmFlexation to be possible.

In TTMB the distance between the two S atoms 51 and 53, across the meta-xylyl

fragment, is relativeiy large: 6.84 .Ä'. The torsional angles (Tables 3.5 and 3.7) show that

the S-CH2CII2-S-CH2CH2-S "bracket'i has the ideal conformation (see introduction). The

placement around the S-C bonds is gauche and the torsional angles of the S-C-C-S
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fragments (s1-c8-c9-S2 = 180.00 and s2-c10-c11-s3 = r7g.1o) clearly indicate anti

placement around the C-C bonds. This makes TTMB quite rigid. Anempts to synthesize a

compiex of Cu(Ð with TTMB analogous to [Cu(CH3CÐ(T-IOB)][CIO4], resulred in the

isolation of starting materials.

rÔcu- s
i / 12SIV

i\ \: Mo-S:/ ISI
\/

Figune 3.13 distances berween Sl and 53 (ångström).

The Si-S3 non-bonding distance in TTOB is 5.76 .Ä,, which is more rhan one

Ångström shorter than in the meta-analogue. Anti-placement around. the C-C bonds is

definitely iess pronounced in TTOB (s1-cs-c9-S2 = 15g.5o a¡rd s2-c10-c11-s3 =
166.70). However, in contrast to TTMB, this molecule proves to be remarkably flexible.

Upon complexation the S-atoms 51 and 53 are forced into an endodentate position and

approach each other quite closeiy as Figure 3.13 indicates schematicaliy.

A good indication of the conformational adjustrnent required for the T-IOB ligand

to coordinate in a tetrahedrai or an octahedral geomebT/ is a comparison of the torsional
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angles in the free and coordinated ligand (Tabie 3.13). Except for C10-S2-C9-CB and

C9-C8-S1-C7, the torsional angles of the ligand in the complexed confomlation are very

similar. Big differences occur, especially for the S-C-C-S fragments, which are rea:ranged.

from an anti- to gauche-placement upon chelation. The reduction of the S-C-C-S torsion

angles is the ¡esuit of stabilization provid.ed by the formation of the metal-sulfur bonds42,

which pafily overcomes the repulsion by the sulfur lone pairs.

The increased susceptibility in T.IOB towards complexation can probably be

attributed to the slightly higher ring strain and the conformation of the

S-CH2CH2-S-CH2CH2-S "bracket" being iess than ideal. This gives TTOB a higher

internal energy than TTMB and iowers the energy barrier that has to be overcome for the

essential rearrangement. The failure of 1-¡MB to form a complex with

[Cu(CH3CN)¿]tClO¿l could indicate that the energy needed ro "disrorr" the prefered

conformation of the "bracket" and rearrange the sulfur atoms to an endodentate

conformation is substantial and/or that the gap between the donor atoms S 1 and 53 across

the meta-xyiyl tinkage is just too large for the Cu(I) ion to span even when the S atoms are

endodentate ro the ring.

Table 3.13 comparison of rorsionar angles of uncomplexed rr,ots to those

in [CuTTOtsXPPh2Me)]+ and Mo(T'TOBXCO)¡.

torsional angle

s1-c7-c6-C1

C7 -C6.CT-C12

c6-c1-c12-S3

c1-ci2-s3-c11

c12-S3-C11-C10

free

TTOB*

127.9

5.0

138.6

58.4

-74.4

compl.

(Mo)

84.1

-0.8

101.8

166.0

74.4

compl.

(cu)

93.8

-r.4

93.4

166.1

67.9
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s3-c11-C10-52

c11-C10-S2-C9

c10-s2-c9-C8

S2-C9-C8-ST

c9-c8-S1-C7

c8-s1-cY-c6

158.5

75.3

-74.5

166.7

80.4

79.s

-58.7

150.1

61.0

49.8

150.0

r49.5

-54.8

r33.3

133.6

55.0

68.4

163.9

* numbering scheme T'roB reversed to get correspond.ing torsional angles.

3.5 Sumrnary and Conclusions,

This chapter described the synthesis and characterization of the tridentate crown

thioether ligands 2,5,8-Trithialgl-meta-benzenophane gTMB) and 2,5,g-Trithia[9]-

ortho-benzenophane (TroB). All three S atoms in both molecules are exodentate to the

ring' In an attempt to synthesize the Cu(I) complexes both ligands were reacted with

[Cu(CH3CN)4][CIO4J. These attempts proved to be successful only for TTOB. The

moiecule turns out to be very flexibie and an excellent ligand to accommodate a first row

transition metal in a teuahedral environment. The reaction of f-rOB with
Mo(CH3CN):(Co)s shows that the ligand is also capable of coordinating facially ro a

metal in an octahedrai environment. The inert¡ress of TTMB towards complexation is
probably due to the "near perfect" conformation of the s,cH2cFI2-s-cH2cH2-s ,,bracket,,

in the molecule and the gap between the benzylic S-atoms, which is too large for the Cu(I)

ion to span.

The facial coordination of the macrocyclic tridentate crown thioether TTOB to a
metal ion in a tetrahedral geomeny infers that the ligand can possibly stabilize other ions

like Ni(O), Pd(O) and Pt(0), which prefer a tetrahedral environmenr. The labile C¡LCN
ligand of the Cu(I) complexes proves to be easily substituted by other ligands like
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phosphines, pyridine and benzonitrile. Furthennore, this may lead to novel chemistry at

open roaction sites and perhaps to the synthesis of new alkylating agents, such as

organocuprates, in organic chemistry.

Also' the study of the conforrnational, electronic and coordination properries of

these fwo ligands provides information, which may serve as a useful guideline for the

chemisnry of the potentially ditopic tigands containing simila¡ donor groups and skeletal

frameworks.
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,{ppendÍx C

Table Cl. FosÍúüonal Fararnetensa for 2,s,8-T'rithía[9]-r¡e-benzenopha¡¡e,

Atom v

S1

S2

S3

s4

s5

S6

C1

C2

C3

C4

C5

C6

C7

C8

c8d

C9

c9d

c10

c10d

c11

c1ld

6986(4)

273r(3)

07e7(4)

ezer(s)

11s91(4)

e248(4)

3370(10)

2884(t2)

3761,(12)

s101(11)

s629(r1)

4738(e)

70s8(13)

4es2(20)

s642(3s)

4617(20)

4063(3s)

rTsr(20)

227s(36)

I87r(2r)

r17s(36)

t3es(4)

38e7(3)

1322(4)

-1768(3)

0472(4)

4772(3)

-0367(1 1)

-1s68(i 1)

-2rs0(1,2)

-1ssO(1 1)

-0267(r0)

0264(1.0)

0s04(1s)

202rQ0)

27e6(32)

3307(19)

2493(3r)

2sr6(20)

328s(37)

2828(21)

re92(39)

1360(1)

Ls24(r)

2s7s(r)

496r(1)

391 1(1)

4000(1)

240s(3)

2t82(3)

1,872(3)

1770(3)

1e82(3)

230s(3)

1860(4)

1293(6)

1571,(g)

1s74(6)

L37e(e)

182s(6)

2064(rr)

228r(6)

2017(1,Ð
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c12

c13

cL4

c15

c16

CT7

c18

c19

c20

c20d

c21

CTTd

c22

c22d

c23

c23d

c24

24rs(r2)

7479(10)

626r(r0)

s6se(1 1)

6249(10)

7442(rL)

80s8(10)

81s2(13)

99t0Q7)

1.070s(22)

r1220(26)

10294(2s)

r0r87(2r)

trlr3(29)

10688(24)

9812(30)

8229(12)

0297(13)

3087(i0)

2698(1r)

1330(1 1)

0346(r2)

0713(1 1)

2136(9)

0334(1,4)

-r126(28)

-074sQt)

-0267Q8)

-0s88(26)

res0Q3)

237s(31)

3243Q4)

2817(32)

4s7s(r2)

27s1.(3)

4s44(3)

4301(3)

4342(3)

4614(3)

4867(3)

4827(3)

sL77(4)

4388(8)

4688(6)

4428(8)

420s(8)

3847(6)

4087(8)

4110(7)

383s(e)

4480(3)

a Multiplied by i0a. d = Atom for minor component in disorder model.
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T'abtre C2. E{ydnogen Atorn Fararneúersa for

2,5,8- T'rith ia[9]-w-benzeneop teane.

Atom gbv

If2

H3

H4

H6

H7A

H7B

H12A

Hl2B

H|4

Hl5

H16

H18

H19A

H19B

Tf24A

Tf24B

1952

3424

5672

5074

7280

7816

2098

3004

5853

4827

5830

8866

8731

7386

7497

889i

-2004

-3009

-1997

1099

1249

-0234

-0s09

0974

3406

1056

-0634

2436

0254

-0814

5340

4724

2240

1721

1553

2466

2065

1856

2926

2910

4t10

4179

4637

4996

s363

5329

4485

4706

73

79

74

55

97

97

85

85

66

72

7t

54

99

99

78

78

a Multiplied by 104. b Multiplied by 103.
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T'a ble C3. Ther¡nal Fara¡¡retensa for 2,s,8-Trithia[g] -r¡e-benzenophane.

Atom Ul1 u22 u33 u23 u13 UT2

s1 102(3)

s2 87(2)

s3 72(2)

s4 140(3)

s5 77(2)

s6 rt7 (3)

cl 59(3)

c2 66(3)

c3 71(3)

c4 68(3)

cs 62(3)

c6 s0(2)

c7 e0(4)

c8 7s(s)

c8d 63(8)

c9 67(4)

cgd s3(7)

c10 70(s)

c10d 70(9)

c11 80(s)

c1ld 74(9)

c12 77(3)

ci3 49(2)

104(3)

63Q)

r12(3)

se(2)

e7(2)

6sQ)

11e(3)

esQ)

10e(3)

r2L(3)

100(2)

rzs(3)

17(2)

22(2)

2s(2)

28(2)

-6(2)

38(2)

ssQ)

-r7(2)

33(2)

13(3)

28(2)

31(2)

11,(2)

2(2)

22(2)

23(2)

20(2)

-IQ)
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c14 60(3)

c1s 67(3)

c16 64(3)

cr1 62(3)

c18 s0(2)

c19 e3(4)

c20 92(7)

c20d 48(s)

c21 e3(7)

czrd s4(6)

c22 63(s)

c22d 73(7)

c23 73(6)

c23d 78(8)

c24 73(3)

a Multiplied by 103. d = atom for minor component in disorder model.
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Table C4. FosÍtüonal Farametersa for 2,s,8-T'nithia[g]-o-benzenopl¡a¡re.

Atom

s1

S2

S3

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

ci1

c12

-0s50(2)

13s 1 (3)

3s02(2)

0610(5)

-0312(7)

-2064(6)

-2e66(7)

-2r06(6)

-0312(6)

0s48(6)

-0s76(8)

11ss(e)

161s(7)

3361,(7)

2s73(6)

2673(1)

1758(1)

433e(r)

4626(3)

s121(3)

s208(3)

4803(3)

4307(3)

420r(3)

36s0(3)

2204(4)

1870(4)

2860(4)

3212(4)

4633(3)

4e6e(2)

2087(2)

2784(2)

317s(s)

1937(6)

1290(6)

181ø.(6)

303e(5)

373s(s)

sOs4(s)

341,1,(6)

3712(7)

1773(6)

2801(7)

3903(s)

tnultiplied by ld
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T'able C5. F{ydnogen .A.tonn Fanar¡retensa f'on

2,5,8-Trithia [9] -o-her¡zenophane.

Atom gb

rf2

H3

H4

H5

H7A

H7B

H8A

H8B

H9A

H9B

HiOA

HlOB

H11A

Hi 1B

H12A

H12B

0303

-2657

-5672

-2752

7675

0642

-0938

-1384

2013

1322

0762

r439

3649

4180

2955

3001

5405

5550

4867

4424

3514

396s

2619

1752

2246

1332

3179

2915

3041

2984

5188

4253

1538

0452

1400

3410

521,4

5851

2673

3084

4355

4156

1861

0818

3752

2560

4251

4696

55

56

62

48

49

49

92

92

TL2

rt2

76

76

62

62

50

50

a Multiplied by 104. b Multipüed by 103.
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T'able c6. Thermal Farametensa for 2,s,E-T'nithial9]-o-benzenophane.

Atom U11 u22 u33 u23 u13 u12

S1

s2

S3

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

c11

c12

88(2)

120(2)

s2(r)

3s(1)

s0(1)

s1(1)

s6(1)

44(r)

34(1)

4s(1)

83(s)

102(s)

6e(4)

s6(4)

4s(1)

68(1)

62(1)

ee(1)

s0(4)

s8(4)

82(s)

r2r(6)

61(1)

72(r)

6s(1)

1 1(1)

-23(r)

-e(1)

46(t)

3e(1)

40(1)

24(4)

30(4)

22(3)

30(3)

-17(1)

1s(1)

-16(1)

se(4)

74(s)

43(3)

63(4)

0(3)

s(4)

-1 1(3)

-33(4)

-18(3)

18(4)

10(3)

ls(4)

a Multipiied by 103. Note: Where only U11 is given, this refers

factor.

to the isotropic temperaftue
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Table c7. FosiÉional Farar¡reúersa for [cu(TToBxpph2Me)]tctt¿1.

Atom v

Molec¡rle I
Cu1

S1

S2

S3

P1

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

c11

C12

c13

c32

c33

c34

c35

7066(1)

s746Q)

se23(2)

6er4(2)

8717(2)

581e(7)

63e4(8)

6s67(e)

623s(e)

s631(8)

s42r(7)

4781(7)

492s(7)

4660(6)

ss16(7)

6422(7)

s673(8)

8s62(7)

8728(4)

e202(4)

r034e(4)

Lr02r(4)

4es9(t)

6s43(3)

2442(3)

29se(3)

6647(3)

4848(13)

s374(rs)

7141(16)

84se(16)

7e63(14)

6138(12)

s728(12)

s337(rL)

3171(10)

0s20(r2)

0712(12)

2900(13)

7ts6(12)

10244(8)

12111(8)

r27e6(8)

1 1613(8)

3ss2(1)

3se3(1)

2720(r)

3883(1)

3621,(t)

4468(3)

4e68(3)

s3s4(5)

s267(4)

4774(4)

436e(3)

38s0(3)

2e28(3)

2643(3)

28s5(3)

3299(3)

4061(4)

3102(3)

4276(2)

468s(2)

4e82(2)

4870(2)
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c36

c31

c42

c43

c44

c45

c46

c41

CL1

o1

02

o3

o4

Molecule 2

Cu2

S4

S5

S6

P2

cl4

c1s

c16

c17

c18

c19

c20

c21

10s46(4)

e3ee(4)

e777(4)

10s89(4)

rr4sr(4)

11s01(4)

10689(4)

e827(4)

ss38(2)

s8s4(e)

4421(s)

623s(8)

s624(rr)

-Osss(1)

-r7ee(2)

-03e7(2)

-r3se(2)

Oes8(2)

-3276(8)

-34ss(10)

-37s3(r1)

-38es(10)

-37s7(9)

-3433(7)

-32s0(7)

-i601(e)

9747(8)

e062(8)

4116(8)

3178(8)

36si(8)

s063(8)

6001(8)

ss27(8)

4974(3)

649s(16)

4682(12)

4ee3(30)

3s14(17)

-0437(t)

1266(3)

-0822(4)

-36s0(3)

1142(3)

-3157(13)

-4010(18)

-3076(1e)

-139e(17)

-0502(16)

-1393(r2)

-0307(12)

1729(13)

4462(2)

4t6s(2)

37s3(2)

373r(2)

3s71(2)

3432(2)

34s4(2)

3614(2)

1748(1)

r6e7(6)

1733(3)

2r3s(s)

1320(s)

1s17(1)

1662(t)

2226(r)

09se(1)

1,471(1)

0s2r(4)

0006(5)

-023e(s)

-0032(s)

0480(4)

0760(3)

1314(3)

2296(4)
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c22

c23

c24

c25

c26

c52

c53

c54

cs5

c56

c51

c62

c63

c64

c6s

c66

c61

CLz

o5

o6

07

o8

-1536(8)

-10s2(10)

-0e6s(e)

-288s(8)

1804(8)

-0487(4)

-0831(4)

-0078(4)

1018(4)

1362(4)

060e(4)

2632(s)

348s(s)

3722(s)

3106(s)

22s3(s)

2016(s)

2610(2)

301s(6)

1786(1 1)

3444(8)

1946(rr)

0084(13)

-3409(is)

-449r(rs)

-4179(14)

337r(1,2)

0907(7)

1429(7)

28s6(7)

3762Q)

3240(7)

1813(7)

001s(8)

-0834(8)

-1761(8)

-1840(8)

-0991(8)

-0064(8)

e114(3)

0848(10)

-221s(r2)

-rs20(r3)

-0470(16)

2374(4)

1eOe(4)

t404(4)

0788(4)

2044(3)

0627Q)

026rQ)

02s4Q)

0614(2)

0e80(2)

0e86(2)

1.07e(2)

1056(2)

1333Q)

t633Q)

t6s6Q)

r37eQ)

3062(r)

307r(4)

2617(s)

3238(s)

3370(s)

aMultiplied by ld
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Table CE. F{ydnogen Aúom Fanametersa fon

lCu (TT'Ots) (FFh2Me)l tCIO4l.

Atom yu

Molecule X

If2

H3

H4

H5

H7A

H7B

H8A

H8B

H9A

H9B

HlOA

HlOB

H11A

H118

H12A

H128

H13A

H138

H13C

H32

H33

6669

6932

6408

s356

4412

4234

s330

4227

4182

4279

5376

4845

6131

7055

5587

5019

8208

9286

8110

7947

8745

4479

7439

9719

8876

4386

6378

s859

5597

2618

2710

-0674

0552

-0274

0527

20r5

2512

5989

7768

7974

9778

12917

5041

5692

5538

47r0

3638

38&

2778

2890

2764

2294

2566

2928

3363

3205

4180

3776

2790

3126

3122

4074

4761

86

95

88

78

6T

6T

49

49

49

49

64

64

67

67

75

75

57

57

57

73

92



t0s

H34 10672

H35 11801

H36 11004

}l42 9190

H43 10555

H44 12004

H45 12088

H46 10723

Molecule 2

r4067

12079

8941

3793

22r7

3013

5385

6962

5260

5073

4386

3862

3825

3556

3323

33s9

79

82

73

54

82

92

88

66

103

LT6

106

94

60

60

77

77

71

7T

95

95

9T

9T

82

82

70

70

H15

Hl6

H17

H18

H2OA

H2OB

Tf2lA

H21B

Tf22A

Tf22B

T123/^

TÐ38

T124/^

T1248

T]25A

IJ25B

Í126A

T1268

-3364

-3869

-4092

-3880

-3749

-3392

-2218

-a9n

-1416

-2233

-183 1

-0699

-0201

-1437

-3063

-3249

1345

2401

-s230

-3673

-0795

0700

0434

-1 187

2098

2756

0478

-0924

-3664

-3859

-M60

-5779

-3760

-5521

4158

40r4

-0166

-0s88

-0225

0635

1362

1,430

2375

2519

2718

2165

1863

2120

t46I

1249

1085

0574

2137

1990



î84

tf26c

H52

H53

H54

H55

H56

H62

H63

1164

H65

H66

2TT2

-1000

-1577

-0312

153 1

2108

2471

3904

4303

3267

1834

3LT2

-006s

0812

3212

4734

3857

0646

-0780

-2339

-2471

-1045

2306

0631

0016

0005

0609

1225

0891

0852

1317

1.822

1861

70

55

67

78

77

61.

62

75

72

69

57

a Multipüed by 104. b Multiptied by 103.
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T'a hle c9. Thermal Farametersa for tcu (Tî['ots) (FFh2Me)] Ialo4l.

Atom U11 u22 u33 u23 u13 u12

Molecule X.

Cul 32.6(5)

s 1 38.8(11)

s2 42.8(11)

s3 4s.s(12)

Pl 30.9(10)

cl se(z)

c2 76(3)

c3 87(3)

c4 81(3)

c5 7t(3)

c6 s3(2)

c7 s7(2)

c8 47(2)

ce 4s(2)

c10 s8(2)

c11 6r(2)

crz 69(3)

c13 s4(2)

c32 68(3)

c33 83(3)

c34 74(3)

c3s 74(3)

3e.7(s)

40.4(11)

42.4(tr)

s4.8(13)

36.3(11)

s4.e(6)

47.7(t3)

51,.2(1,3)

66.s(1s)

42.0(r2)

24.7(s)

20.3(10)

18.6(10)

39.0(r2)

20.0(10)

1e.6(s)

18.s(10)

22.3(r0)

23.7(11)

13.3(e)

r3.7(4)

17.2(9)

1s.s(e)

19.s(10)

11.0(e)



f.06

c36

c31

c42

c43

c44

c45

c46

66(3)

4r(2)

s0(2)

74(3)

86(3)

81(3)

60(2)

c41 40(2)

cL1 47(1)

01 138(9)

02 46(4)

03 7e(7)

04 203(12)

Molecule 2

CuZ 40.2(6)

s4 43.3(12)

s5 s8.9(1s)

s6 7s.4(r6)

P2 33.7(rr)

c14 64(3)

c1s es(4)

c16 106(4)

crl 96(4)

c18 86(3)

c19 ss(2)

c20 ss(z)

c21 7L(3)

70(2)

ls1(e)

1,38(7)

644(31)

155(10)

53.8(6)

M.3(r2)

79.9(r7)

47.4(r3)

43.s(rz)

s2(1)

4rlQr)

148(8)

174(r2)

r63(12)

s6.3(7)

66.s(1s)

s8.6(16)

62.0(1s)

46.7(13)

37(r)

194(r3)

e3(6)

2Se(18)

2e(e)

28.2(s)

22.r(t[)

37.8(14)

23.9(r2)

17.s(11)

1e(1)

1.64(12)

37(s)

4s(7)

8s(10)

26.4(s)

28.0(11)

20.s(12)

3e.2(r3)

16.2(r0)

17(1)

6e(7)

23(4)

e6(12)

87(e)

20.2(s)

1e.4(10)

2s.4(13)

32.2(1,2)

13.8(e)



1"07

c22 67(3)

c24 82(3)

czs 76(3)

c26 66(3)

csz s1(2)

cs3 62(2)

cs4 71(3)

cs5 7r(3(

cs6 ss(z)

c51 42(2)

c62 s7(2)

c63 67(3)

c64 64(3)

c6s 63(2)

c66 st(2)

c61 4r(2)

cLz s7(1)

os 81(s)

06 189(11)

07 88(6)

08 236(13)

si(1)

64(s)

63(6)

113(7)

168(10)

8i(2)

189(e)

17s(1 1)

318(16)

217(r3)

26(1)

64(s)

12(7)

I 16(10)

136(10)

2e(1)

76(6)

-40(e)

2e(8)

167(12)

r2(t)

30(4)

21(7)

s4(6)

e3(i0)

a Multiplied by 103. Note: Where only U11 is given, this refers

factor.

to the isonopic temperature
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T'able Ci.û. trositional Farametensa for Mo(T'T0tsXCO)3.

Atom

Mo

S1

S2

S3

c1

C2

c3

C4

C5

C6

C7

C8

C9

c10

c11

c12

c13

CI4

c15

o13

o14

o15

2e33(r)

22r6(1)

3061(1)

1942(1)

0960(3)

0768(4)

0682(4)

0781(4)

0e62(4)

r04e(3)

1242(4)

2243(s)

2891(s)

22s2(4)

2473Ø)

1063(4)

3732(4)

2740(4)

3630(4)

4223(3)

2646(3)

4073(3)

4197(t)

477s(r)

2807(1)

3219(L)

4s34(s)

4846(s)

s7s6(7)

639e(6)

6127(s)

s207(s)

4e2e(6)

3881(s)

327s(6)

2143(s)

2103(s)

3s47(s)

48M(s)

s278(s)

3816(s)

s24t(4)

5918(4)

3646(4)

432r(r)

2014(2)

1722(2)

st70(2)

s278(e)

706i(10)

7837(r1)

6877(r2)

s11s(10)

4263(e)

2340(e)

-0074(e)

-0203(e)

1770(e)

3660(10)

4484(r0)

3613(e)

626s(e)

s884(e)

3219(8)

7406(7)

67e3(7)



i.09

S4

o4

c16

c17

9r49(3)

e87s(10)

6782(17)

9s22(r6)

8304

8303

0484

7372

01s0(1)

06s8(4)

0313(7)

0s74(7)

0769

0900

0598

0000

rge8(2)

2816(6)

1749(10)

oÞso(ql

L971.

0992

26r6

2000

S5

o5

c18

CT9

aMuitiplied by 104
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Table CI-X,. F{ydrogere,A.tonn Faraumetersa for Mo(TT,OBXCÛ)3.

Atom gu

Í12

H3

H4

H5

H7A

H7B

H8A

H8B

H9A

H9B

7757

9059

7432

M57

181 1

1777

-1043

-0146

-12T3

-0370

0696

0552

0725

1029

1010

1085

2249

t827

2832

3297

232r

1867

r646

2454

0701

t042

44LT

5946

7033

6s80

4365

5391

4168

351 1

2773

3625

1536

2422

t757

1802

3204

3430

t512

1257

2170

0470

0926

1533

58

52

94

76

50

50

36

36

39

39

52

52

55

55

65

65

H10A 1063

H10B 1298

Hl1A 3635

Hl iB 4102

Hr2A 4892

H12B 3221

Solvent molecule:

H16A 5598

H16B 725r

H16C 6777

H17A 997r

H17B 9217

HLTC 10408

01,47

0480

0692

07t6

0081

06s1

94

94

94

92

92

92



LÍ.L

H18A

Hl8B

HiSC

H19A

H19B

Hl9C

0265

027r

-0336

6638

8219

7977

0126

0614

0918

-0343

0182

-0220

2802

1966

2804

2797

2519

r592

94

94

94

94

94

94

a Mulriplied by 104. b Multiplied by 103.
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Table CÏ.2. T'herrnal Fara¡netersa for Mo(TT0tsXCO)3.

u11 u22 u33 u23 u13 U12

Mo

s1

S2

S3

C1

C2

C3

C4

C5

C6

C7

C8

C9

c10

cl1

c12

c13

CT4

c15

o13

or4

o15

S4

29.0(4)

34.3(e)

3e.6(10)

36.2(e)

48(4)

s4(s)

47(4)

8s(6)

6e(s)

s0(4)

46(4)

34(4)

36(4)

47(4)

s0(4)

se(4)

47(4)

41(4)

44(4)

107(s)

s6(3)

67(3)

61(1)

42.8(4)

63.s(rz)

60.3(11)

48.8(10)

3e(4)

4e(4)

66(s)

ss(s)

s2(s)

37(4)

62(s)

84(6)

e8(7)

62(4)

66(s)

s1(4)

s6(s)

46(4)

s4(4)

6s(4)

8s(4)

63(4)

28.2(4)

34.3(i0)

36.s(10)

31.3(e)

47(4)

61(s)

81(7)

46(s)

40(4)

44(4)

5e(s)

s1(s)

4s(s)

28(4)

26(4)

37(4)

38(4)

43(4)

38(4)

6r(4)

s8(4)

77(4)

-3.2(2)

-4.6(8)

2.0(8)

-3.3(7)

-2(3)

6(4)

13(5)

14(4)

2(3)

6(3)

0(4)

-e(4)

-s(4)

-4(3)

-4(3)

-7(3)

8(4)

0(3)

-4(3)

-e(3)

8(3)

2(3)

6.1(3)

lt.2(7)

3.7(8)

e.8(7)

e(3)

e(4)

0(5)

-e(s)

18(4)

4(3)

14(4)

r4(4)

6(3)

2(3)

10(3)

12(3)

13(3)

e(3)

15(3)

3e(4)

-2s(3)

38(3)

r.3(2)

-4.0(8)

e.3(8)

3.6(7)

-5(3)

1 1(3)

3(4)

0(4)

-8(4)

-2(3)

-12(3)

0(4)

t6(4)

7(3)

2(3)

-1(4)

8(3)

-4(3)

6(4)

18(3)

-6(3)

-1s(3)



ni.3

o4

ci6

CI7

S5

o5

c18

c19

81(2)

e1(4)

86(4)

66

79

85

85

a Multþlied by 103. b Fixed parameters of solvent molecule at 78 and 227o occvpancy.
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T'able cL3. Data for NMR. si¡n¡¡taûion of rrMts at s00MF{z.a

(SCru2Cru2SCHzCE{2S " bracket" ).

Expt Freq Calc Freq Intensity .E,TTOT

632.400

652.590

6s3.760

658.1 10

658.1 10

660.390

662.490

666.720

666.720

690.420

693.780

717.510

7t7.5t0

721.77A

723.870

726.090

726.090

730.440

632.413

652.585

653.t95

658.1 10

658.1 10

660.388

662.458

666.7r0

666.7r0

670.261

670.770

690.432

693.783

713.445

71,3.954

7r7.505

777.505

72L.757

723.827

726.105

726.105

730.420

.02r

L.424

1"503

.855

.85s

T.751

1.900

1.T45

1.1.45

2.576

2.620

.205

.20s

2.620

2.576

1.145

L.145

1.900

r.751

.855

.8s5

1.503

-.013

.00s

-.035

.000

.000

.002

.032

.010

.010

-.0t2

-.003

.00s

.00s

.013

.043

-.015

-.015

.020



3"X.5

731.580 73r.631 1.424 _.051

751.800 75r.802 .027 _.002

tassigned transitions oniy. aFrequencies are in Hz.



3.Í.6

T'able Cl4. Ðata for NMR SirnulaÉior¡ of TII'Ots at 300M8{2.â

(SCH2CËn2SCF{2Ctrtr2S " bracket" ).

Expt Freq Caic Freq Intensity IlITOI

780.254

781.902

790.416

790.416

795.038

791.283

8r6.564

818.818

823.434

823.434

831.949

833.s90

758.719

780.252

78i.908

786.972

787.71r

787.711

790.416

790.416

795.033

795.237

797 "284

816.565

818.612

818.817

823.434

823.434

825.537

826.139

826.r39

826.878

831.942

833.598

.003

1.234

r.382

1.667

.924

.924

t.076

1.076

2.766

1.665

1.434

r.434

1.665

2.766

r.076

t.076

1.849

.924

.924

1.667

1.382

r.234

.002

-.006

.000

.000

.005

-.001

-.001

.001

.000

.000

.007

-.008



lî7

855.13 1 .003

*assigned transitions only. aFrequencies are in Hz.
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CE{APTER 4

The Ðitopic Ligands 2,5,E,x.3,x.6,f.9-F{exath ia1g "gl- ortko-benzenophane, FITtts

and 2,5,8,L3,16,19.Í{exathÍa[9.9f-meta-benaenophane, F{TMB.

4.L lntroductíon

Macrocyclic structures containing rwo discrete binding subunits should allow for

coordination of two metal ions and thus the formation of binuclear complexes. These

complexes may fwher bind to bridging ligands and, depending on the distance befween

the two metal ions, may lead to the observation of metal-metal interactions. The low

æ-acidity of thioether ligands is also likely to increase the nucleophiliciry of the metal

canters, which may manifest itself in novel reaction chemistry. Only two binuclear

complexes in which the metal ions are facially coordinated in a single thioether

macrocycle have been reported in the literature36'a9. The macrocycle in both ssmplexes

serves as a tridentate ligand to each of the metal centers on opposite sides of the ring.

Neither complex shows any apparent metal-metal interaction.

In this chapter, the synthesis of two ditopic

S-CH2CH2-S-CH2CH2-S chelating strings bridged by

described (Figure 4.1). The ortho-xy\yl bridged iigand

X-ray crystallography and complexed to Cu(I).

macrocycles incorporating two

ortho- and meta-xylyl units is

was sructurally characterized by

4.2 Experimental Section

i) Freparation of ortho-xyrene-bis(t-hydroxy-3-thiapropane)

Na metal (4.9r g,214 mmol) was dissolved in anhydrous ethanol (250 mL).



Lî9

IITMB

Figure 4.f. Ditopic macrocyclic thioether ligands.

2-Mercaptoethanol (16.71 g,2L4 -mol) was added and the resulting solution equilibrated

for t h. A solution of ø,c,'-dibromo-ortho-xylene (2s.23 g, 107 mmol) in anhydrous

ethanol (750 mL) was added dropwise over a period of 2 h while refluxing. The mixture

was refluxed for another 3 h during which ttme a white solid precipitated and the solution

color changed to yellow. The mixnue was cooled to room temperature and. stired

overnight. The solvent was removed after filtering and the greenish oily residue extracted

with diethylether (400 mL). The extract was filtered and the diethylerher removed leaving

an oil. The oil solidified upon standing ar 10 oC. Yield: 24.78 g (90Vo). IR: v(OH) 33g0

cm-l (vs, br). tlglt¡¡1 NMR (CDC13): ô 135.95, 130.50, 127.42 (aromatic); 60.61

(cH2oH), 34.82 (cH2s), 33.29 (benzylic cHt' rH NMR (cDCl3): õ 7.23 (m, 4rI,

aromatic); 3.90 (s, 4H, benzylic cH); 3.69 (q, 4H, cH2o);2.g6 (t" 2]F., oH);2.67 (t, 4H,

scHt. Anal calculated for cl2Hlso2s 2: c,55.7g;H,7.02: s, 24.g1. Found: c, 55.76; H,

7.07; S,25.00.
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s
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ii) Freparation of ortko-xyhene-his(x.-chlono-3.thiapropane)

Extrerne cøwtíon! vesicønt. Thionyr chroride (19.60 g, 165 -moir 20To excess)

was added dropwise via syringe to orthn-xylene-bis(1-hydroxy-3-thiapropane) (L7.74 g,

69 mmol) dissolved in CH2CI2 (20 mL) under Nz in a 50 mI. Schlenk flask. During the

addition, gas evolved and the solution d.eveloped a dark-brown color. The mixture was

stired for t h, after which the solvent was removed ín vacuo. CH*CL2(30 mL) was added

followed by a saturated solution of NaHCO3 (30 mI.) and the mixture stined vigorously.

The two phase system was then frltered through phase separation paper and the organic

layer dried over Na2Soa. After filtration and. removal of solvent ín vacuo, the product was

obtained as an orange-brown liquid. Due to the dangerous nature of this compound., no

furrher puriñcation was attempted. yield: 1g g (gg vo). L3c{ lH¡ wnan (cDCt3): ô 135.76,

130.65, 127.72 (aromatic); 43.01 (CH2CI); 33.80 and 33.78 (CFI2SCH2 ). rH NMR

(CDCI3): õ 7.26 (m, 4H, aromatic); 3.95 (s, 4H, benzyli, ffiÐ; 3.56 (t, 4H, CH2CI):2.g2

(t, 4H, SCHÐ. An eiemental analysis was not performed due to the dangerous nature of
the compound.

ii i) FreparatÍon of ortho -xylene- bis (tr - hydroxy-3,6 - dithÍahexar¡e)

2-Mercaptoethanol (8.78 g, 112 mmol) was add.ed to anhydrous ethanol (350 mL)

in which Na metal (2.58 g, 112 mmol) had been dissolved. The resulting solution was

equilibrated for t h. The mixture was brought to reflux and ortho-xylene-

bis(l-chloro-3-thiapropane) (16.59 g, 56 mmsl) in anhydrous ethanol (200 mL) was added

dropwise over a period of 2 h using a constant addition funnel. After the addition was

completed, the mixture was refluxed for another 2 h and allowed to cool to room

temperature. The work-up was the same as for ortho-xytenebis(1-hydroxy-3-thiapropane).

Yield: 17.8 g (84 Eo). The product solidifies upon standing at 10 oC. IR: v(OH) 3390 cm-l
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(vs, br). 13c{1H} NMR (CDCI3): ô 136.03, L30.62, r27.5r (aromaric), 60.61 (CH20H),

35.33 (benzylic), 33.80, 32.19, 31.79 (CH2SCH2C[I2 SCHd. iH NMR (CDCI3): õ 7.23

(m, 4H, aromaric), 3.94 (s, 4H, benzylic CH), 3.70 (q, 4H, CH2O), 2.70 (m, I2H,
S CH2CH2S CHù, 2.33 (t, 2H, OH).

iv) Freparation of ortko -xyre¡¡e-bis(f.-ch[oro-3,6-dÍthiahexane)

Extreme Cautíon! Vesicant. ortho-Xylene-bis(1-hydroxy-3,6-dithiahexane) (5.24

g' 13.8 mmol) was dissolved in clF^zcrz(2s mL) under N2. socl2 (4.0 g, 33.6 mmoi;20vo

excess) was added dropwise by syringe. During the addirion gas bubbles evolved. and the

solution turned brown (tea-colored). The mixture was stirred for t h at room tem'erature

after which the solvent was removed, ín vacua. CH2Clz (20 mL) was added., followed by a

saturated NaHCO3 solution (20 mL). The resulting mixture was stirred vigorously for 30

min and filtered through phase separation paper. The organic layer was dried over

Na2SOa. After removal of the CH2CI2, the product remains as a black viscous liquid which

solidifies on standing at 10oC. yield: 4.52 g(g}Vo).13C{1H} NMR (CDCI3): ô 135.9g,

130.63, 127.54 (aromatic); 43.02 (CHzCl); 34.22,33.77,32.32,31.93
(cH2scH2crI2scH2). 1H Nt¿R (CDC13): õ 7.26 (s, 4H, aromaric), 3.g4 (s, 4H, benzylic

cHr, 3.57 (t,4H, cH2ct), 2.67-2.95 (m, 12H, scH2cH2scHt. Due to its dangerous

nature, the product was not characterized further.

v) Fneparaûion of z,s,E,Í-3,16,l-g-hexafiria[g.9]-ortho-benzenophane, EITots.

Method A: A solution of potassit'm metal (6.38 g, .16 mol) and 2-mercaptoethanol

(12.6 E, 0.08 mor) in anhydrous ethanol (200 mL) was added dropwise ro
q,q'-dibromo-ortho-xylene (2I.54 g, 0.08 mol) dissolved in anhydrous ethanol (500 mL)
at room temperature under Nz. A white precipitate forrned instantly and. the addition was
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completed in t h' stirring was continued for another 2 h. The mixture was filtered and the
soiid residue extracted with benzene (300 mL). The product precipiøted. as white fluffy
material, which was recTysølJtzed from a CH3Cl/hexane mixture as colorless need.les.

Yierd: r.2 g (5.4vo). mp: 152.5-153.5 oc. 13c{rH¡ ñun (cDCr3): ô 135.93, 130.3g,
1'27.65 (aromatic), 33.95, 32.59, 32.39, (cH2scH2CH2S). rH MuR (cDCþ: õ 7.2g (m,
8H, aromatc),3.94 (s, 8H, benzyric cHt, 2.76 (m,16H, scH2cH2s). Anal carculated for
cv¡H32s6: c,56-27;H,6.29; s, 32.51. Found: c, 55.91; H, 6.05; s, 3g.16.

Meúhod ts: cs2cos (1.g g, 5.g mmor) was suspended in DMF (300 mL) at a
temperature of 55 oc under Nz. A solution of onho-xvlene_o,ü,,_dithiol (1.00 g, 5.6g
mmol) and ortho-xyrene-bis(1-chroro-3,6-dithiahex ane) e.43 g. 5.6g mmor) in DMF (200
mI ') was added dropwise using a constant addition funnel over a period of 24 h, while
stirring vigorously' The reaction mixture was cooled to room tempe,,.ture and the solvent
removed on a rotary evaporator. The residue was extracted with cl{2c12 (150 mL) and
filtered through cerite. The filtrate was washed with NaoH (0.1 M) e x 75 mL), dried
over Na2SOa and evaporaæd in vacuo. Yield: 2.68 g (g2vo). The brown colored residue
was recrys¡alti7sf, from cHCls grving colorless needles (0.4 g (r4vo)). The melting point
and NMR data are in accordance with those reported in the first synthesis (method A) of
this compound.

vi) Freparaúio¡r of [Cu2(CE{3CN)2G{TOE)] [CIO4]2

HTOB (148 mg, 0.29 mmer) was suspended in cH3cN and cH2cl2 was added
until a clea¡ solution resurred. A solution of [cu(cH3cN)4]tclo4l (1g9 mg, 0.5g mmst) in
CH3CN (5 mL) was added dropwise by syringe. The mixture was stirred for 3 h, while the
temperature was maintained between 45 and 50 oc. Halfway through this period the
solution tumed foggy and a white solid started to precipitate.. The mixture was cooled to
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room temperature and the solvent removed in vacuo. The white solid residue was
recrystallized from acetonirile. yield: 25I mg (94 Vo). 13C{1¡1} NMR (CD3CN): ô
135.98, 132.26, 1,29.30 (aromatic); 35.72, 34.5g,34.43 (aüphatic). rH l.lMR (CD3CN): ð
7.34 (m,8H, aromdtic),3.9g (s, gH, benzylic CHr,2.g5 (m, 16H, SCH2ffizS).

vii) Fneparation of [C¡¡e(FFhtufe/2(F{T,OB)]ICtO¿le

ICU2GITOBXCFI3CN) ùtcLo4lz was prepafe d in situas outlined above. Assuming
a r00vo yield for the above reacrion, dimethytphenylphosphine (10g mg, 0.g mmor) was
added by microsyringe' The resulting mixture was stir¡ed overnight at room temperature
during which frme a white precipitate formed. The solvent was removed. in vacun and.
diethylether (20 mI ') was added while stirring vigorously. The diethylether was then
syringed off and the white sorid dried ín vacua. yierd: 410 mg (46bo).13c{rH} NMR
(cD3cN): ô 136.03, 132.21,, Lzg.zg (aromatic), 3s.&, 34.49, 34.39 (atiphatic); 1g.75
(cH¡). iH NMR (CD3CN): õ 7.34 (m, aromari c), 3.g7 (s, gH, benzyric cHù, 2.g2 (m,
16H, scH2cH2s), i.43 (s, broad. Gs). Anar calcurated for c4dLs4cL2cu2osp2s-6: c,
43.08; H, 4.88; S, 17.24.Found.: C, 43.0g; H, 4.94;5, 17.33.

viii) Fneparation of Mo2(CO)6G{TOts)

Mo(co)6 (398 mg, 1.5 mmsl) was refluxed in cH3cN (20 mL), under N2, for 4 h.
To the resuiting yelrow sorution of fac-Mo(co)3(cH3çN)r, HTOB (353 mg, 0.7 mmel)
dissolved in cH2ci2 (15 mr.), was added by syringe while stirring. A brown sorid
precipitated' This mixture, was stir¡ed at reflux for 30 min, cooled to room temperature
and stired overnight' The mother liquor was syringed off and the residue dried í¿ vecuo.
Recrystailization was aftempted by slow diffusion of diethylether into a DMso solution of
rhe produc' yietd: 311 mg. rH Nn¿R (cD3cN): õ 7.27 (m, gH, aromaric), 3.g5 (t, gH,
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benzylic CHt, 2.60-3.00 (m, 16H, CHzCtIù.

Íx) FneparatÍor¡r øf rnetø-Nyne¡¡e-bis(tr -üeydnoxy-3-thiapropane)

Na (2.04 g, 88.5 mmol) was dissolved in anhydrous ethanol (250 mL) under N2.

2-Mercaptoethanol (6.92 9,88.5 mmol) was added and the mixture equilibraæd for t h.

The solution was brought to reflux and a solution of s,q'-dibromo-m-xylene (11.69 g,44.3

mmol) in anhydrous ethanol (250 mL) was added dropwise over a period of t h. The

mixture was refluxed for 4 h, cooled to room temperature and stirred overnight. The

work-up of the product is identicat to the ortho analog. Yield: B.7I g (76To). MS: rn/e 240

(M+-18). IR: v(OH) 3375 cm-l (vs, br). 13c{1H} NMR (CDCI3): ô 13g.33, 12g.0g, 12g.60,

I27.42 (aromatic); 60.42 (CHzOH); 35.61, 33.71(aliphatic); lH Nt¡ß. (CDCþ): õ 7.1g (m,

4H, aromatc):3-67 (s,4H, benzylic cHr);3.58 (q,4H, cH2o); 3.13 (t,zH,oH);2.55 (t,

4H' scHr. Anai calculated for c12H1so2s2: c, 55.78; H,7.02; s, 24.g1. Found: c, 55.02;

H,6.90; 5,24.45.

x) Frepa ration of we tø -xyrene- bis (n -chtono-3 -tt¡iap nopane)

Exbeme cautíon! vesicant. Thionyt chioride (3.64 g,30.6 mmol: 20vo excess)

was added dropwise via syringe to meta-xylene-bis(1-hydroxy-3-thiaprop ane) (3.29 g,
'J'2.7 mmoL) dissolved in C[I2C\2 (15 mL) under N2 in a 50 mI Schlenk flask. Gas bubbles

evolved immediately and the solution turned yellow-brown. The work-up of the product

was the same as for ortho analog. Due to the dangerous nature of this compound no further

purification was anempted. yietd: 2.gg g (7670). t3c{1FI} NMR (CDCI3): ô 13g.33,

t29.17,128.92,L27.77 (aromatic); 42.86 (CHzCt); 36.33 and33.4I (CII2SCH¿. rHMrdR

(cDClf : õ 7.27 (m, 4H, aromatic); 3.75 (s, 4H, benzylic cH2); 3.53 (t, 4H, cÍr2cl); 2.76

(t,4H, Sffir).
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xt) Freparaúion øf rnetø-xyåene-hüs(n-hydroxy-3,6-diúhiahexau¡e)

Na (0.23 g, 10.0 mmol) was dissolved in anhydrous ethanol (250 mL) und.er N2.

2-Mercaptoethanol (0.78 g, 10.0 mmol) was added and the mixture equilibrated for t h.

The solution was brought to reflux a¡d a solution of meta-xy\ene-

bis(1-chioro-3-thiapropane) (1.48 g, 5.0 mmol) in ethanol (50 mL) was added dropwise

over a period of 30 min. The mixture was refluxed for 2 h, cooled to room lsmFerature and

stirred overnight. The solvent was removed and the oily residue extacted with H2O (50

mI '). The water was syringed off and the oil dissolved in diethylether (50 ml-). fnis

solution was dried over Na2SO4. Upon evaporation of the solvent the product is obtained

as a thick oil. Yield: 1.32 g QATo). IR: v(OH) 3390 cm-i (vs, br). 13C{lU} NMR (CDCI3):

ô 138.36, 129.r5, L28.69, 1,27.s7 (aromatic), 60.59 (clr2oH), 36.15, 35.13, 3r.54,3L.3g

(cH2scH2cH2scHt. tH NMR (CDCI3): õ 7.2r (m, 4H, aromatic), 3.72 (s,4H, benzylic

CHt, 3.65 (q,4H, CII2O),2.63 (m, 12H, SCH2CH2SCH), 2.54 (t,2H, OH).

xii) Freparation of metø-xytene-bis(n-chroro-3,6-dittaiahexane)

Extreme Cøutíon! Vesicønt" meta-Xylene-bis(1-hydroxy-3,6-dithiahexane) (1.31

g, 3.5 mmol) was dissolved in c\rzcrz (10 mL) under N2. soclz (1.04 g, 7.2 mmol ;20vo

excess) was added dropwise by syringe . During the addition gas bubbles evolved and the

solution turned brown (tea-colored). The mixture was stirred for t h at room temperature

after which the solvent was removed in vacuo. CFI2CI2 (5 mL) was added, followed by a

saturatcd solution of NaIICOs (6 mL). The resulting mixture was stirred vigorously for 30

min and filtered through phase separation paper. The organic layer was dried over

Na2SOa. After removal of the CHzCIz, the product remains as a brownish viscous liquid.

Yietd:0.60 g (4r.5 70). ßg1r¡¡¡ NMR (CDC13): ô 138.26, 12g.gg, 728.54, 127.42

(aromatic); 42.89 (CH2CI); 36.01, 34.01, 31.94,31,.25 (Cg2SCH2CH2SCH;. 1H Mv{R
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(cDCl3): õ 7.2r (s, 4H, aromaric), 3.72 (s, 4H, benzyüc cH), 3.66 (t, 4H, cH2cÐ,

2.57-2.71 (m, 12H, SCH2CH2SCHT. Due to its dangerous nature, the product was nor

chuactenzed further.

xlii) Freparaûüor¡ of 2,5,8,f.3,X-6,1-9-hexaúhiat9.9l-rnetø-bemzenophane, EITMts

Cs2CO3 (0.49 9,1.5 -mol) was suspended in DMF (300 nL) at a remFerarure of

55 oc under N2. A solution of meta-xylene-ü,,o,'-dithiol (0.25 g, 1.45 mmol) and

meta-xylene-bis(1-chloro-3,6-dithiahexane) (0.60 g. L.45 mmel) in DMF (30 mr.) was

added dropwise using a constant addition funnel over a period of 24 h, while stirring

vigorousiy. The product work-up was the same as for the ortho analog. This resulted in the

isolation of a colorless oil, which was recrystallized from chloroform. Yield: 0.35 g Ø6.5

7o). r3C{tU1 NntR (CDCI3): ô 13g.57, t2g.26, Lzg.0L, L27.73 (aromatic), 36.25,31.g3,

31.31, (cH2scH2ffizs). tH NMR (cDClj: õ 7.23 (m, gH, a¡omaric), 3.70 (s, gH,

benzylic CHr, 2.53 (n,16H, SCH2ffizS).

xiv) General X'ray Ðiffractlon Ðata Cotlection, Solution and Refl¡nernent.

In order to avoid repetition, the reader is referred to the relevant

chapær 2 for general comments on x-ray diffraction data collection,

refinement.

xv) structure Ðetermination of 2,s,8,x.3,x.6,tr g-hexathia[9.g]- ortho-

benzenophane, E{TOts

colorless crystais of HTOB were grown by slow evaporation

of the compound. Preliminary photography was consistent with a

paragraph in

solution and

of a CHCI3 solution

monoclinic crystal
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system. Observed extinctions were consistent with space group P21lc. Intensity data

(Xh,+k,+f were collected in one sheil (4.5o<20<45o). A total of 1382 reflecrions were

collected and 1319 unique reflections with Fo2 t 3o(Fo2) were used in the refinement. The

three S atom positions were determined by direct methods from the E-map with highest

figure of merit. The remaining carbon atoms were located from successive difference

Fourier map caiculations. In the final cycles of refinement, sulfur atoms were refined.

anisotropically and the carbon atoms were assigned isotropic therrnal pa.rameters. At final

convergence this resulted in:

R = ÐllFol - lF"lÆlF"ll = 0.0311 and R* = (Ðw(lFj - lFj)lt),w6o2)U2 = 0.037g

The ¿/o values in the final cycie were less than 0.074. A final difference Fourier

map calculation showed no peaks of chemical significance; the largest was 0.39

electrons/Å3 and was associated with the 51 arom. Tabie 4.1 gives the crystal data and

machine and collection parameters. Selected bond distances and angles are summarized in

Table 4.2. Ator':d;c positional par¿ì.meters (Table D1), hydrogen atom parâmeters (Iable

D2) and themrai paramerers (Table D3) are given in appendix D.

Table 4.1 Crystallographic Ðata for 2,5,8,13,16,n9-Fãexathia[g.g]-ortho-benzenophane,

F{TOts.

Chemical formula

Crystal color

Crystal form

Formula weight

a, A,

b, A.

crÅ

Ê, deg

c24H32s6

colorless

needles

5r2.24

s.047(3)

8.s67(7)

29.886(2s)

98.29(7)
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Crystal system monoclinic

Space group P21lc

Vol, Å3 n7g.g(17)

p(calcd), Elcm-s ß3
Zz
Cryst dimens, mm .22x.39x.t8

p, abs coeff, cm-l 4.89

Radiation (r, Å) MoKa(0.71069)

Temp, oC 24

Scan speed, deg/min 2.0-5.0 (0-20 scan)

scan range, deg 1.0 below Kø1and 1.0 above Ka2

Bkgd/scan time ratio 0.5

Data collected (20) L3BZ (4.5 to 45o)

hkl range *h,+k,+l

Unique data @o2>3oFo2) L3Ig

No. of variables L4Z

R@oz), Vo 3.i1

R*(Fo2),7o 3.7g

4.3 Resr¡lts.

i) Synthesis

The one-pot synthesir8'e,12 described in method A 1Eq A) to prepare HT9B is

simpie, but the yields are extremely low. The preferred route (Eq B) to synthesize the

large molecules HTOB and HTMB is, without question, via the hydroxy- and
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chloro-intermediates followed by ring closure using the cesium ion mediated method.13,14.

For the preparation of HTMB, it is the only available route as the one-pot synthesis

yielded only TTMB (the smaii ring species) and polymer. All intermediates were prepared

in good yields and the xyiene-dithiols are commercially avaiiabie. This avoided. the

cumbersome synthesis of the dithiols.

o-C6Ha(CHzBr)z
NaÆtOH

HTOB

m-C6Ha(CH2Br)2

HSCH2CHSCH2CH2SH

NaÆtOH

HSCHzCHSCHzCH2SH

(d)

(ts)

o-C6Ha(CHzBr)z
NaÆtOH

-

HSCH2CH2OH

NaÆtOH
9 

- C 6H a(CH2S CH2 CH2 CI) 2
HSCH2CH2OH

soct2

-@ 

o-C6Ha(CH2SCH2CH2SCH2CH2CÐ2

o-c6Ha(cH2scH2cH2oH)z 
socl2Þ

o - C 6H a(CH2S CH2CH2 S CH2 CH2OH) 2

o-C6Ha(CH2SH)2
HTOB

Cs2C03/DMF

ii) X-ray structure of 2,5,8,tr-3,16,Í-9-hexathia[9.9]- ortho-benzenophane, F{T'Ots

The unit cell contains two discrete molecules of HTOB, each on a crystaliographic

center of inversion. Sulfur-carbon bond distances range from 1.803(3) to 1.819(3) Ä and

carbon-carbon bond distances from 1.491(4) to 1.520(4) Å for ¡¡s atipharic carbons and

from 1.367(5) to 1.397(4) Å for the carbons in the a¡omaric ring. The C-S-C angies range



rc0

ftom99.2(1)o to 101.0(1)o. These values are in good agreement with those found for other

macrocyclic thioethers reported in the literatureis'6s and those reported for 1656. A listing

of selected inter-atomic distances and angles is given in Table 4.2. From the ORTEp

diagram (Figure 4.2),it can be seen that the S-CH2CH2-S-CH2CH2-S linkages d.o not'have

the same conforrnation as the S-CHrCH2-S-CH2CH2-S "brackets" in TTOB and TTMB.

The benzylic S-atoms across the ortho-xylyl iinkages are oriented in opposite directions,

whereas the S atoms at the end of each "b¡acket" are pointing in the same direction with

respect to the plane through the xylyl âroma¡[s rings. Hence, one "bracket" lies above,

whereas the other is below the plane through the xylyt units. The shape of the cavity is

rectangular and measures approximately 5.5 by 9.7 Ã . The aromatic rings of the

ortho-xylyl linkages are parallel to each other, but do not lie in the same piane.

An analysis of the torsional angles, listed in Table 4.3, shows that, although the

gauche placement of C-C-S-C fragments is generally satisfied., the

S-CH2CH2-S-CH2CH2-S "bracket" is severely distorted from the ideal conformation. Two

of the C-C-S-C fragments have torsional angles (C6-c?-S1-cg = 165.60 and

C9-S2-C10-C11 = 1'69.20) that indicate an anti placement around these bonds in contrast

to the preferred gauche placement for C-S bonds. Distortion is particularly evident from

the S2-C10-C11-S3 torsional angle with a value of 82.80, indicating gauche instead of the

expected anti placement around C-C bonds.

Table 4"2 Selected Bond Ðistances and.A.ngles for 2,5,8,X.3,16,f.9-Elexathia[g.g]-

ortho -benzenophane, HT'OB.

Distances (Å)

S1-C7

S1-C8

S2-C9

1.81e(3)

1.80e(3)

1.813(3)

C3-C4

C4-C5

C5-C6

1.367(5)

1.37s(s)

1.38s(4)
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s2-c10

s3-c12

c|-c12

C|-C2

C2-C3

c7-s1-c8

c9-s2-c10

s2-c10-c11

s3-c12-C1

C12-CT-C6

i.803(3)

1.814(3)

t.s02(4)

1.39r(4)

r.37e(4)

101.0(1)

ee.2(r)

r12.s(2)

108.6(2)

r21.6Q)

Angles (o)

C1-C6

C6-C7

C8-C9

ciO-c11

c1-c6-c7

c6-c7-s1

s1-c8-c9

c8-c9-s2

1.397(4)

r.s04(4)

1,.491(4)

1.s20(4)

122.1,(2)

10e.s(2)

1,14.3(2)

rr3.3(2)

Table 4.3 Torsional Angles for 2,5,8,x"3,x.6,l9-[Iexathia[9.9f-ortho-benzenophane,

HTOts"

s3'-c12-C1-C6

c12-C1-C6-C7

c1-c6-c7-s1

c6-c7-s1-c8

c7-s1-c8-c9

-88.8

1.3

87.9

165.6

-6s.0

s1-c8-c9-S2

c8-c9-s2-c10

c9-s2-c10-c11

s2-c10-c11-S3

-r75.7

-72.5

169.2

82.9
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FÍgure 4.2 Perspective ORTEP drawing of HTOB showing the atom numbering scheme.

207o thermal ellipsoids are shown.

ii¡) IX{-NMR

The resonance signals of the S-CH2CI{2-SCI{2CH2-S "brackets" in the IH-NMR

spectra of the macrocyclic thioethers HTOB and HTMB occur as stightly broadened

multiplets at2.76 and2.53 ppm respectively. The multiplets are very simitar to each other

but differ significantly from the specrra observed for the S-CH2CFI2-SCH2CH2-S

"brackets" of the small ring species TTOB and TTMB, which both gave sharp, well

resoived multipiets of 16 peaks (Figure 3.9). The resonance patterns were found to be very

characteristic and hence lH NMR is an excelient tool to distinguish benveen the small and.

large rings of these macrocyclic thioethers (Figure 4.3). The difference befween the

resonance patterns for the S-CH2CH2-SC!I2CH2-S "brackets" of the smatl and the large
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ring may be due to a greater flexibility of the iarge ring molecule. However, the X-ray

structure also shows that the "bracket" conforrnations of the small and large ring

molecules differ in the solid state, with the ideai "bracket" occuring only for the small

rings.

Therefore, the lack of a complex AA'BB' multiplet in the tH NuR mfly be an

indication that these S-CH2CH2-SCH2CH2-S linkages also do not have the ideai "bracket"

conformation for the large ring macrocycles HTOB and HTMB in soiution.

-_,+t :..,,ì,,,,I
..uo ¿.15 ¿ /c

Figure 4.3 lH NMR specÍum of the scH2cH2scH2cH2s "bracket". a) rrrMB and b)

HTOB (at 300MHz.)

The tH Nlvß. specr'a of the complexes tcu2GlToBxclr3cN)2ltclo4l2 and

[cu2(HTOB)(PPhMq)tlclo4]2 differ oniy in the signals due to the ancillary ligand. The

spectra show an identical multiplet around ô 2.8 ppm. The pattern of this multiplet differs

significantly from the multiplet assigned ro the s-cTI2cH2-s-cII2cII2-s "bracket,,
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resonance of the uncomplexed ligand @gures 4.3 and 4.4). Tlne presence of well resolved

peaks for the thioether linkages of these complexes probably indicates that the ligand in

its complexed fonn is simpiy more rigid than when uncomplexed. Also, since the pattems

in the spectra of HTOB in both gsmplexes a¡e the s¿une, the nature of the ancillary ligand

seems to have little affect on the conformation of the ligand in its complexed form. The lH

NMR spectrum of the molybdenum complex shows a non-symmetrical resonance pattern

for the SCH2CH2SCII2CH2S "brackets", which is inconclusive with respect to a mono- or

binuclear complex.

.00 2.90 2.80 ¿.70

Figure 4"4 LHNMR specrrum (at 300MHz.) of the ScH2CH2ScH2cH2s "bracket" of

[Cu2 ftITOB XCH3 CN)2] tclO4l 2.

4,4 Discr¡ssion

The crystal structlre of HTOB shows that in the solid state the benzylic sulfur

atoms across the ortho-xylene bridge, a¡e direcæd in opposite directions, whereas the
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sulfur atoÍts at the endpoints of the chelating snings point in the same direction. Hence,

the ortho-xyIyl fragnent is very effective in separating the cheiating sites. This

conformation of the ligand may accommodate the approach of metal ions from opposite

sides of the ligand plane. Therefore, the coordination mod.e of the binuclear complexes is

likely "in-and-out". That is, each Cu+ ion has a tetrahedral geometry and is facially

coordinated by the macrocycle, but to opposite sides of the ligand. The same structure is

proposed for the complex when the labile CFI3CN ligands are replaced by PMqPh groups

(Figure 4.5).

cH3
Ph-.j-c

l*
Cu'/ t"s'tj'

-CHz

I

"*úT\phcHs

Figune 4.5 "in and out" coordination of [Cu2@fOBXPPhMeùù2* carion

Although we did succeed in synthesizing the meta analog GITMB), purification of

the compound proved to be extemely difficult. X-ray quality crystals could not be

obtained, but the rglt¡1¡ and lH NMR and the elemental analysis dataare consisrent

with HTMB having the structure shown in Figure 4.1.

.@
,r.'J 2"r,

3d
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4.5 Summary and Conclusions

The large ring thioether HTOB was synthesized and structurally charactenzed by

X-ray crystallography. HTOB is a potentially ditopic ligand. The two chelating strings are

the S-CH2CH2-S-CH2CH2-S brackets, which are separated by orrho-xylyl units. Although

no crystal structures have been obtained, we believe that the ligand forrns the binuciear

complex [cu2@IToBXCH3cN)2][cto4]2, with [Cu(cHgcN)4llclo4l, and rhe labite

CH3CN iigands are easily replaced by phosphine groups analogous to tire mononuclear

Cu(I) complexes of TTOB.

HTMB, the large ring hexathioether with meta-xyiyl units in the ring, is expected

to exhibit the same type of complexation results.
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AppemdiN Ð

Table Ð1. Fositional Farametersa for 2,5,8,X_3,t6,3,9-F{exathia[g.g]-

o rtho -b enzenop haree, HT' OE.

Atom

S1

S2

S3

C1

C2

C3

C4

C5

C6

C7

c8

C9

c10

c11

CTz

4490(2)

e37|Q)

2893(L)

2727(s)

1804(6)

3077Q)

s27e(7)

6218(6)

Aee4(s)

614r(6)

ss02(6)

8444(6)

8100(7)

9032(7)

t343(6)

13s0(1)

3760(r)

s477(r)

2330(3)

170s(4)

04s7(4)

-01e6(4)

0410(4)

1672(3)

2291(3)

26t0(4)

2603(4)

2s0s(4)

zeee(4)

3727(3)

44s4(L)

5604(i)

3286(1)

3308(1)

288s(1)

2716(L)

2e68(1)

3388(1)

3seG)

4022(t)

4e34(t)

s0e8(i)

600e(1)

64es(1)

3472(t)

tnultiplied by 1#.
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T'abXe Ð2. Flydrogen Atom Farannetensa for Zr5,E,n-3rl6rLg-

F{exathåa [9.9]-ortho-benzenophane, F{T'Ots.

Atom v gb

H2

H3

H4

H5

H7A

H7B

H8A

H8B

H9A

H9B

HlOA

HlOB

H11A

H118

HIzA

H12B

0265

2413

6164

7744

8013

5856

4594

498t

8997

9351

8708

6r93

8818

10978

-0508

1525

2146

0048

-1055

-0053

2080

3386

2280

3648

1556

3009

t472

2528

2083

3305

3708

37t0

2709

2426

2853

3562

4078

403r

5175

4850

5161

4865

s968

5954

6678

6541

3350

3793

6T

84

84

Jf

49

49

54

54

53

53

82

82

69

69

49

49

uMultiplied by 1d. b Multipiied by 103.
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T'able Ð3. T'hermal Fararneúensa for 2,5r8,13,1-6,1-9-Hexathialg.gl-ortho-benzenophane,

HT'C}B.

Atom Uli u22 u33 u23 u13 u72

s 1 s9.3(s)

s2 60.8(s)

s3 s3.4(s)

c1 40.8(1s)

c2 ss.3(18)

c3 7s.7(22)

c4 76.3Q2)

c5 s0.i(17)

c6 39.6(1s)

c7 M9(r6)

c8 49.6(18)

c9 47.s(r7)

c10 77,7(22)

c11 6r.9(20)

c12 44.9(16)

4e.7(s)

ss.e(s)

4s.6(s)

38.7(1s)

s3.3(18)

58.1(21)

ss.7(20)

s7.9(2r)

42.e(rs)

s2.3(18)

s2.s(18)

s8.9(20)

44.s(r8)

41.8(18)

46.1(18)

33.e(s)

37.3(s)

48.3(s)

31.0(16)

32.8(18)

38.0(18)

s3.7(22)

s2.e(20)

32.s(16)

37.0(17)

39.2(r7)

40.2(r7)

42.e(18)

39.1(19)

41.8(18)

-1.8(3)

-7.0(3)

2.7(3)

0.6(12)

-1.1(14)

-12.0(16)

-11.3(17)

1.2(16)

-t.2(13)

3.6(13)

-2.0(14)

-3.7(14)

-1.8(14)

2.3(r3)

0.6(13)

0.e(3)

1.8(4)

1,3.5(4)

s.8(12)

-3.6(13)

7.s(16)

20.4(18)

4.z(rs)

s.s(rz)

-0.7(r2)

3.3(13)

3.1 (13)

2.4(1s)

-2.3(r4)

e.2(13)

-re.2(4)

-r9.2(4)

-4.4(3)

-s.4(r2)

-s.3(1s)

-12.2(17)

4.e(r7)

10.8(1s)

-8.7(13)

-e.8(i4)

3.3(14)

-5.8(14)

-12.z(rs)

0.3(1s)

-0.7(12)

a Multþlied by i03. Note: Where only U11 is given, this refers to the isotropic temperat¡¡e

factor.
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