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,.. 
Abstract ;-

: ,.~ 

>N = benzirnidazolyl, phthaii~idyl and x ~wl, 2, te ~ive 
1 

the met.allacy.cloh~xasulfane,s CP2MSS' React,ion of CP2Ti (SH) 2 

with >N-.SR, where >N = phthalimidyl, succinirnidyl, gave the 

coX:plexes CP2Ti (S2 R) 2 (R =', CHHe2 ). and CP2 Ti (SR) (S3R) (R = 

• 1 

Ph, 4-C 6H4Me),' The thiolates CP2Ti (Cl) SR and CP2Ti (SR) 2 

'(~ =, CHMe 2 , CMe
3

, Ph, 4'"-C
6

H4Me) were prepared for comparison. 

Treatrnent 0/ the complexe~ Cp2'MC1 2 with anhydrous solutions 

of Li2Ex gave the com,plexes Cp2ME S ' where M =. Ti, Zr, Hf 

and E = S, Se. The compounds (RCP)2TiSS (R = Me, SiMe 3), 

'CH2 Cp2TiS
s

' and (MeSCp)CpTiSS were prepared similarly. 

Reaction of LiiSx with (MesCp)2MC12 gave the metallacyclo-
, 

tetrasulfanes (MeSCp)2MS3' .T~e cornplex CP2Ti[S(CH2)3S] ~a~ 

1 
synthesized. Variable temperature H NMR studj.-es established ' 

the barri ers (~~+) for MEx and Tii;'C3 ring rever!?al in the 

above corn~lexes. The crystal structures of CP2Ti(SPh) (S3Ph), 

CP2MSS' and (MeSCp)2TiS3 are discussed. 
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SYNTHESES ET CARACTERISATIONS 

DES POLYSULFANES ET POLYSELENANES ORGANOMETALLIQUE's;' 

DE TIT~NE(IV), DE ZIRCONIUM (IV) ET DE HAFNIUM (IV) 

, ' 
Résumé 

Les complexes C~2M (SH) 2', où M = Ti et Zr, ont étt! 

préparés, et trai t~s. aveç Sa et :N-Sx -N<,. où >N = benzimida

zolyle, phtallmidyle' et ~ ='1, "2, pour donner les métalla

cyclohexas1;llfanes CP2MSS' L'action de >N-SR ~ur CP2 Ti (SH) 2' 

où >N·= ~htalimïdyle, succ1nimïdYle, a donné les'complexes 
1 

CP~Ti(S2R)2 (R = CHMe 2 ) ~~ CP2Ti(SR) (S!3 R), Ü~ = Ph, 4-C6H4Me). 

Les thiolates CP2Ti(Cl)SR et CP2Ti(SR)2 (R,= CHMe 2 , CMe 3 , Ph, 

0. 4-C\H4Me) ont été préparés pour la comparaison. Le traitement 

des complexes CP2MC12 avec des solutions anhydres de Li2Ex 

a donné les complexes CP2MES' où M = Ti, Zr, Hf et E = S, Se. 
. 

,Les composés (RCp) 2TiSS' (R = Me, SiMe 3), CH;CP2TiSs et 
, ' 

(MeSCp)Cp~iSS ont été préparés de façon analogue. L'action 

de Li 2Sx sur (MeSCp)2MCl2 a donné les métallacyclotétra

sulfanes' (MeSCp) 2MSr Le complexe CP2Ti [S (CH2 ) 3S] a été 

synthétisé. Les études RMN du proton à températures .' 
variables ont permis de' dét~rminer les barrières (l'.G=l=) 

d'inversion de cycle pour MEx et pour TiS 2 C3 dans les 

complexes ci-dessus. Une étude de la structure cristalline 
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l'. GENERAL INTRODUCTION 

Sulfur 

preamble 

Naturally oecurring SU+fur was a substance greatly 

praised by the ancients. Pliny thé EIder remarked in the 

.first century A.D. that there were four types of sulfur, 

eaeh kind having its own specifie applications. Native 

sulfur, then referred to as "live" sulfur, was the ,only one 

used for medicinal purposes. ' The other thr~e forms were 

used for the bleaching of fabrics and 1n the preparation of 

lamp wicks~l The co~eept that metals were formed by the 

combination of sulfur and mercury was weIl established by 
·1 

2 the l3th century. Indeed, it was thought that silver and 

gOld resulted from the transmutation of mineraIs over 

thousands of years. Miperals themselves were considered 
2 to be "coagulated" sulfur and mercury. However, alchemists 

were at>le to shorten this time span: "by the subtIety of 

the artist, transmutation of this kind is made in one day 

or in a brief space of time." 2 In the same way, Paracelsus 

proposed in the l6th century that metals were composed of ' 

the "three princip les Il : mercury, sulfur and salt. 3 Finally 

", 

in 1803 John Dalton defined sulfur as an element and assigned 

its atomic weight relative to hydrogen. 4 

.. 
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2 

+he interaction of sulfur compounds wit~ metais 

was studied by W.C. Zeise (1789-1847).5 Although he is 
perhaps best known for his isolation of K[Pt(C2H4)C1 3]-H20 

(1827),6 one of.the first reported organometallic compounds, 
.J' 

he also discovered.potass~um ethyl xanthate (1822) and its 

copper(I) salt, and ethanethio1 (1834) and its mercury(II) 

salt. pther 1ong-known su1fur-containing inorganic compounds 

'- such as Roussin's "red sa1ts" containing the Fe2 (J.l-S)2(NO)42-

7-9 2-dianion (!) (1858) and sa1ts of the [Pt(5S)3] dianibn 

(~) (1903)10 have been reexamined recently.11-14 

2-
2-

l 
fI 

The first realization of the importance of cate-

nation in sulfur chemistry resu1ted from early solution 

molecular weight determinations of elernental sulfure These 

studies, conducted in the early 1900's, suggested that each 

sulfur molecule was composed of eight sulfur atorns. 15 
The 

crystal structure deterrnination in 1935 established the 

familiar crown shape of the 58 molecu1e (1).16 Its crystal 

structure has been investigated numerous times. 17 Over the 

Î 
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j 
years chemists have discovered several ~ore sulfur al~otropes, f 

~anging. from ~he .simple'diatomic S2 moleculë' to ,the S20 ring. ~ 

{ There are several series of'inorganic acyclic com-

·' 

pounds that are based on varying mefubers of catenated sulfur 

atoms. These include the sulfanes H2S (x = 1-8), the halo-, 
, x 

sulfanes such as SxBr2 and SxC12 (x = 1-8), sulfur ~ides 

'O(R2N)2Sx (R = alkyl group, Xi: 1-4), polythionate dianions 

2-Sx{S03)2 tx = 1-4) and cyanogen polysulfides Sx(CN)2 (x = 
l-8) .18 A large number of cyclic sulfur diimides of the 

1 

type (HN)2S6 are known. A+l of them have the crown-shaped 

'h rob d ' '19 f d f d d d' e1g t-me ere r1ng structure oun or S8 an, epe~ 1ng 

on the location of the NR,groups, contain t~ree to'six cate-

nated sulfur atoms. 

Organic polysulfides are well known as cyclic and 

acyclic molecules. Those contai~ing up ~o six c~tena~ed 

sulfur atoms have been studied,crystallographically. Ch~in

like dianions of the type s~ (x = 2-5) have been stu,died 

in aqueous solution. Their rela~ive stabilities depend 

rnarkedly on the pH. The pentasulfide,ion is the main speciès 

in acidic solution; 52
2- predominates only in very alkaline 
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solutions, and the others predominate in solutions o~inter

mediate acidity.20 In covalent compounds.the sulfur chains 

can be formally regarded as oxidized or reduced, depending 

on the electronegativity of the attached groups. For exam

ple, the acyclic sulfanes H2S
x 

formally have the Sx chain 

in the -2 oxidation state while the chlorosulfanes SxC12 

~ f 11 
+2 . 21 

orma y.possess Sx un~ts. 

In order to develop an apprecia:ion of the str~-
, 

tural aspects of catenated sulfur compounds it is useful to 

establish sorne reference values~ Electron-pair repul~ions 

and steric~nterferences are at a minimum in H
2

S
2 

so that 

22 reference values rnay be set as follows: S-S bond dis-

° .. tance, 2.055 Ai dihedral angle, 90.6°. A value for the 

T = Olhedrol Ânole 

ideal bond angle at sulfur of 92.2° i~ obtained from H
2

S. 22 

1 2-
Similar values are found for the polysulfide ions S , but 

x 

the ideal distances and angles are rarely observed. Even 

in covalent polysulfanes substituents other than hydrogen 

jean markedly ~ffect aIl of these parameters. Dihedral angles 

ranging from ca. 74° to 105° are known for organic disul

fides.
23 

In four- and five-mernbered cyclic disulfLdes these 

" 
\ 
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angles are compressed from the optimum value of ~. 90°; 
o 

This compression increases electron-pair repul~ions and 
22 eonsequently increases the S-S bond length. For longer 

sulfur chains and for sulfur ring~ the optimum dihedral 
. 

angle may be large~ oF smaller than 90° and the optimum 

bond angle larger than ca. 90°. A steric interaction of 

lone pairs on the next-but-one sulfur atoms has been pro

posed as an ,explanation. 22 The pararneters for helieal 

• 

(polymerie) sulfur should probablY,be used as a standard 

for higher order Polysulfides. 24 The bond length, bond 
? 

. angle, and dihedral angle established crystallographically25 

° for helical sulfur are 2.066 A, 106:, and 85.3 Q
, respec-

tivelyo:, 

In many sulfur allotropes and in compounds con-\ 

taining long sulfur chains an alternation of long and short 

sulfur-sulfur bonds is observed. Steudel et al. 22 ,26 have 

suggested that if a sulfur-sulfur bond is elongated due to 

a steric effect of substituents or due to unusual dihedral 

angle (as in strained rings) then the adjacent bonds will 

shorten in compensàtion. Contributions from resonance 

,L""' ........ _r __ '~._ ..... , .... , ___ ......... --_.~- ", '\ 
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27 
structures! and ~ rnay be important in such cases. 

+ 
Il Il Il Il Il Il Il 

1 
1-

Il Il Il 
+ 

-5-5-5-5.. • -5=5 5=5-.. .. -5=5 5=5-
Il Il " Il " Il Il " Il " Il Il 

4 5 

This thesis is concerned with organornetallic com-

pounds that contain catenated sulfur atoms. While organic 

polysulfides--are cornrnon there are cornparatively few exarnples , 
1 

in ~hich al polysulfur chain is bonded to a metal atome In 
", ..... /' , 

the following pag~s the chemistry of polysulfur species 

known to coordinate to metal atoms are discussed with res-
l'/ 

pect to their reduced, neutral, and oxidized states. 

f 1 
) 

/ 

The 52 L~f11(age 

Paramagnetic disulfjr is unstable in the liquid or 

d ' 1 d't' 28 h h b state un er norma con ~ ~ons,' It as, owever, een 

11 characterized in the vapour. 29 At 1000 K and less than 
1 f ~ 
bne torr/(133.322 Pa) of r ./ pressure, sulfur vapour is essentially 

... ----- 24 only 52' 'The 
" 21 28 

precise identity of the blue or purple 

solids obtained when sul fur vapour is quenched in liquid 

nitrogen is in doubt. 29 However, Meyer et al. have reported 

that 52 can be isolated in frozen rare gas matrices via 

deposition of a molecular beam of 52 or by photolysis of 

52C12 • An alternative, perhaps more convenient, source of 

S2 molecules is the dinuclear cluster CS 2 [M02 (52) 6] (.§). 

Heating this compound to 1500C reportedly generated molecular 

~,-
'-~ ....... ~ .. _~ -~,sr%1" nR 

, t, 

ii --
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52 via a reductive elimination process [reduction of Mo(V) 

and oxidation of 52
2-] .30 The disulfur molecules were then 

studied spectroscopically in inert matrices. The 52 triplet 

diradical has also been studied by E5R31 and Raman 32 spec

troscopies. Other spectroscopic studies33 have established 
o 

a ground-state bond length of 1.887 A. This significant 

shortening from the value for H2S2 (2.055 A)22 is indicative 

of multiply-bonded sulfur atoms. 

+ 2+ Isolated S2 or S2 have not been studied, unless 

one considers compounds such as ~2C12 which formally contain 

the dication. 30 However, several groups have investigated 

the green radical artion S2- and the colourless di anion 82
2-

Alkali halide crystals containing the former species as a 

dopant have been ;tudied by ESR spectroscopy.34 Both green 

52 and blue ,S3 - have been detected in ultramarines where 

the relative proportions of S2-, to S3- vary with the colour 

of the ultramarine. 35 

The dianion 52
2- is known in a large number of 

o 

-- ..... -~ ,_._._. ___ 1"' ..... _' , ... ~_ ... _i---- .. -

{ 

" 
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inorganic and, formally at least, organic an~ organometallic 

cornpounds. The free ion has been characterized crystallog-

36 37 
~ raphically in salts such as Sr82 and BaS2 . Although the 

sulfur-sulfur bond length is sornewhat depend~nt on the cation 

present, it is always significantly longer than in non-ionic 
o 0' 22 

cornpounds [e.g., 2.126(9) A in BaS2 versus 2.055 A in H2 S2 J • . 
The increa'se in the bond length as neutral 8 2 is reduced to 

- 2-S2 and S2 is thought to be due to the antibonding char-

acter of the highest occupled rnolecular orbitals. 22 

The syntheses of metal complexes cO,ntaining 8 2 as 

a ligand have used sulfur reagents in three oxidation states: 30 

(i) neutral S8' (ii) substances such as S2C12 that formally 

'2+ 2-act ~s sources of 8 2 ' and (iii) the disulfide ion 82 • 

The first two synthetic methods effect oxidation of the metal 

with concomitant reduction of sulfur (i.e., oxidative addi-

tion) while the third method involves no net change in the 

oxidation state of the metal. Application of these reagents 
" i 

to inorganic and organometallic substrates has provided an 

enormous nurnber of comple~es containing the metal-bound v 

disulfur moiety. In this respect disulfur has been referred 

to as the most versatile simple ligand with respect to its 

known coordination geometries.
30 

Covalently bonded metal

disulfido co~plexes are best thought of as formally con

taining the 5 2
2- moiety rather than the neutral molecule. 30 

Because of reduced lone-pair repulsions in coordinated di

sulfur compared to the free disulfide ion (as in alkali 

, 

" , 
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" mètal or alkaline earth salts) the sulfur-sulfur bond lengths 

:are expecte~ and indeed 'are found, to be shorter in metal-
- 30 

disulfido ëomplexe~. Those types of metal-S2 bonding 

geometries that ta date have been demonstrated crystal1ogra-

~hica.lly are ,shawn in Figure 1. 30 Typica1 examp1es are 

C~2 [M02 (S2) 6 J -1!) 38 whe,re the 52
2- ligand is bonded "side

on", (MeSCp) 2cr255 (1) 39 whe,re it is bridg'ing in a "side-off' 
~. 40 

,and "end-on" fashion, and CP2Mh2 (C9) -452 C!} where it is 
___ ::------- Ù .. 

only bridging "end-on". 

""M S . 1 
S 

. tt(" 

.. 

.' . 

• 0 0 

M....~,M 
, $. 
M ..... 

" 

M .......... M 
S 
l , 

~s, 
M M 

'_,Fj:gUre' 1.. Bpnding modes of 52 

'.1. 
_4 

f 

" 
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Ci. 2 
A/vast number of orgariic disu1fides,.R-SS-R, are 

• t 

f , 
~ 

f .(~) 

1 

I,~,:,,,,,~~. 

known. However, few molecules such as 8 which contain the 

metal-SS-metal linkage are known. Other inorganic examples 
1 

inciude K6 [(CN)SCoS2CO(CN)sl,41 Li4 [(H20)scrs2cr<H20)sl,42 

- - - - 43 44 and [<~H3)SRuS2RU(NH3)S]X4 (X = Cl , Br , PF6 ).' The 

cry~ta1 structure4~ of [(NH3)SRUSSRu(NH3}S]CI4 '2H20 estab-

1ished a trans planar RuSSRu arrangement (i.e., a dihedral 

angle about the 8-S bond of 1800) and an S-S bond distance 

.of 2.014 ('1) A. Spectral data were consistent wi'th the di

sulfur ligand' behaving as a supersulfide ion (52-),45 and 

suggested a major contr~but~on from the resonance structures 

9 and lO. The neutral qrganemetal;tic complex .!!. had a . 
, 0 

\, c 

Ru2+.S.:::.s- Ru3+ .. ... 

9 10 

° 40 slightly shorter S-S' bond [2.007 (6) A] which, can be com-

pared with the corresponding distances in neutral,8
2
_ u: o 

° 33 2- 0 37 (1.887 A), S2 [2.126(9) A in Bas21, and organic, di-

sulfides (2.02 '- 2.07 A) • 40(;', Some dOuble-bond 'character in' 
, 40 

the 5-5 bond has been postulated. Sulfur-sulfur bond 

1engths in transition metal disulfur complexes of the types 
• 0 30 

,shawn in Figure l, lie in the range 2.01- 2.09 A. 
, 

Perhaps the most common bonding mode of 52 te 

'metal center~, though is "side-on". This bondi~g mode is 

also known for the other Group VIA diatomic lig~ds O2 and 

"----~ .. --.~,,-..... I .... $4i.klr 
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bis (dipheny1phosph,ino) ethane] have been prepared for E '= 

,0 (11),46-49 S (12'), 50-53. aÎid Se (13) 50.,51 via the direct - - -- / 
treatment of [IrCdppe)2]CI with the chalcogen (eq. 1). 

1 
.. ' 

----.... [IrE 2 (dppe) 2 1 Ci. 

A = O2 , S'a' red Se 

E = 0 (11), S (~), Se (13) 

+,he ,rhodium complex [RhS2 (dmpe) 2 J ~l [where dmpe = l,2-bis

edimethylphosphino)ethanel (14) has a1so be~n prepared in 

an ana1ogous fashion. However, RhepPh3) 3X (x = Cl:, Br) 

" reacted with su1fur to give the tetrameric products 

51 [Rh(PPh3)S3X]4. With Rh(ASPh3)3C1 only oligomeric 

('p 
P,' .......... E 
p ....... M1 .......... 1 
~p E 

ll-a 

CI 

,--.... 
p P = dmpe, dppe 

M:= If, E=O(!.!). S(!!). Se(~) 

M = Rh, E= S(~) 
'" 

[Rh (AsPh3 ) S2e1] n was 'obtained Ln not specified) .51 Simi-

lar1y, reaction of_ M (CO) 2 (PPh3) 3 with the èha1coqens ·qave 

(1) 

the complexes ME2 (CO) 2 (PPh3 ) 2 [M 111 Ru, E = 0 (li), 54 S (16) ;55' 

M := JOS" E .. 0 (!2) ;54 S (.!.!), S5 Se (!!) 56] (eq. 2). Cyclo

pentadienY1-~~al complexes containi:llq the n2-s2 lig~d 

j 
) 

r 
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A = O2 , S 8' red 'Se 

M = Ru, E = 0 (15), S (16) 

M = Os, E = 0 ( I 7), S ( 18), Se (19 ) 

include, for e xamp le , Cp2NbE2C1 [E = 0,57 S 58]. The 

mo1ybdenwn comp1ex 20 has also been prepared according to' 

eq. 3. 59 

--•• CP2MoS2 

20 

Meta1-coordinated dioxygen can disp1ay an oxidiz

ing nature60 (eq. 4)61 or can be attacked by e1ectrophi1es62 

(eq. 5). Coordinated disu1fur or c'dise1enium is a1so subject 

to attack bye1ectrophi1es. 56 For examp1e, alkylation of 

12 can he achieved using methy1 fluorosu1fonate (eq. 6) 52 

and that of 18 and 19 using methyl triflate (methyltrif1uoro

methy1sulfonate) (eqs. 7 and 8),.55,56 The X-ray. structural 

'" 

~. () f, 
t 

, 1) MeSOsF ... 

l.~ 
,- .. 

(2) 

(4) 

(5) 

(6) 
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~s (52) (.CO) 2 (PPh3~ 2 

,!! 

,O~(5e2)(CO)2(~Ph3)2 
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+ MeS03CF3 • 

[?s (n
2

- S2Me) (CO) 2 (PPh) 2] S03CF 3 

21 

1) MeSQsCFlI 

2) NaC1.04 

, 2 
[Os(n -Se2Me) (CO) 2 (PPh3) 2]Cl04 

1 23 

determiriation of ~155,63 established the bonding mode of 

the S2Me lïgand. Sub~equent treatment55 of 21 with'iodide 
~ 

1 

ion gave an·unstable solid which was tentatively identified 

as Os (nl,:s2Me) l (CO) 2 (PPh3 ) 2 (22). The selenium analogues' 
) 

were appreciably more stable. Treatment of 23 or 

PPh3 
oc,l,.....,..s 

~ o. 1 lU SO CF 
OC ....... l ""'S ........... • . 3 3 

'PPh 3 

PPh3 
oc ......... I ...... 1 o. 
oc"""" 1 ...... SSM. 

PPh
3 

2 ' 
[Os (n .,.Se2Me) (CO) (CNR) (PPh3) 2] Cl0

4 
(R = 4-C

6
H4Me) with 

NaBH4 .gave the hydrido complexes Os (nl-se2Me)H(CO)2(PPh3)2 

(24) -and Os (n l -Se2Me) H (CO) (CNR) (PPh 3 ) 2' respectively" as 

stable crystalline solids. 56 The analogous reaction with 
t .. 

21 gave an unstable sol id which evolved agas. 56 A similar ,........ 

1 • 

! 

1 
1 • 
1 
i 
1 

(7) 

(8) 

.. ' 
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, PPh3 
l' oc ....... 1 /H 

o. 
oc""'" 1 ~SeSeM •. 

PPh3 

~ :.. ... 1 fi 

". 
1! 

~ 

alkylation of MOOS2 [S2CNMe2] 2 _ f2'S) wi th MeS03F gave 
. 52 '- -

MoO(SSMe) (S2CNMe2)2so3F •. However, the spectral data for 

this compo~d co~d ~ot distinguish between an nl-SSMe or 

an n2-S2Me type of coordination. 

\ 
- , 

The trisulfur nitrido compounds of the type 26 
.' 

are a class of inorgani~c complexes in which the metal-S2 

( \ 

\ ... 

'. 
" , 

.. 
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linkage has been' incorporated into a ring:- Many examples 

of these have been prepared, sorne of which, such as Pd2-' 

(S3N)2(S3N2) (27') and CO(NO)2(S3N) (28), have been struc

tura11y characterized. 64 ,65 Both contain nonplanar MS
3

N 

. . . th 140- ( 2 00 0) l~f lf b d 1 th r1ngs W~ norma ~.. A su ur-su ur on eng s. 

Complexes containing the cs 3
2- ligand are known. 

Kubota and carey66 reported,the reaction of (Ph3P)2Ir(N2)Cl 
. -

with CS2 which gave (Ph3P)2IrC1C2sS (tentative structure 29). 

Desulfurization by triphenylphosphine gave (Ph 3P) 2IrC1 (CS) (CS 3 ) 

(30) (eq. 9) •• In a similar fashion CpRh(PPh3)2 (31) reacted 

30 -.. 

(9) 
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with exc~ss CS 2 to give a mixture of Cp Rh (PPh3 ) (CS2 ) and 

CpRh'(PPh3 ) (CS3 ) having proposed structures ,g and 33, re

spectively.67 Interestingly, 31 reacted with elemental 
~ - 67 

sulfur to give CpRh (PPh3) S5 (proposed structure 34). 

68-70 
.~ Coucouvanis and Fackler reported the synthesis 

" 

of severaI nickel, palladium, and p1atinufu complexes con-. 
taining the trithiocarbonate ligand such as (Ph4As)2Ni(CS3)2 .. 
and- [(PhCH2)Ph3P]2Ni(CS3)2" TreatInent of the latter compIex 

with iodine or sulfur gave the perthiocarbonato complex 
.0 

[(PhCH2)Ph3P]2Ni{CS4)2" Desulfurization with triphenylphos~ 

phine .gave \ back the trithiocarbonate. derivative (eq" 10). 

~ J
2-_ ...... S, 

N( C=S 
'S/ . 2 

-

(10) 

.. 

. _.r __ ~--·------------~ 

1 
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Similar.ly, M(dtb)2 (M = Zn, Ni; dtb = dithiobenzoate) and' 

M.(4-dtc)i {M = zn, Ni; 4-dtc = 4 ... dithiocumate) reacted . 

either thermally or photochemically with sulfur ~o give 

" sul fur-ri ch Il complexes such as 35 and 36 (R = C6H
5 

and 

4-C6H4~HMe2 ~ ~ 68-70, Reaction of FeC13 wi th 35 (R = 4-C
6

H4Me) 

gave the six-coordinate iron èomplex 37. 71 .., 

) 

'l'he S 3 ' Linkage 

Like disulfur, trisulfur (also known as thiozone)72 

.is· unknown under normal conditions but has been characterized 

l' 

i 
1 
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in the vapour73- 75 and 1iquid 76,77 states and has been 

d · 1 t t" 1 t' . - t 76 , 77 -t:-rappe l.n ow tempera ure ma rl.X ~so a l..on experl.men s. 

The structure of 53 is still in doubt although the estab

lished bent chain structures of the isoelectronic mo1ecules 
, 

03' S02' and S2Q lend support ta a simi1ar structure.
24 

At 440 Oc and 10 torr (1333.22 Pa), sulfur vapour has a deep 

red colour due to S3 present in 10-20% concentration. 76,77 

/' Photo1ysis of S3Cl2 in an organic glass at 77 K 76 or in a 

rare-gas matrix at 20 K 76 is the best way to prepare this 

Il f t -, 't' 28 a otrope or spec roscopl.C exanu.na l.on. 

Aside from mass spectrometrie observations, 5 3+ 

is unknown. The dication is sirnilarly unknown. However, 

the singly as-weIl as doubly reduced ions have been weIl 

studied. The blue S3 radical anion, along with the-S4N

ion, have recently been irnplicated as the sources of the 

bl l f l t , f If . l' 'd ,78 ue co our 0 so u l.ons 0 su ur l..n 1.qU1. ammonl.a. 

The S3- anion has aIse been deteeted in solutions of alkali, 
, 

polysulfiides in dimethylfermamide or in hexamethylphosphor-, 

amide. 79 The existence of S3 doped into crystals and its 
, 

presence in ultramarines was mentioned in the preceding 

section. 
.' ~ 

The bent structure assigned to i t on the basis 

of vibrational spectral studies is in accord wi th theoret

. 1 d' t' 80 ~ca pre 1.C ~ons. 

The trisulfide ion (S3 2-) ia qui te stable at high 

pH in aqueous sôlution. 24 It has been ,crystallographically 

characterized in' the anhydrous barium36 .and st~ntium37 

" 
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~~ salts and most reeently in Na2S3·NH3., \ ~ ~n these salts the 
a 

S-S bond distance in the bent dianion ranges from 2. OS A ta 
o • 

2.08 A while the angle varies from 106.5° to 114.9°. It 

has been noted79 that th~s angle is particular~y sensitive 

to counterion and crystal packing forces. The sodium,82 

p~tassium, 83 and \arium84 salts have also been the subject 

of thorough infrared and Raman spectroscopie studies. 

Acyelic compounds containing a covalently bonded 

S3 ch~in can exist in E:is or trans c01'l.f-ormations with re

spect to the S3 chain. aS The trans conformation is enan

tiomorphic. Both conformers have been characterized crys-

~j R-S
1 
S-R 

cl, ',an, 

l
S~. 

\S-R 

R-S 

tallographically.23 Cyclic and acyclic organic trisulfides 

are well knoWll , although the' former" such as 38, 86,87 ~, 88,89 

and, 40,90 are much rarer. 

1 
; ! . .~----~----------------~, , ' 

" 
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CQmpared to the diversity of bonding types estab-

1ished for S2 in transition metal elusters 30 the bonding 

modes of S3 are simple. A ferrocene derivative, 1,2,3-

trithia[3]ferrocenophane (41), was prepared in 196/.91,92, 

It has sinee been characterized by X-ray erystallography93 

and extensively studied by variable temperature NMR spec- ~ 

troscopy.91,92,94-98 The selenium-cont~ining analogue of 
.J 

41 and the related 1,2,3-trithia[3]cobalticiniumophane hexa-

f1uorop~osphate '(Q> have also been prepared and their flux"': 

ional behaviour i'n solution· examined. 98 

',!& 

Thére are relatively few eompounçs known that 

contain the S3 moiety directly bonded through the sulfur 

âtoms to metal centers. A rare inorganic example is 

(NH4 )AUS 3" This salt was first prepared in 1903 from 

Au
2

C12 and ammonium polysulfides lO ,99 but largely ignored 

until its inclusion in a recent re~iewlOO on rnetallacyclo-

po1ysu1fanes" 
. # 

A d~nuclear structure with an eight-membered 

- -,--._--- 1 r n 
, \ 
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-A" S 2- .: .... h b d (43).101 u 2 6 r .J.J.lg as een propose OrganQmeta11ic 

J 

S-Au-S 

[ ]

2-

s/ " "s 
, 'S-AU-S/ 

exampC are somewhat more, nurnerous. An organoirop 'comp1ex 

having'an FeS
3
Fe linkage, [CpFe(cq)2]2(U-S3) (44), hasbeen 

prepared and characterized Crysta11ographjca11y.102 Two 

,~-) 
., 

\9> <qJ 
OC--F., Fe--CO 

1 s ......... ."/s/ \ 
C S C o 0 

44 

titanium-group trisu1fanes have been reported: [CP2Ti(1l-S3)]2 

103 . 103 
(45) and [(MeCp)2Tl.(1l-S3)]2 (46). The synthesis and 

characterization of the complexes (Mes Cp) 2MS3 [where M = Ti 
"1-

(47); Zr (i!), Hf (49)] is a major resu1t of the research ta 

104 be described in this thesis in a subsequent chapter. The 

unsubstituted cyclopentadienyl analogue CP2TiS3 has a1so been 

/ 105 . reported but never firmly estabhshed. Attempts at du-

106 plicating its synthesis have been unsuccessful. 

t ___ ._,~ ________ .~,-, ., 
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o 

47 M=Ti 

48 M= Zr 

n M=Hf 

f 
..>; • Tetrasulfur, like the lower ~olecular weight allo-ft 

tropes, has been identified in the vapour state by mass 

spectrometry, ~üthough it was thought to forro via dimeriza-:" . 

75 tion of S2 molecules. At 450 Oc and 20 torr (2666.44 Pa) , 

considered to be the best conditions to observe the mole-

" 76 77 cule, it constitutes 20% of sulfur vapour.' The gas 

phase struct~re of S4 has not yet been firmly established. 

Possible structures include a chain, a ring, a branched 

form, or even a cage (Figure 2).2-4, Theoretical calculation;; 

are not consistent in the,~r predictions of the relati vè : ,;._ 

stabilities o( these forms.l07-109 More experimental 

information on the structure of S4 should contribute greatly 

. h . 1 d d' 80 . . d If . to 1. ts t eoretl.ca un erstan 1.ng. Ll.qu1. su ur 1.S re-

76-
ported to contain S4 as a component. Red tetrasulfur 

can be generated in situ by photolysis of S4X2 (X = Cl, Br) 

in an organic glass at 77 K or in a krypton matrix at 

20 K, 76,77 or by the dimerization of S2 molecules in a 

k t 
. 73 

ryp on ma tr l.X • 

1-~_._~_~ .. ," .~." __ . _._ " \ .. 

c ---
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Possible structures of S4 

The chemistrY9f the oxidized and reduced 54 

species is quite weIl developed., The colourless diamag-

t . 21 d' ' -.' S 2 + '50 ) b' d' " . ne ~c l.<?atl.on, 4 "_ . has een prepare ~ varl.OUS 

t 1 . d' ' . th d 110 h .. l' f' s rong y OXl. l.zl.ng me o~. T e~~m~ ar~ty 0 ~ts 

, Raman, ë;lnd ultraviolet. spectra toçose of the square planar 
'. J. , , 

·s 2+ . . d' l' d' 1 III e 4 catl.on l.mme, ~ate y s~ggeste 'an ana ogous structure. 
«' 

Recent c~st~i~-structures of (S7I)4S4{ASF6)6 and S4(ASF6 )2-

O.6S0~ confirmed this conclusion. 112 The radical cation 

SI t;.;:\ 5

1 

__ . 
~\,~"-

.' S S ,. 
50 

, ' 

, + 
,S, has been invoked to explain the paramagnetism observed 

'for 1~~U~d,S02 solutions of Se(Sb2F11)2 v~a the equilibrium 

\ 

1 
1 
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2+ t Il'3.4 ' . 114 S8 ~ 2S 4, . nOwever, more rece~t ESR stud~es 

have established ~at the paramagnetism is due to Ss+' 
. + - + 

not to S4 ' although small conc~ntrations « 1%) of S4 

could not be completely ruled out. Ils ESR measurements 

have detected S4+ during the reaction of sulfur and chlo

rinefin an NaCl-AlCl3 melt l16 and ln sblu~ions of sulfur 

or sulfur-containing compounds in molten KCl/LiCl or KCNS. 117 
\ 

T~e tetrasulfide dianion S42~ is weIl known in 
• • 

both aqueous solutions and the solid staJe. Si~ple inor-

ganic salts that contain this acyclic bént ion are numerousi 

Na2s4·ll8 and BaS
4 

oH
2

0 119 have been characterized crystal

lographically. $In addition, Na~S4 and K2S4 have been the 

subject of Raman and infrared spectroscopie studies in the 

solid and molten states as weIl as in aqueous solutions. 82 ,83 

The salt NH4 [CuS 4 ] has received sorne attention recently as 

a purpo~ted example_of a metallacyclopentasulfide species 

MS
4
-. lOO The original synthesis via~the treatment of 

copper(II) sulfate with aqueous ammonium polysulfides lO 

has been extended to other-salts of the [CuS4] ion. In-

. . d b' 120 ( ,+ vest~gat~ons by yGattow an Rosen erg on M'CUS 4 M = 
+ + + + . 

NH4 1 K , Rb , Cs,) ~ however, establ~shed ~e presence of 

tetrahedral, four-poordinate copper(I) ions as weIl as S42 -

chains. Consequently, th~ existence of the discrete cyclic 

C~S4- ion is in,doubt. 
/ ~. 

A nûmber of ,inorganic compounds containing a 

covalently bonded S4 moiety have been synthesized. Bath 
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chain-like and cyclic bonding modes ~re known. A metal

~lkYl linkage has been incorporated into several alKy1-

coba1oxirnes (51) by photochemica1 methods121 (eg. 11, where 

py = pyridine, R = a cyc1ic or acyc1ic alkyl group). Re

duction with NaBH4 gave the alkyl tetrasu1fidés RS4R alonq 

? flisi/Jltlllgltf .. 
$8 

M.OH 

~ 
84 
J 

[Co] 
1 py 

(11) 

with sorne H2S •. If CH3I was present durinq the reduction, 

RS4~' H2S, and me thy 1 (pyridinatolcoba1oxime were isolated. 121 

Add!tiona1 products from eq. Il included dimeric species of 

the type py-[CoJ-S4-[CoJ-py (52). A free-radical mechanism 

(eq. 12) ~as proposed.12l Oth~r macrocyclic cobalt complexes 

51 -

-...---
S2 
1 

2 [Co] 
1 

py 
(12) 

52 

!_-~----------_. ~.-
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with the CO-~2-Co or the CO-54-ao linkage have been pre

'" pared. 122 , 123 A nickel complex 53 has also been reported, 

1 h h h " -', 1 '1 1 th' th . 12 4 • a t oug t 1S 1s,str1ct y a meta -po y 10é er spec1es. 

Compounds containing a chelating divalent 54 chain include 

1 

Organometallic complexes are also known. 

Ungurena,u!! al. l29 reported the synthesis of [CpFe(CO)2]2-

SnS4. Its proposed structure (55) was based on spectros-
L- . 

copie and moleeula~ weight meas~nts. The-related 

S-S 
1 1 -s-- S 

o 'st 0 \/ ,-l 
1> OC-F.- F.-CO 

~.{ç7 

Oc ~ 
\ 1 

OC-FI - 54 - Fe-CO 

~. \0 
li 

/ 

\ 

1 • 

, -----,--- ------,---, •. -.,' 
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comp1ex TCpFe(CO)2'l'2(1l-S4) (~§) has recent1y been reported 

and charac~erized crystaIIographica11y.102 An interesting 

binuc1ear rhodium comp1ex [(Mes Cp)RhS412 (1l-CO) (57) which 

. ~Rh Il l' h b reported. 13•O h conta1ns two S4 meta acyc es as een T e 

bis (n-cyc1opentadienyl) metal compounds CP2MS4 where M = 
Mo (~)s9,131-133 and W (59)134-136 have been sh9wn to have 

a MS 4 ring. ... 

M M=Mo 

a M=W 

O~aCYC1iC tetrasu1fides are not unknown but 

few have bee; e('mined crystallegraphica11y.I37 Cyc1ic 

tetrasu1;ides are quite sçarce~ Meyer138 has reported a 

genera1 route to seven- oto twe1ve-membered rings having 
, 

three te eight catenated su1fur~atoms (eq. 13). 

-->1... (CH2 ) nSm+2 + 

m = 1-6 

The per-

2HC1 

fluorinated tetrathiane (60) has been prepared. 19F NMR 
, 

studies' showed that several conformers were present in 

(13) 

... --::------............ 
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139 . 

'solution at room temperature. Th~ tetrasulfide 61 con-

t~ins two 54 b~idges in a 16-membered ring140 while 62 is 

. a linear., tetrasulfide. 137 

s-s-s-s 

EtO 

-5-5-S 

OEt 

R E'=S 

lA E= Se 

In covalently bonded tetrasulfides a va'riation 

in bond lengths along the 54 chain exists, although the 

trend differs for organic and transition metal compounds. 

Thus in (Et4N)2M059 (54) ,128 CP2M054 (58),133, and ~2W84 

(~) ,135,136 the inner bond 52-83 is aignificantly shorter 

than the outer bonds 51-52 and 83-54. The opposite ia 

true in the organic examples 61140 and 62. 141 Longer 

1 
1 

,. 

~ 1 ).~-;-~l;;f::-:~~~.0~t ~, -
, '-

, ' 

-• 
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inner bonds are also found in dimorpho1inotetrase1enane 

(~) and dipiperidinotetraselenane (~).141 

The S 5 Lipkage 
. 

Pentasulfur is an al1otrope of sul fur that is 

,. 

,thouqht to have border1ine stabi1ity under normal 1aboratory 

conditions. 21, Like the lower mo1ecular weight species, it 

has been detected in the vapour by rnass spectrometry.75 It 

is also found in liquid su1fur.'6", Photo1ysis of chloro-

su1fanes is.a route for its in situ preparation and spec

troscopie study.29 Its structure in any state, whether cyolie . 
or not, is in doubt. 24 It· has been suggested24 that a cyclic 

structure would be highly strained but that a comparison with 

an isoe1ectronic species such as s4N- mi~ht provide c1ues as 

to the solid state structure for the su1fur allotrope. A 

simil~r analogy can be used fo~ the series S,NR to S4(NR)4 

(R = H or-CH3) which are isoelectronic to SB' and'which hâve 

k d ' \, '1 t S 142 l h' l pue ere rl.ngs Sl.ml. ar 0 8. Recent y C lovers ~ !..... 

deterndned the structure of twd dark b1ue salts of the S4N

ion. The anion has a p1anar, acyelic structure with a central 

\ ---------- , 1 ,. 
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. /. (65).143,144 nJ.trogen atom 
1 

There has been on1Y-One reported synthesis of S5 

by Schmidt21 ,145 using CP2MOS4 (58), 'which contains a five

mernbered MoS 4 ring133 (eq. 14). The product was reported 

, 

+ + 

.. 
to be 1iquid at room temperature but it polymerized readi1y, 

particu1ar1y in the presence of light. ,The oxide of this 

a1Iotrope is aiso' unstabie. The cyc1ic sulfur oxides S ° x 

(14) 

(x = 5 - 10) have been prepared via the low tempe rature oxi

dation of the correspondinq sulfur allotrope,146,147 a1though 

the route "to the 55 precursor was not specified. AlI of them 

decompose I~t or above room temperature, except S50 which de

composes at above -50°C in solution. 147 A cyc1ic structure 
147 . was proposed for Sso in keeping with the established solid-

state structure~ of S70 (~)148 and Sao (67).149 

The chemistry of oxidized S5 is rather limited. 

The radical monocation S5+ has been firmly ident~fied by ESR 

• ______________ - .... ~"_t • n 
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spectroscopy in oleum solutions. ll4 The 55
2+ ~ication has 

not been prepared. The 1inear dianion i,s the on1y we11~ 

characterized reduced species. Alka1i meta1 salts of 5 5
2-

have been we11 characterized by vibrationa1 spectroscopy in 

the sOlid, the me1t, and in sOlution. 82 ,83 The ammoniurn,lSO 

potassium,151 rubidium,,152 and tha11iuml53 sa1ts have been 

studied crysta1lographica11y. 2-For an unbran~ed 55 chain 

two geemetric isomers are possible, cis and trans, the latter 

ferm being enantiomeric. In a1l of the sa1ts studied the 
2- - 153 55 chains adepted a trans forme 

S 5 

\ - , 
~,...S 

cis 

rl,IIt IIfIIKIH htIKx 

'rans 

" , 
, 
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Inorganic compounds containing an 55 chain cova-

1ently bonded to a ~etal atorn in a cyclic fashion,are weIl 

estab1ished. Probably the oldest representative of this 

class is salts of the dianion (Pt (55) 3] 2-. (~) which were 

first prepared in 190310 but not crystal10graphically 

studied until 1969. Both (NH4)~[Pt(5S)3]·2H2~11,154 and 

\ 155 1 
K2 [Pt(SS)3] have been exarnined th}s way. In the former 

comp1ex the sulfur-sulfur bond distances were equal"with 
o Il 

an average value of 2.049 A. The 55S bond angles ranged 

from 100.7° to 109.8° and the 55SS dihedral angles frorn 72.3° 

to 82.5°.11 In comparison, there was a clear variation in 

° sulfur-sulfur bond lengths (mean value 2.054 A) in the di-

potassium salt. 155 The 555 bond angles fell in ~he range 
155 100.5° to 110.3° whi1e the dihedral angles were not reported. 

, . s ...... s ' . 
\ .\ 
S S ~ S 
1 \ /~'~""',' 
S-pt-S"S 

/ \. 
S S 

s/ s/ 

'J 
.2.. 

2-

1 

In 1978 Gillard and Wimmer12 reported that ~ could be crystal

lized in a racemic or an optically active forme They isolated 
;;0 

the anhydrous leva enantiomer using (+) - [Ru <,phen) 3] 2+ as the 

counterion (phen =. l',_lO"'phenanthroline) • Variable tempe rature 

\ 
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19spt ~ studies on 2 have been used to determine the barrier 

to Pt5s ring inversion in solution (LlGf = 50.5 ± 1~3 kJ mol-l ).14 

Complex ~ was reduced wi th aqueous,_ cyanide ion 

with complete desulfurization (eq. ls).~3 However, a par-

2- -PtSls + l7CN 
2~ ~ 

--.... Pt (CN) 4 + l3SCN- :,. 25 -

2 

tially desulfurized species eould be intereepted during the 
/ 

course of the reaetion as the tetrapropylammoni~ salt, 

[(C3H7)4N]2PtS10. On the basis of its infrared spectrum a 

planar,PtS4 core was assigned (68). Spontaneous reduetipn 

of ~ ~o 68 oceurs over several hours in neutral aqueous 

solution out mueh more rapidly in alkaline solutions. 12 

Other nueleophiles ls6 such as sulfite, arsenite, sulfide or 

hydroxide ions similarly degrade 2 to~. Treatment of 2 

with excess triphenylphosphine, howèver, gave (PPh3)2PtS4 

(~)lOO,12s-l27 in high yield. ls6 

68 '-

Other inorganic complexes 'which probably contain 

a che,lating 55
2:" ligand include (NH4) 3 [MeSs) 3] (M, = Rh,157 

Ir 99) 0., , The' rhodium salt spontaneously desulfurized. rapidly 
l 

a 

(15) 
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in water to give a polymerie species thought to be Rh510- 157 

Non~ of~se compounds have been crysta11ographica11y char

acterized.~ Other complexes which ,are known to contain the 

che1ating 55
2- ligand inc1ude (Ph4P)2(Fe2s12 )158 (70), 

(Ph
4
P) 2 (FeMS9) 159 (M = Mo, Wi 71), and OS2 (55) (5

3
CNEt

2
-)-

160 2- . (S2CNEt2) 3 (72). The 55 11.gand in the 1ast examp1e 

has one terminal (metal-bonded) sulfur atom that bridges 

both osmium centers. The ~ond distances from this unique 

sul fur atom to e'ach/osmium atom are equal. 

, .lL M=Mo,W 

, , 

l 

" 

\ 
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The first organometallic complex to contain a 

metal-S
S 

ring was CP2TiSS (73) which was prepared in 1966. 161 ,162 

Several p~eparat\y~ routes,have been deve1oped99 ,161-16S 

and the crystal structures of two modifications have been 

reported. 166 ,167 Numerous substituted-cyq1opentadieny1 

complexes are a1so known: (MeCp)2TiSS (74),168 CP(M~CP)TiSs,168 

and Me2M' (n-CsH
4
);TiS

s 
(MI = Si, Ge).169 As part of this 

thesis the new compounds Cp2MSS [M = Zr (7S), Hf (76)],170 

(Me3SiCp)2TiSS (77), (MeSCp)CpTiSS (78),.and CH2CP2TiSS (79) 

have been prepared anq characterized. The paramagnetic 

167 171 
vanad~um compound CP2VSS (80) has aIse been prepared ' and 

73 M=Ti R=H 

74 M=Ti R=Me - . ' 
:a M=Ti R= SiMa3 
7-5 M=Zr R=H 

76 M=Hf R= H 

, JlQ. M=V R=H 

studied by ESR spectroscopy167, 172,173 and X-ray" crysta11og-

raphy. 167 . A fIt dO l t Il 1 h 1 ew mono-cyc open a ~eny me a acyc 0 exasu -

~anes are known. These inc1ude CpLMSS [M = Co, L = PMe 3 

J 
1 

1 
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An X-ray crystal 

s,truture determination of 81 established the location of 

the Cp ligand in the axial ~osition~174 

li M=Co L=PM'3 

.n M= Rh L=PPh3 

.~ . , , .. 
, " . . 

f 

50me organic compounds with a pentasulfide linkage 

incorporated in a bridging or chelating fashion are known. 

A p~rticularly interesting exarnple was prepared via treat--~ 

ment of CP2Ti55 \!.l), whiqh contains a six-membered Ti55 
176 ring, with oxalyl chloride (eq. 16). An X-ray crystal-

• 
2 CP2TiS5 + 2 ClCOCOCl 

73 

., 

. W ~ .. -
54--55--C--C--5--5" 

+ 53/ 5 

"52--5l--g--C--5--5~ 
1 Il o " 

lographi~ study confirrned the presence of the two bridging 

(16) 

55 chains wi thin the l4-membered ring.
u 

Bond length alter-

Y" nation.,was observed, with the longe st sulfur-sulfur bond 

(54-55) next~o the shortest sulfur-sulfur bond (53-54). 

The two terminal bonds 51-52 and 54-55 were equal in length. 

The two internaI bonds 52-53 and 53-54 were aiso equal in 

'0 

t --------------.------ • 

1 
, ,1 
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length but ca~ 0.02 A shorter than the terminal bonds. 176 ,177 

The analogous reaction using CP2~4 [M = Mo (58), W (59)] 

might give the ana1ogous"10-m~mbered organosulfur ring but 

this reaction has not yet been -reported. ' 
\ 

Severai organic, ~ompounds which contain the Ss 
1~~ I} \ • t 

chain as part af a six-memberéd ring have;been isolated. 

Some have been stuàie~ crystallographica11y. Two su ch com~ 

pounds are p~:ta~iane (!lfand dibenzylpentathi~e (84).178 

~ R=H 
oH FhCH2 Pit 

l' 

In both ças~s the six-membered'ring was in the chai~ con-

e fprrna~ion and in .!!! there wjas evidence far a flattening o~ 
" the chair relative te the unsubstituted pentathiane.' The 

, , 

two internaI suIfur~su1fur bonds were significant1y' longer 
" , ' 

than the terrldnal ones. yariable-temperature la NMR etudies 
, J; 

of. 83 gave the v~1ue of aG+ > ca. 60 kJ rno1-1 for chair-ta-
0-' t 

, 179 
'chair con ver s,ion • -

" ':, '1 Berizopentathiepine (85) contains a se"en~embered 
,_ ~~t! 

<J '1 ring wf.th five catenated sulfur a€oms. 180 The ring adopts 
- - . 

-or - , a cha'ir conf~rination181 sirnilar ta that found for solid 

; S70 (&!.). 14,8 

_. , 
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The 56 Linkage 

Cyc1ohexasu1fur and cyc1oheptasu1fur are the on1y -

lower al1otropes beside~ S8'that exhibit s~g~ificant stability 

under normal 1aboratory conditions. Both are thought to 

maintain cyclic structures in the sOlid,26,182-184 me1t,185 

75 and gas phases, a1though acyc1ic modifications may coexist 

-in the melt and vapour. 24 Recently, quantitative separation 

of S6 and S7 from a solution of su1fur rings (56' S7' 58' 

510 , S12' 518 , and S2~) was achieved without decomposition 

by high pressure 1iquid chromatography (HPLC) .186 This 

analytical method was used to examine the sulfur species 

obtained from the thermal decomposition of unstable iodo-

1 
1 -

sulfanes. It was shown that aIL the 

186 through S26 were fo~ed. Neutral ~
-~ 

allotropes from S6 

56 has a1so.been trappe, 

, 

and studied spectroscopical1y in low temperature~matrices 

by quenching sulfur vapour or by the in-~ photo1ysis of 

chlorosulfanes. 24 

- 187 Cyclohexasu1fur was first prepared in 1891 vià 

the low tempe rature decomposition of thiosu1fate ions upon 

treatment with concentrated hydroch1oric acid (eq. 17). A 

• 

'proposed mechanism for the formation of cyclic speciel3 from 

acyc1ic starting materials invo1ves.a fo1ding-back of l~ng 

sul fur chains bScheme 1).21 The degradation of long sulfur 

(17) 

·I~ ,-1 , ,~_ .. ··~f~~~:~~,~~~~:;: ~~ .. ~,_", J j:~::~;;-: .. ~"~~~~ l:i:~t:::":;,;" l~;' :~ ~:~'~~~I~<": :r~~:.~~::..~~ .. .. ~ ):'1~~t -.-;-,_:;\,~7.~\~~~:.;:-, -.:-., ""!'"'--.-___ -
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J 5cheme 1 , 

2- 2-5-5-5-50 + 50 , 3 3 

S-5-S-S-S-5-S0 2- + 50 2-
3 3 

, 
2-S-5-S-S-5-S-S03 ~ 

chains into shorter ones is weIl documented for polysul

fide ions. 1SS More recent synthes~s have used a simulta

neous low-tempeFature additiôn of dilute ether solutions 

of H2S. and S2C12 (eg. 18) ;189 Altelve1Y, S6 cab be 

H25 4 + 5iC12 .. 56 + 2HCl - (IS) 

ri 

prepared ·(tagether with 512 as a minar .by-product) fram, 

CP2Ti5S (73)- and 5C12 • 190 Orange-red 56 dec~mpases at 
f '21 ' 

SO~-60oc to give 5a and is also light-sensitive (dé-

... d) i 138 ' 11' comp<?sl.ng "ta Ss ~ 512 • An X-ray crysta ographJ.c 
\ 

study revea1ed the chair-shaped structure !§..183 A re-
f' 

s:--...,' ____ s\ 
\ s S_,\ 

, S---- ~S 

.U: 
" 
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determination of the structure, offering significantly more 

precise bond angles and distances, has been recently pub

lished. 182 AlI sulfur-sulfur bond distances were equal an~ 
o 

averaged 2.068(2) A. Average SSS bond angles of l02.6l(6}O 

and SSSS dihedral angles of 73.8 (1) 0 were found. - Although 

the bond distance is longer than that reported for S8' it 

was not unexpected. On the basis of an el,ectron-repulsion 

JUOde1
2

: ~ smaller :~le observed for 56 (S8' 

98.5°) 9 should lead to an lncrease in the bond length (58' 

2.046 A).19l 

Al ~ough discrete cations and the monoanion of 56 

are unknown, the doubl~ reduced species has been extensi vely 

studied. Vibrational studies of K2S6 in the solid and molten 
.......... 

states were recently report~d. The crystal structure of the 

192 2-. cesium analogue revealed non-planar S6 chains wi th al-

° ° ternating long (2.11 A) and short (2.02 A) sulfur-sulfur 

-bonds, .with the two terminal and one central bond comprising 

the shorter set. The longer bonds are associated with . 

smaller ·dihedral angl~s. 193 It is noteworthy 1;.hat a 'regular 

a1ternation of carbon-carbon bond lengths has been observed 

in the crystal structures of long aliphatic chains such as 

in adipic (81)194 and sebacic (~)195 acids and fn hexameth

y1enediamine (89).19>6 

1,\ . ' 

'HOOC~(~H2)X-COOH 

x = 4, 87. 
x ~ ,8, fi 

H2N- (CH2 ) 6-NH2 

89 

\ 

... 0 'W' aw •• op .111. -. 
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28 -It has been suggested that the S3 radical anion 
2- -

ireadi1y dimerizes to give 56 • However, Na~S6 di~so1ved in 

aCétonitrile, benzene, or, tetrahydrofuran in ~ presence of 

. + - 20 -dicyé10hexyl l8,-crown-6 g~ves Na S3. This "naked" 53 

radical, presumably formed via disproportionation of the 
, -

2- . 198 56 chain, is cpemica11y reactl.ve (eq. 19). 

/ 

18-crown-6 
.. 

x=2,3 1 

, A cyclic meta1~~' geometry is unknown for transi

tion-meta1 compounds. J example containing a bridging S6 

'group is (NH4)2PdS1i2H20. Like (NH4) 2 [Pt(5S)31 , this 

palladium complex was first reported in 19038 ,99 yet was 

only reinvestigated in 1977,.197 It was prepared via the 

treatment of an aqueous ammonium po1ysulfide solution with 
" 

dl h 1 , th .AI. aquéous K 2P C 4. T e ana ogous ~yn esl.S uSl.ng aqueous 

ammonium po1ysulfide and K2PtC~4 gave only (NH4)2[Pt(SS)3] 
, 13' 

and not (NH4)2[Pt(5S)21., T~e X-ray structure of (NH4 )2-

P~511· 2H20 revealed metal atoms linked by s6 chains in a 
, - 197 

three-dimensiona1 array. 

" A ring containing the 56 fragme~t ,is known in 

sulfur-nitrogen chemistry. The structure of S6N2 (COOC4H9 )2 

(90) consists of crown-shaped mo1ecu1es having a nitrogen

,nitrogen single bond and ,a chai-n of si~ sulfur atoms. 200 

(19) 
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Orqanic hexas~lfides, RS6R, are quite rare con-' 
r 

pounds. A qeneral, synthesis of acyc1ic dialky1 pentasul-

fides and'hexasuifides has been reported (eq. 20) .199 An 

2 RaSH + SxC12 • RSx+4R + 2 HCI 

x = l, 2 

interesting cycli'c compound, h~xathiepane (91), has been -
isolated from mushrooms. The ring in this seven-membered 

--------'---. ' ~ 
heterocycle exists in the twist form with, alternatinq short . 

(20) 

(terminal and central) and long sulfur-sulfur bond lengtn~.178 

s~s- .. 
1 \ 
'. s 

s-{ 
1 

\ . 

'\ - , 

, 

• 
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The 57 Linkage 

Cyc10heptasulfur was first prepared in 1968 201. as 

therma11y- and 'light-sensi ti ve yellow plates21 or ~eed1es. 201 
21 145 ,0 

A1though i t melts reversib1y at 39°C, polymerization 

" occurs at ca •. 45°C. Prolonged storage at room temperature 

or exposure to light causes decomposition ta give ~8. How

ever, it may be stored in the dark at loW temperature without 

d 't'O 202 Th' 11 t 0 l found ~n 1 0 'd185 ,202 ecompos~ 1.on. 1.5 a 0 rope 1.5 a so .... 1.QUl. , 
'202 1 

and gaseous su1fur where it probab1y main~ains its so!id-

state cyclic structure. 24,26 At least four modifi'cations of 

S7 h.ave been postulated on the basis of Raman spectroscopy, ~02 

two of which have been examined by X-ray crysta11ography. 

For one of these, only a projection of tll*; molecule onto a 

plane was reported. A chair conformation having four atoms 

nearly coplanar was suggested. 21 ,184 A second modification 

-(ô-5 7 ) received complete crystallographic analysis26 and 

its structure was described as a derlvative of Sa' .,since 

removal of one sulfur atom followed by conneçtion of the 

resulting, chain ends resu1ts in the observed structure (92).26 

:!'" 

o 

, , S14'S5 
, ,/ 

57--':""5e-

/ 52-93 
SI.I' 

-----..-..'-~---_.----;-; - ,- - - ' ----.---- '. ~ 

! 
i 
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This connection, identified ·as the J3S-56, bond, is relatively 
o 

long -[2.181 (3) A] and was attributed to a very smaJ.l (~. 1°) 

dihedral angle about this bond. In accord with the theoly 

on al ternating sulfur-sulfur bond distances, 27,148 bonds 

-adjacent to this long bond are theshortest in the mo le cule • 
< 

The prese~ce of a four-center molecular orbital was postu

lated on the basis of the p!anar arrangement of the four 

atoms -54-55-56-57. 26,202 

There :WB only one preparative route to cyclohepta-

- 201 sulfur (eq. 21). The general-reaction of CP2Ti5S (73) 

with chlorosulfanes containing the appropriate number of 

sulfur atoms is an extremely useful, and in this case. the 

only, route to higher sulfur allotropes. S7_ has also been 

CP2 Ti5S + 52C~2 

73 , . 

prepared as -aoy-product in the synthesis of the ·trithia'" _ 

borolane (BrB) 2S3 (93) from 73 and Bar3.203 '-

" 

.' , 
, ~ .. 

_~._ .. ! .. __ .. <_~,~~.r __ 

(21) 

1 

i 
l ' 

. " 
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Il 

Replacement of one or two sulfur atoms in S7 with / d 

methylene groups markedly improve~ the thermal stability of 

the seven-membered ring. Hexathiepane (91) and lenthionine 

(94) which both occur in certain species of edible mush-

204 rooms, are more stable than -5
7

, probably because of the 

absence of very small dihedral angles about the sulfur-sulfur 

bonds178 (i.e., none less than 70° in 91). - Both are stereo-

h . Il . . d' l t' 17 e , 205 di' t'" c em~ca y non-r1g1 1n 50 u ~on an ex st 1n &~e 

, 206 1 

twist conformation in the crystal. 

S 

55' ~~ \, 
s 

The chemistry of charged 57 ions, cationic or an ... 

ionic, is limited. To date no discrete cations have been 

identified, nor-has-the -~ingly -Gharged ani-on-. - The hepta-'-
l ' 

sulfide dianion is known in alkalï metal salts. 

There,are a few compounds containing a covalently 

bonded 57 chain that have been characterized by X-ray crys

tallography. An inorganic example is S7NH ~iCh, l~ke the 
207 58 parent rnolecule, has a crown shape. T e elemental 

analyses of an organic example, heptath~èpane (S7CH2)' 

prepared at high dilution from CH'2 (SH) 2 208 ~ and 5
S

C1
2 

(eq. 22), did not -'agree with the calculated formula bût a 
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solution molecular weight determination supported a monomeric 

structure. It reportedly polymerized ~lowly at room tempera

ture,209 in marked contrast to the high stability of the 

parent molecu1e, S8' which shows no tendency to po1ymerize 
( 

in the solid 'i:lt.ate. 

~ Thé S8' Linkage 

Cyc100ctasulfur is the ~ost studied a11otrope of 

sulfur and has been characterized as three polymorphs, 
( (/ . 

labe1led (appropriately). (l, a, and y. Many other modifica-.. 
tions have·been suggested but,~one have been firmly iden

tified. 24 ,138 The orthorhombic (l form is the thermodynam-

ically most stable a1lotrope under normal laboratory con

ditions. 24 When heated to 95~3°C, a~S8 undergoes a phase 

transition to monoc1inic ~-S8 which melts at l19.6°C. 2lO 

211 

Th th ' d 1 h S f' t d 'b d 1,j 1890. 212 e 1r po ymorp , y- 8' was .:Lrs escr1 e III 

It can be crysta1lized as 1ight yel10w needles which de-
24 . 

compose at room temperature. Bath the B ~d Y modifica-

tions of S8 are metastable relative to the a-forme The 

17 191 ~13 214 
crystal structures of (l-,' B-, and y- S8 have 

,been reported and show that each po1ymorph consists of dis- \ 

crete crown-shaped S8 molecul~s. Forl a-~8 (.!) the observed 

mo1ecu1ar parameters were as fo1lows: 191 bond distance 
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Charged Sa species are restricted to the para- . 

rnagnetic ,monocation Sa::- and. the diamagnjiC ions Sa 2+ and 

58
2- •. !flle monocatioh is thought ta be ~ source of para

magnetism of su1fur solutions in o1eum,11 a1though others 

have contested this view. 28 It has also been detected~ 

during the reaction of chlorine ~ith su1fur in a Na~l--
116 2+ . . Ale1 3 melt. The blue S8 l.on can be prepared; for 

example, by the -oxidation of sulfur by AsFS or SbFS in 

liquid HF or 8°2. 215 In the solid state the sulfur cation 

~n Sa (ASF6)2 adopts a fo1ded eight-membered ring structure 

with an endo,~ conformation (~).2l6 Since the neutra1 

" ., 
5 '5 \ 

s~\/s S 
s-''\/ 

s , , 

. 2+ 

molecule 1 has an·~,~ conformation the structure of 

the dication can be viewed as that of the Sa molecule wi th 

_, one end folded up. 

'-

4 

\ 
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The octasulfide 10n 58 has b~en studied in aqueous 

and nonaqueous mèdia. Long-chain polysulfide ions readily 

21 1 

degrade into amaller chains. Thus solutions of Na2 S S in 

dimethylsulfoxide contain the red 5 8
2 - dianion as weIl as' 

th bl ' 5 - di 1 . 21 7 'Th 1 . h b e ue 3 ra ca an1on. e atter spec~es as eén 

2-
observed, together with 58 ' in dimethylsulfoxide solutions 

of Na2 S4 and Na25
6 

as weIl. The relative concentration of 

th~ 5
3

- ion increased with increasing dilution. 217 

Compounds containing a covalently bonded 58 linkage 

are scarce and none have been characterized by X-ray rnethods. 
~ 

There is one reported synthesis of a cyclic molecule con-

taining methylene groups and an Sa 'chain, but specifie details 

regardin~_ its ring size, stability, or conformation are not 

known.2~8 The route utiliied (eq. 23) has been successful 

. 86 138 for the preparation of other organ~c cyclopolysulfanes. ' 

. 
--... (CH2)nS8 + 2 Hel 

ring 

(23) 
• 

Linkages Lonqer than 58 

Those polysulfur rings l~rger than 58 that have been 

prepared to date are 59' 510 , 511' 5 12 , 5 18 , and 520 . Recently 

Steudel et al. reported that a mixture of sulfur allotropes 

5 (x = 6, 7, 8, 10, 
x 

12, 18, 20) could be separated quantita-

tively (though not on a preparative scale) by high pressure 

liquid chrornatography. 
186 

Analysis of the products of the 

" , 

'. 

--_'_'mr •. _w .... _ .......... _ " 
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thermal decomposition of SicI2 (x = l, 2) or those found in 

the carbon disulfide-soluble portion of a sulfur mel t es-

tablished the presence of allotropes up to and including 

526.186 Many catenated sulfur species whieh had previously 

been identified only in the gas phase by mass spectrometry7S 
rf 

(UP~o S22) have,now 

rings larger than Sa 

follèwing pages. 

been detected in liquid ~ulfur. The 

are discussed collectively in the 

Cyeloenneasulfur, 59' can be prepared as light-

and heat-sensitive (mp > 50°C with deeornposition into poly-

meric sulfur) yellow needles (Scheme 2). The reactivity of 

5cheme 2 

o . 
CP2TiSs + Hel - CP2Ti{Cl)5SH 

73 

.. 

. -
the 5-Cl bond in chlorosulfanes markedly falls off after 

. 5
3

C12 • The introduction of a catalytic amount of anhydrous 

hydrogen chloride was sufficient to drive the reaction to 

eompletion. 2l9 The postulated interrnediates have not been 

isolated. No crystal struct~re has been published for S9 

b t th t t . d' d 220 u e s rue ure ~s pre ~cte • 

. Cyclodecasulfur, SlO' can be made according to 

, 
, w 

--------~ .. ::::::::) 
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/ , -. 
eq. 24.

201 , The expected intermediate cyclic sulfone (96) is 

l 
CP2Ti5S + 502C1 2 0 ~-•• CP2TiC12 + '2 S10 + S02 

73 

supposed1y unstable towards Sb2 elimination and was not iso

lated. 21 This allotrope crysta1lizes as light- and heat-

sensitive ye110w plates, but storage in the dark at -40°C 

tl t d 't' 201 apparen y preven s eC9mpos1 l.on. Another less con-

venient route is via the reaction of H2 S
6
" with S4C12 

(eq. 25) .189 Decomposition of cyclic polysulfur oxides 

---I~. 510 + 2 HCl 

such as 560 and 570 is also reported to gi ve 510 but prepar

ative details of these syntheses hëf\re not been given. 221 

221 The cryst~l structure of S10 (97) revealed ,a distinct 

a'i ternation of bond lengths that was attributed to dihedral 

angles ranging from 123 0 to 77°. The exceptionall.y large 

val.ue causes the bond to stretch which in turn strengthens 

1 <0 , 

(24) 

(25) \1:'> ' 

1 1 d illW' -
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Cyc1oundecasulfur, S11' has been reported but i,ts 

precise struèture ls unknown. The synthetic route'used is 
24 analogous 'bo that employed for 89 (eql., 26) • Presumably 

(CSHS) 2TiSS + ,S6C!2 

73 -
a sma11 .amount of HCI was used to initiate the reaction. 219 

Cyclododecasu1fur, S12 '(98), was the third cyclic 

a11otrope to be isolated after S6 and S8 and crysta11~ies 

(26) 

as dark yellow needles. Its structure is shown below. 2221'~ 31 \ 

This therma11y stable (mp 148°C) a11otrope'ean be prepared 

b . d . f th' 222 Q' yawl. e varl.ety 0 ec nl.ques: - -', 

(i) from quenched sulfur melts;190,223,224 

(ii) from'the treatment of CP2TiSS with SC12 (plu~ a 

litt1e S6); 201 
1) 

(ii1) from the reaction of H2S4 with S2Cl2 
225 or H2S8 .. 226 ....-

with S4C1 21 .-. > 

(iv) from 
( , 

some 

the 

S6' 

decomposition of S2I2 (together with 
227 58,518 , and S20); 

r .. 
• v 
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(v) via ultraviolet irradiation of carbon disulfide 

or toluene solutions of 5
8

;228,229 

(vi) via aecorn~osition of a carbon disulfide solution 

of 580~230 

(vii) via ;ight-induced decomposition ~ 
21 ) 

saturated 

benzene solutions of 86 -

s S 
/

1 S l' 
S' 5../',s 's 
\('s~'I1 

" 

Reports173 ,232 suggesting the for.mation\o~ red 

2+ 
516 ~y oxidation of 58 by peroxodisulfuryl difluoride in 

flu~rosu1furic acid (eg. 27) or by the Lewis acids ASFS or 

SbF5 in liquid 502 or oleurn (eg. 28) have been shown to be 

incorrect_ In fact, the result~g cation is 5
19

2+ The 

2 Sa + 3 MFS ~ "5 (MF)" + MF - 16 6 2 3 

, . M = As, Sb 

. X-ray.structure showed that it consists of two seven-
~ 115 

membered rings connected by a fi~~ sulfur atom'chain (99). 

Tbere was a wide variation in bond lengths and angles in 
• D 

the two different rings while the all-cis five-atom bridge 

(27) 

(28) 
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2+ • 

had more regular values. The ,bonds to the three-coQrdinate 
o 1 

sulfur atom are the longest, those adjacent are the shortest, ~ 

o 

.' 1 

. , 

and the remaining bonds of intermediate length aloernating 

from longer to shorter. A similar trend was observed for 

the se
lo

2+ (100) cation.233~ 

, ' ' 

a 

Cyclooctadecasulfur, 518 (lOI), is also quite 

thermally stable (mp l28°Ç w~th decomposition)24 and is 
" 

indefinitely stable in the dark. 138 It is known to exist in 

two crystalline modifications (a and B}~he crystal struc-
234 235 236. ') -

tures (a, e ' ,) cons1st of rings having very similar 

bond lengths, bond angle ~ , anc;l dihedral ang le s • The a fOrIn 
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----.1 

can be prepared in very low yield from quenched sul fur melts~37 

and isolated as intens~ly yellow rhombic platelets. The 

vibrational spectra hâve been reported. 237 A synthesis from , 
sulfane and chlorosulfane mixtures gave a mixture of 518 and 

5 20 , both in low yield. 236 

The largest sulfur ring isolated in a crystalline 

forro to date is cycloicosasulfu~ 520 (102). It can be 

prepared in very low yield as the carbon disulfide solvate 
,\ 237 
from quenched sul fur melts (crystallizing as pale yellow 

,rods), coc~ystallizing witq ~-S18. Although 520 melts at 

124°C, decomposition occurs in solution at 35°C. 236 Another 

route to 520 is ~ th~ reaction of H2510 with SlOC12 in the 

presence of a catalytic amount of anhydrous hydrog~n chlo- , 

ride2~6 (eq;' ~29). The crystal structure236 'of s20,consists 

--.~ 520 + 2 Hell--

of clover-shaped rings whose form may be' visual!zed as de

rived fram the crown-shaped Sa molecule. If two adjacent 

0' 

(29) 
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'sul;ur atoms are removed fram the latter then the shape of . 
one quarter of the 820 ring fs obtained. 193 The vi~rational 

spectFa of a-sIS and 820 have been reported. 238 ~ 

Overall, the ohemical reactivities and thermal 
J 

s~abilities of the established sulfur allotropes follow the 

sequence sfown below. 239 ALI of the rfngs decompose to 88 

... increasing thermal stability 
o 

increaslng reacblvity 

and polymerie, insoluble sulfur. 20l This conversion to the 

most thermodynamically stable allotrope (S8') i8 thoughtto 
, 

he a con~equence of the ease of cleaving the first sulfur-' 

Qsulfur bond to produee a ohain diradical. 240 For 8S the 

bond dissoci~tion energy for ri~g opening is ca. l3S kJ 
-1 22 mol. The varying stabilities of the srnaller rings may 

be due to non-optimal bond and dihedralangles. 240 It has. 

, _o. 
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been suggested that the surprising stability of the larger 

sulfur rings SlS ~d S20 ,is due to their low angle strain. 24l 

J 
-" 

Selenium 

Selênium has a tendency, though not as pronounced 

as for sulfur,'to catenate. Neutral species that have been 

structurally 
242 . 

Se2 , grey 

cbaracterized include pararnagnetic, gaseous 

. 243 < 244 245 246, 
selen~um, SeG, ' apd SeS (three 

forms, a, 8, an~ y). In sharp contrast to sulfur, though, 

the seS'molecule is not the thermodynamically most stable 

allotrope of selenium. Grey selenium has this distinction. 

It i5 formally analugous to helical (polymeric) sulfur and 

consists ~f parallel infinite spiral chains of selenium 
, 0 

atoms having a constant bond length of 2.37~(5) A and a 

constant bond angle of 103.1(2)0. 243 The int~rchain sepa-
o 

ration of 3.436(5) A i~ significantly l~ss than the van der 

Waals 
, 0 247 
contact distance o~~. A. The SeG and Sea mole-

_/ \ 
are isostructura"Î with their sul fur analogs having cules 

chair- and crown-shaped structures, respectively. 

A large nurnber of polysulfur cations have been 

prepared and structurally characterize9. For selenium, 

2+ 2+ 2+ ,248 
however, only Se4 ' Sea ' and SelO are, known. No 

. , + + 
selenium radical cations analogous to S4 and'S8 have been 

observed ,spectroscopically. 249 The structures of the se
4

2+ 25'0,' 

. .. ;.'.~~ 

, 

1 
f 

1 
-
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dications are analogous 

The cyclodecaselenium 

to those of 5 4
2+ 

d " t" 5 2+ ~ca 10n, e
lO 

(50) 

(100) , 

has no sulfur analog. It has a bicyclic structure in the 

crystal with unequal Se-Se bond distances. 240. 

2+ 

AlI known reduced polyselenium species are 

dOubly-charged and may be ionic ~~in alkali-metal OP 

alkaline earth salts of the form MSe or M2Se where x = x x 
2,252 3,253,254 or 5 152 or covalent as in organic compounds. 

~ Although man~ transition metai disulfanes àre 

known in which there is a metal-S2-metal\linkage, very few 

se~enium examples existe Notable examples are the cation 

[W2C18(~-se)(~-se2)]2+ {~)255 and [CPMn(CO)2]2(~-se2).40 

The sulfur analog of the latter is aiso kno~. 40 Transi tion-

2+ 
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metal complexes containing longer bridging polyseleniœn 

chains are as yet unknown. A few organometallic compounds 
2- 2-containing a chelating Se4 and SeS lig.and, such as-

Cp2MSe4 [M = Mo (105), W (106)J 134 and Cp2M'Se5 [M' = Ti 

(107) ,163 Zr (~), Hf (109)J, are analogs to the previously 

discussed sulfur complexes. No meta1, complexes containing 

t2J ~/se-se 
M . 1 

~'Se-S. 

~ M=Mo 

.!.2§. M = W 
.!Q.1 M= TI 

108 M=Zr 
109 M=Hf 

\ , ' 

bridging sex
2- (x ~ 3) ligands are known. Indeed, only a 

few organic examples con~aining chalcogen chains of,this 

length have been iso1ated. Organic polyse1enides up to the 

teerase1enid~s have been isolated and include ~-bu~yl tri

selenid~ [(Me 3e) 2CHf2se3 256 and 1,2, 3-triselena[3] ferro-
, 257 

cenophane. The sulfur analog of th~ latter, 41, was 

mentioned previous1y. 

As in the case of sulfur, metal complexes ~earing 

the metal-Se R linkage, where x ~ 2 and R ia an alkyl or x 

ary1 moiety, are uncommon. No complexes having x ~ 3 are 

known. Compounds such as os(n1-Se2Me)H(CO)2(PPh3)2,56 (24) 

were mentioned in a preceding section. 
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Summary - ---

1 • It ia c1ear that catenat10n of su1fur atoms is 

extensive 'in its a11otropes and in its cornpounds: The 

fe~ ,known org911ometa11ic complexes containing catenated 
, ~ 

po~ysu1fur ligands suggest that sul fur catenation cou1d 

p1ay.a more important ro1e in organometallic chemistry. 

To explore this possibi11ty severa1 modern reagents were 

applied toorganometal1ic compounds, specifica11y to those 

.of titaniurn(IV), zirconium (IV) , and hafnium (IV) • 

The'reagents of the types >N-S -N< (where >N 
x 

is an imidyl or azolyl group) and >N-SR (where >N is an 

irnidy1 group and R is an alky1 or ary1 moiety) have been 

used by organic chemists in the reactions of thiols to 

pr~duce po1ysu1fides (eqs. 30 and 31).258,261 BisChydro

sulfido) 259 complexes such as CP2Ti (SH)'2 (110) 260 are 

'\ 
1 

>N-S -N< + 2 RSH x 

>N-SR + R'SH ------~.~ RSSR' + >NH 

organometa11ic ana10gs of organic thio1s. As the pages 
-

to fol1ow will detai1 ~ reacts with the above re~gents 

to give interesting,~itanacyc1opo1ysu1fanes such,as Cp~ 

(73)103,161-173 and complexes of the types Cp2Ti'(SSR)2 and 

Cp2.Ti (SR) (SSSR) .' 

(30) 

(3,1) 
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The ~hydrous lithium polychalcogenides, prepared in 

situ .by the reduction of sulfur or ~elenium with LiEt3BH 

(eq. 32), have also recently been exploited by organic 

chemists for the synthesis of polysuLfides and po~elenides 
from alkyl halides (eg. 33).262,263 Extens:i,.on Of~iS 

xE + 2 LiEt 3BH .. Li2Ex + 2 Et3B + H2 
E = S, Se 
)C=1,2 

• 1 

Li2E +2RX ~ RExR + 2LiX , x 

(32) 

(33) 

technolp9Y to organometallic systems has led to the isolation 

of several new compounds of the types CP2MES CE = S, Set 

an'7(MeSCP)2MS3 / M = Ti, Zr, Hf) from the appropriate di

chloro precursors. 

It will be shown that these new reagents are use

ful for the synthesis of novel organomet~omPlexes con

taining catenated polychalcogen ligands. 'Several new struc

tural types have been established for this class of compounds. 

The chemistry of metal polysulfur complexes is much richer 

than previously thouqht. 

• 
, . 

J, , 

----------
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2. EXPERIMENTAL 

Physical and Analytical Measurements 

IH NMR spectra were recorded on Varian T-60 and 
1 

T-60A, Bruker WH-90, or a Varian XL-200 instrument. Variable , 

temperature'units calibrated with Methanol and ethylene 

glyc~l gave temperatures that are considered accurate to 

±O.SoC. Routine spectra were recorded at 3SoC (T-GO, T-60A) , 
.or 23°C (XL-200). AlI lH chemical shifts '(6 ppm) are re-

ported relative to internaI tetramethylsilane unless other-

wise noted and are considered accurate to ±O.OS ppm (T-GO, . . 
T-60A) and ±O.OOS ppm (WH-9Q, XL-'200). prot0t.: decoupled 

l3è Nf.ffi spectra were recorded at 23°C on the Varian XL-200 

with chemical shifts (0 ppm) relative to benzene (9 128.00). 

The following abbreviations are used to describe_lH NMR 

signals: s, singlet; d, doublet; t, triplet; m, multiplet; 

br, broad. Coupling constants are given in Hertz. Deuter

ated chlorinated sol vents were dried over type 4A molecular 
l '\ 

sieves. Other NMR solvents were used as recei~ed from Merck, 

~. Sha~ and Dohme Canada Ltd. Air-sensitive s ample s' were 

disso.lved under ni trogen and transferred to a NMR tube 

whiçh had been previously evacuated and filled with ni-

. • trogen. Samples using a CD2Cl2 :CFCl3 solvent mixture for 

low tempera~ure lH NMR studies and those for high tempera

ture studies (above IOOOC) were prepared similarly and . 
sealed in vacuo following a freeze-thaw degassin? cycle. 

", 

." 

" 
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l' 
Infrared spectra of.samples prepared as KBr discs 

we~e recorded on a Perkin-Elmer 297 spectrometer. AlI band 

positions are reported relative to the 1601 cm-1 calibration 

peak of polystyrene. The fo11owing abbreviations are used 

to describe absorption bands: vs, very strongi s, stro~gi 
~ 

m, medium; w, weak; vw, very weak; br, broadi sh t shouldér. 

Visible spectra in the 400-700 nm region were recorded on a 

Cary 17 instrument. 

M~s spectra were recorded on a Hewlett-Packard '. 

HP s980A [for CP2Ti(CI)SCHMe2' 114, (MeCp)2TiSs, 74, and 

(MeS Cp) 2HfS 3 '. 49], a DuPont 21-492B [for CP2Hf (SH) 2' 113] 

or an LKB 9000 (for aIl other compounds) spectrometer oper

ating at 70 eV and using direct sarnple inlet. The reported 

m/z value for a metal-containing species is the principal 

ion of thè cluster. 
~ , ~ 

~ Elemental analyses were performed by Midwest 

"Microl+. Ltd •• Indianapolis. Indiana, Guelph Chemical 

LabOrat~7~~J, Guelph, Ontario; or Galbraith Laboratories, 
It 

Inc., K6oxville, Tennessee. In many instances acceptable 

carbon and hydrogen analyses, but somewhat low su1fur anal-

yses,'were obtained. Such discrepancies have been noted 

for other cyclopentadienyl metal complexes with sulfur-

" l' d 264 , 265 MIl ' ht dt' d conta~n~ng ~gan s. . 0 ecu ar we~g s were e erm~ne 

by Spang Microanalytical Laboratory, Eagle Harbour, Michigan. 

Melting points were determined for s~p1es sealed 

oin air in capillary tubes on a Thomas-Hoover Melting Point· 

·.··1.t~.; 1 __ "'--~---:----------

'. -

/ 
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• : ~pparatus and are uncorrectec:t • . 
~ 

Materials and Methods 

o , ,'1 

! Reaction solven~s were dried and deoxygenated by 
ï 

. distillation under nitrogen from the appropriate desicc~t: 
• . 

hexane' over sodium-potassium alloy, toluene and tetrahydro-

furan over sodiurn/benzophenone, and methylene chloride over 

phesphorus pentoxide. 
1 

Titaniurn trichloride (Alfa, 98+%, H2 reduced), 

titanium tetrachloride .(J.T. Baker, purified), zirconium 

tetrachloride (Alfa, reaction grade, 99.6%), and hafnium 

rtetrachloride (Alfa) were used as received. powdered 

selenium metal (99.5%) was obtained from 'AnaChem~a. The 
, 

metallocene dichlorides CP2MC12 [M = Ti, Zr (Alfa); Hf (Strem)] 

were used as received, ~s was n-cyclopentadienyltitanium 
1 

trichloride, CpTiCl 3 (Strem). The substituted metallocene 

dichlorides bis (n-methylcyclopentadienyl) titanium dichloride, 

(MeCP)2TiCI2,266,267 bis (n-trimethy1silylcyclopentadienyl)

titanium dichloride., (Me3SiCP)2TiC12,266 and l,l'-methylene

bis(n-cyclopentadie~~l)titanium dichloride, CH2CP2TiC12,268 

were prepared a?cording to published procedures with minor 

modifications via the reaction of stoichiometric amounts of 

th l ' h' lt f h 2, d' 269,270, , e 1t 1um sa sot e ap~fop~1ate 1ene w1th t1ta-

nium tetrachloride in tetrahydrofuran solutions. The com-

pound CH2CP2TiCl2 could not be purified by the literature 

methods. 268 The crude product was therefore used without 

If< \ 1 1 ---'-_._ . .,-_._-------'._- ---_\ 
, " / , . 
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further purification in aIl subsequent reactions. Treatment 

'of CpTiC1 3 with lithium pentamethy1cyc1opentadienide in 

ref1uxing tetrahydrofuran (two days) gave a mixture of ,CP2TiC12 

(major product) and (n-cyc1~pentadieny1) (n-pentamethylcyc1o- ri' 

pentadienyl}tita~ium dich1oride, Cp(Me SCp}TiC12 (minor pro~

uct)., The latter compound was isolated in 3% yie1d by column 

chromatography on si1ica gel with CH2C1 2 as eluent. The 

literature procedure using (n-pentamethylcyclopentadieny1)

titanium trich1~ride, (MeSCp}TiC1 3 , and sodium cyclopentadi-

Jenide in a tetrahydrofuran solution gave Cp(MeSCp)TiC12 in 

54% yie1d. 27l The bis (n-pentamethylcyclopentadienyl) me t'a 1-

locene dich1orides, (Me
S

Cp}2MC12 (M::;:: Ti,272,,273 zr,274 

Hf27S ), were prepared by estab1ished procedures. 

The reagents 1,1'-thiobisbenzimidazole,2S8 1,1'-. 
'1 

dithiobisbenzimi~~zole,2S8 1,1'-thiobisphthalimide,276-l ,1'-

dithiobisphthalimide,276 N-2-propylthiophthalimide,277,278 • 

d N h 1 h ' "'d 277 d b h l' an -p eny t lOSUCClnlml e were prepare y t e ltera-

ture p~o~~dures or received as gifts from Dr. D.N. ~arpp 
. (McGill University, Montreal). A sample of N-4~ethylphenyl

thiophthal~m~de was supplied by Ms. J'>~rtgerink. 
, 

The following liquid reagents were obtained from: 

the indicated sources and used without 'additional treatment 

unless otherwise noted: triethylamine (Anachernia), thio1s 

(Aldrich], pentarnethylcyc10pentadiene (Aldrich) [also 
.. 

prepared using 2-bromo-2-butene (Aldrich) by the method of 
, 279 

Threlkel and Bercaw ], methyl lithium in ether (Aldrich, 

----

, 1 

\ 

_r 
-------- -------- ---------_ .... _----
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. 
1.6 M), n-b~tyl lithium in hexane (Aldrich, 1.6 M), and 

Super. Hydride (Aldrich, 1 M solution of LiEt
3

BH in" THF) • 

Hydrogen sulfide gas (Linde) was dried by passing 

it throqgh a short colurnn of calcium bhloride prior to use. 

Effluent vapours were passed through three scrubbing towers . 
containing: (1) 5 M aqueous sodium hydroxide, 2) saturated 

'4! 
aqueous lead acetate, and 3~ 5 M aqueous sodium hydroxide . . 
befpre venting into'an efficient'f~ nood. 

, 
Even wi th the se' 

precautions it was neces~ary to use 'a low 

Deaétivated neutral alumina for 

ga~ 

c61umn chromatog-
, . 

raphy was prepared from activated -alumina (Anachemia, 80-200 

~eàh) according te Coutts et al. 265 Florisil (Fisher, 60-
, ~--

100 mesh) and silica gel ,(Mer~, 70-230 mesh) were used as 
.-

received. Alumina (Merck, neutral type<T) and silica gel 

(Eastman) TLC plates with fluorescent indicators were also 

used.;a.s received. 

AlI glassware used,in the preparation and manipu

lati6n of zirconium and hafpium complexes was dried'at 120°C 

overnight and cooled in a'nitrogen stream. Dry solvents 
.' 

use~ in these experiments were purged with nitrogen prior 

to use. \ 

Unless otherwise noted, aIl procedu:es were c6n-
1 ~ 

,ducted under an atmosphere of nitrogen (Linde, prepurified) 

using conventional round-bottomed flasKs and establibhed 

inert-atmosphere hench-top techniques. 2ao Reactions were 

done in appropriately siz~d three-necked, round-bottomed 

l ' 

" 

f 

- :: 1 

" 

1 

l' 

l' 

,-
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flasks containing a magnetic stir'ring bar an'd fitted with 

a. stopcock adaptor and two stoppers unless othe~ise stated. 

Addi tion of H2S t.Ç> reaction solu~ions was by means of a 

gas i~let tube. 'The reaction vessel"and contents (and , , , . , 

attached pressure-equalizing dropping tunnel when required) 

were evacuated and filled with nitrogen (for at least one 

cycle) before adding dry solvent. Subsequent attachment 

of a rubber serum stopper and transferral of solutions to 
\ . ,'.' . 

( 

the dropping funnel b~ syringe was done under a brisk flow 

of nitrogen. Liq';1id reagents we;re added by syring~ through 

the serum stopper. 

Solution's of lithium polysulfides orl polyselenides 
. 

were prepared as follows: Super Hydride was slowly added 

by syringe to stirred sulfur powder (or to a stirred sus

pension in a' smal1 volume of THF when indicated) or grey 
1 

selenium powder. The resulting exothermic and effervescent 

reaction was stirred for ca. 20 minutes be~ore· a solution 

of the metalloc~e dichloride was added dropwise. Follow

ing the addition the flask in which the metallocene di
.:::::;:.i),J-

chloride' solution was prepared, the syringe used t~ tranSfer 

the solution to the dropping funnel, and the dr9Pping fUQnel . -
itself were washed with ca. 10 mL of THF and .the washings 

added to the reaction mixture • 

\ " . . All reactions gen~rated com,p~up'ds which were mal- , 

odorous to varying degrees and consequently were conducted 
, 

in a fum~ hood. This precaution was especially important 
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in the syntheses of the selenium derivatives. In ·the pr~pa-. , 
·ration of the lithium polyselenide reagent rrom elemental 

se'lenium and Super Hydride a red solid, presumed te be 
o 

elemental selenium derived from the decemposition of vola-
1 

tile selenium compounds, formed in the attached Tygon ~ubing. 

In sorne reactions, su.1fur was .used in excess or wasO 

a- by-product and ,was isolated during the wor~-up of the ex- . 

'pèriment. Its identity was confirmed by TLC (alumina) using '. 

hexanes as Eüuent. 

Product yie1ds . are based on the- limi ting reactants. 

o' I) Metal Bis (hydrosulfides) 

(A) Bis(n~cyèlopentadienyl)bis(hydrosulfido)titanium(IV>, 

~2Ti(SH)2' 110 
" 

A red solution of CP2TiC12' (6.04 g, 24.3 mmol) in 

~THF (500 mL) was treated with H2 S for 10 minutes. Slow' addi-

'/' tion ot E,t3N (6.90 mL, 49,.6 mmol) caused the solution to 
. 

. darken. -, Hydrogen sulfide was passed .through the solution for 

90 more minutes. In order t9 remove excess H2S, nitrogen gas 

was bubbled through the red-black l solution for 30 minutes. 

-Rapid . fil tration in ,air through Celi te, followed by washing 
'0' 

the filter cake with THF (4 x 10 mL) g~ve a malodorous red

black solution while an off-white insoluble residue remained 

on the fritte. The combined filtrate 1 and washings were 

stripped to dryness by rotary evapo,tation and the malodorous 
1 

1 260 
brown powder (5.55 g, 93%, dec. ca. 130°C) (lit. dec. 150-

, 

) 
- ..,--:: .. _~ ,-- .. ----r-; 

-. ~ 1; •. 0{. , '.. -' \ 
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160 OC) 
, t ' 

pumpinq on'~ it overnight." Since exces-

sive los occurred during récrystallization, 

the crude product was the ana1ytica1 samp1e and was used 

in ali subsequent reactions. 

lH NMR (CDC1 3 ): ô 6.28 (s, 10H, C
5

HS )' 3'.38 (s, 

2B, SH). 

IR (KBr): 
.. 

3130 (w), 3090 (m), 2960 (w), 2920 (w), 

2530 (w), 1725 (w) 1 1438 (s), 1~82 (w), 1367 (m) 1 1288 (m), 

1263 (m), 1160 (w), 1130 (w), 107S (w) 1 1025 (s, sh),' 1018. 

(a) 1 930 (w) 1 822 (V,sy 730 (w), 674 (w) cm -1.. .. 

Mass SP~uml ~/; (~el. intensity): M+··~ ~44 
+. • +. • • \ -- +. • • 

(3.8); M- -2H , 242' (4.4); M -H -S , 211 {3S.S,}; M -2H -S , 

, +.. +. • • 
210 (~s.8); M -CSHs ' 179 (19.7); M -~H -,25 , 178 (100.0); 
+. .•. +. •• • 

M -2H -S -CSHS ,145 (34.9) i M -2H -2S -CSHS ,113 (14.8Ji 

+- _Je.. +. ' M -2H -S -2CSH
S 

,80 (12.4); H2S ,34 (44.2). 

Via~ble s~ctrurn max. '(CH2C1
2
)! 476 nm (e: 3.0 x 10 3

). 

Anal. (%): Calcd. f6r Cl0HI2S2Ti: C~ \9.18; H, 

4.95; S, 26.26. Found: C, 49.97; H, 5.18; S, 23.18, 23.41. . 
-----ù""~'_li 'tIIt...~ ~ 

(B) Bis (n-CyclopenÈadienyl) bis (hydrosulfido) zirconium-

(80 mL) 

* 

. (IV), CE2zr(SH)2' 111, and 1,3-Bis[bis(n-cyclo~enta

* dienyl)z~rcona(IV)]cyclotetrasu1fane, (CP2ZrS)2' 112 
1 

A solution of CP2ZrC12 (4.38 g, 15.0 ~ol) in THF 

was treated with H2 S _fof about 10 minutes. Sl~ ! 
An alternative name for 112 is bis(~-thio)bis[bis(n-

cyclopentadienyl) zirconiurn(:IV)-].-

J 

-,' , 

1 
1 
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addition of E~3N (4.20 mL, 30.2 mmol) caused copious quan-
o 

tities of Et3NHCI to precipitate. To as.sist with the 

stirring of the thick slurry additional solvent (50 mL) 

was introduced. After stirring for one hour the slurry was 

filtered and the filte"I' cake was washed w;i.th 20 mL of sol-

ven~. Removal in vacuo of the volatiles from the clear 

yellow filtrate~ave a yellow-green micr~stall~ne solid~ 
This was -redissol ved in excess THF to gi ve an ernerald green 

solution which was concen~rated in vacuo at ambient temper

a#ure until small crystals appeared: Storage at -20 Oc for 

five days gave large yellow-green crystals of CP2zr(SH)2~ 

Ill, (1.70 g). By repeating the concentration and cooling 

cycle on the mother liquor an additional crop of 0.26 9 was 

isolated. Further concentration of the filtrate resulted 

in the formation of turquoise microcrystals of (CP2zrS) 2' 

!!!, which were isolated by filtration (0.08 g). Refrigera

tion (-20°C) of the emerald- green mother liquor gave a mix-
• ! 

ture of small yell'ow crystals and turquoise rnicrocrystals. 
t' 

~ These were redissolved,by ref~uxing in their mother liquo~ 

-'~or four hours. Cooling for Il days at -20°C ~ave turqu?ise 

microcrystals (0.60 g) contaminated by a few very small 

yellow crystals which were easily removed by hand after 

filtration. The overall yield of CP2Zr(SH)2' !!!' was 1.96 9 

(45%). Decomposition without melting occurs at ca. 145°C. 

lH NMR (eDC1
3
): ô 6 •. 28 (s, lOH, CSH

S
) , 1.9.4 (s, 

2H, SH). 

1 
f 
1 

1 ., 

----.r-----""l!'f---.-'---- - ..• +- --------
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IR (KBr): 3160 (s), 2550 (br, vw), 1854 (vw), 

1758 (w), l660~ (w), 1428 (s), 1358 (vw), 1262 (w), 1395 

(Yw), 1112 (w), 1051 (vw), 1015 (sh, s), 1002 (s), 920 

(m), 818 (vs), 802 (vs), 721 (m), 663 (w) cm -1. 

MasS,spectrurn, m/z (rel. intensity): The mass 

spectrum was consistent with the presence of a sma11 amount 

of (Cp2ZrS) 2' !!!, and possib1y (CP2Zr) 20S. Howe~er, 'a 

molecular ion was observed at m/z = 286 as well as the fr~q-
+. • • +. •• 

ment M -ij -S (m/z = 253) and M -2H -S Cm/z = 252). The 

most prominent ions are 1isted here for completeness: 504 

(14.0),488 (4.3),439 (34.8), 423 (14.3), 405 (8.2),374 

(13.1),358 (4.7),347 (1.4), 325 (2.4), 308 (3.1)',286' 

(13.6'),253 (100-.0),252 (l00.0), 225 (8.3),220 (10.9), 

219 ClO.2), 187 (55.8), 161 (11 .. 1), 147 (5.8). 

Anal. (%): Ca1cd. for Cl0H12s2zr: C." 41. 7p; H, 

4.21;' S,22.30. Found: C,42.17; H,4.49; S,' 21.72. 

The oyerall yield of (CP2zrS)2' 112, was 0.68 9 

(18%); decomposition occurred at 210-21S oC. 

lH NMR (CDC13,: ô~. 44 (s, 20H" CSHS) • 
. . 

IR, (KBr): 310"8 (w), 3063 (w), 1822 (br, yw), 

1712 (br, w), 1442 (m), 1434 (~), 1380 (vw), 1360 (w), 1260 

, (vw), 1124 (w), 1061 (vw), 1016 (~) 1 100~ (s), .918 (w), 888 

"'" (w), 842 (m), 830 (s), ~1.a· (sh, S)\.800" (vs), .780 (vs.), 730 

(s), 667 (w), 644 (w) cm -1. 

1 ( 1 · i) M+·, 504 Mass spectrurn, m z re. 1ntens ty : 
-+.. +.. • - • 

(47.9); M -CSHS ' 439 (100.0); M ,-C
S

H5 -2H -S , 405 (18.8); 

,-_. -----_. ---

1 
1. , 
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+- ' • +.. +_. • 
M -2C

S
H

S
' 374 (33.7); M -3CSHS ' 308 C6. 8); M -2CSHS -Zr, 

+, '.. +.. • . 
283 (2.3); M -2C

S
H

S 
-,Zr -S , 2S3 (B.ll; M -3C

S
H

S 
-Zr -5 , 

~ +,.. • 
187 (9.3); M -4C

S
H

5 
-Zr -S ,122 (0.4). 

Visible spe~t~um max. (CH2C12 ): 594 nm (E 70). 

Anal. {%}: - Ca1cd. for C10H10Szr: C, ,47.39; H, 

3.98; S, 12.~5. Found: C,46.79; H, 4.26; 5,12.85. 

(C) Reaction of. (CP2zrs) 2' 112, with H2S in a, IH NMR 

Tube 

A IH NMR tube con taining a sample of 112 was evac

uated and then filled with nitrogen. Deuterochloroform was 

passed several times through a short column of type 4A mo

lecular sieves and added to the tube. The resul ting turquoise 

soluti9n exhibited a single nS-cyclopentadienyl resonance at 

Ô 6.47 [relative to ô(CHC1 3 ) = 7.24]. Hydrogen sulfide gas 
, . 

was ëldded to- displace the n;itrogen atmo~phere in the NMR-

tube which was capped and shaken. The solution became yel10w 

-~- in colour and' the peak due rO ill was replaced by four signals 

at 6 6.31,6.17,1.97, and 0.84 [aIl relative to ô (CHCl 3 ) = 
7.24]" within 15 minutes. The peaks at ô 6.31 and 1.97 were 

, 
, the sarna within experim~ntal error (shifts az:ld relative in-

~ 

tensities) as those for an authentic sample of CP2zr(SH) 2
' 

Ill. 'The signal at cS 6.17 could not be assigned but May 

be due to impuri ties formed from reaction wi th traces of 

water or oxygen. The signal at ô O. 'Q4 'is attributed to 

After stanc::Iinq for 24 ho urs , the signaIs due "to 
<:;;J 

• 
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111 and H
2

S were still clear1y visible, with no trace of 

112, but elle signal at Ô ,6.17 was much more intense. 

Evaporation of the solvent and H2 S by mearfs of a nitrogen 

stream gave a ye1low microcrystal1ine solide This sample, 

in fresh CDC13 , exhibited resonances at ô 6.28, 6.16, and 

1. 94 with the signal at 0 6.16 now being the rnost intense 

signal. 

Attekpts to repeat this ex~riment on'a prepara-

tive scale were unsuccessful. • 
(0) Attempted Synthesis of Bis (n-cyclop~ntadienyl)

bis (hydrosulfido) hafnium (IV) , . Cp2Rf (SR) 2' 113 

Cp2HfC12 (0.5023 g, 1.323 mmol) in ,!,HF (25 mL) was 

treat .. ed with H2S for two minutes. Triethy1rujdJle (0.37 mL, 

2. 7 mmol) was' added by syringe into the colourless solution. 

A white precipitate formed irnmediately and the reaction mix:" 

ture became warm. Hydrogen sulfide 'was bubb1ed through the 

~lurry for an additionp 25 minutes, and the mixture' was 
~ 

fi1tered through Ce1ite. The filtrate was re~uced to dry-

ness in vacuo, leaving' a very malodorous' white solid. , This 
~ 

was extracted with 'l'HF (.65 mL) and the resu1tant slurry 

. fi1tered; a malodorous residue (0.117 g) was collected and 

discarded. The filtrate was' evaporated in vacuo to about 

. 10 ItJf- volume and coo).ed at _-20°C overnight to- give after 

removal' of the supérnatant 'by syringe a ma1odorous white 
a 

nûcroclYstalline solid (0.088 9). Thè product decomposes 
,~ 

, n 

1 

1 
. i 
1 

-. 
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at about 150°C with evolution of H2 S (the gases evo1ved 

gave a positive test with lead acetate paper) • 

1 H NMR (CDe1 3): ô 6.06 (s, 10.8H, CSHS) , 0.58 

(s, 1. OH, SH). 

IR (lœr): 3100 Cm) 1 3085 (m), 28S0 (vw), 2705 

(vw), 2565 (vw), 2415 (vw), 2280 (vw), 2080 (vw), 1840 

"(w, br), 1730 (w, br), 1630 (w, br), 1446 (m, sh), 1438 

(m), 1383 (vw), 1362 (m), 1268 (w), 1238 (vw), 1128 (vw), 

1071 (w), 1062 (w), 1020, (s), 1013 (s), 962 (w), 918 (w), 

893 (w), 852 (s), 849 (s), 842 (s), 810 (vs), 776 (vs), 

692 (vw), 668 (m) cm-l~' 
. 

Mass spectrum: Fragments containing more than one 

Hf atan were observed up to at least m/z = 600. 
+. , ' 

No M io~ 

,-j~ m/z ~ 376", expected f~r CP2~f(SIi> 2 was obèërved. 

Anal. (i): Ca1cd. for C10H12HfS2: 'C, 32.04; 

H,3.23; S, 17'011. Found: C, 23.12;" H, 2~67; 5,7.,52. 

Ca1cd. for C10HI1Hf2S: C, 23.09: H, 2:13: S, 6.16 • 

. II) Metal Thlolates: CP2Ti (Cl) SR, CP2Ti (SR) 2' and 

~2M[S (CH2L3 S] CM = Ti, Zr) , '" 

,(A) Bis(n~Cyclopentadienf1)chloro(2-proPY1thlo~ato)-. 

titanium(IV), CP2Ti(C1)SCHMe2~ 114 
. 

To a solution of CP2TiC12 (0.2467 g, O.9§08 mmol) 

in THF (20 mL) was add.ed by syringe 2-propanethiol (0,.20 ÎnL, 

2.1 ~ol) followed by Et3N (0.30 mL, 2.2 mmol). The- solùtion 

was refluxed uhder ni trogen for 23 hours. After cooling, the. 

, " 

1 

, , 



r: 
1 
l , \ 

" 

./ '{ ~ _._" _ ... "' _______ ...-...1 .... _----', _____ ........ __ -..- ... ______________ "_~ .--......-----___________ '.___ 

Q' 

1 

74 -

mixture was filtered through. a pad of silica gel. The filter· 

,cake w:as wasbed with ca. 50 mL of THF. The red fi1trate was 
- , , 

reduced to dryness---rIl vacuo to g~ve red, malodorous, solid' 

Cp2Ti(C1)SCHMe2, 114, (0.222 g., 78%), pure by I H NMR spec

troscopy. This was disso1ved in 1:1 hexanes:CH2C12 and 

applied to a chromatography co1umn (d~acti vated alumina). 

E1ution with 1:1 hexanes :CH'2C12 gave a red solution which 

was co11ected under nitrogen.' Slow evaporation of the s01-

vent !.!!. vacuo gave 114 as red crysta1s, mp 150-152 Oc wi th 

decomposition. , ' 

I H, NMR (CDCl 3): ô 6.33 (s, 10H, C
S

H
5

) f 4.20 (m, 

1H, il = 7 Hz, CH), 1.35 (d, 6H, J = 7 Hz, CH
3

),. 

IR (Iœr): 3125 (vw), 3108 (m), 3100 (m), 309<1 
. 

(m), 2965 (m), 2955 (m), 2925 (w), 2910 (w), 2'860" (w), 14QO 

(w), 1452 (m, sh), 1444 (m), ~1379 (vw), 1361 (w), 1258 (m, 

br), 1233 (m), 1152 (m), 1129 (vw), 1069 (vw), 1040 (w), 

1029 (w, sh),' 1023 '(w), 1014 (m), 942 (w, br), 868 (w); '829 

(w), 848 (m), 838 (m), 824 (s), 807 (vs), 717 (m" pr)', 652 

(vw, br), 628 (:;w) cm-l • The absorpt~on at 717 cm-1 m~y be 

due to the TiOyi moiety which is kIiown to absorb in this 
161 / 

region. 
., 

Mass spectium, m/z (rel. intensi ty): M+', 288 

+. ". +". (28.7); M -C3H7 -5 ,213 (100.0); M -CsH
5 

-C
3

H
6

, 181 

+- ". - +-" - • (15,.3); M' -Ç3H7 -S'-Cl, 178 (4.1); M -C3H7 -5 -Cs_H-!35--'-'~~-'-':==r<-<n 
+. • -. - +_. 

148 (11.8); M -C3H7 -Cl -CsH
5 

,145 (19.3); M -C
3

H
7

-

•• + + 
CI-2C5 HS ' 80 (f.3); C3H" 43 (27.0); C3H5 ,41 (28.1); 

----~--'-, -, 
" 

.... 1 1 ~ 
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, 
Anal. (i): Calcd. for C13Hl7ClSTi: C, 54.09; 

H,5.94; Cl,' 12.28; S, 11.11. found: C,53.06; H, 

6.12; Cl, 12.86; S, 10.44. 

lB) Bis{n-cyclopentadi~nyl)bis(2-propyl~hiolato)-

titanium(IV), CP2Ti(SCHMe~L2' ll~ 
A solution ôf 2-propanethiol (2.0 mL, 2.11 mmol) 

Q • 

in THF (50 mL) was cooled in a dry ice / acetone bath. To 

the cold stirr~d solution wa~ added methyl lithium (1.5 mL 

of a 1.6 M solution in ether, 2.4 mmo,l). A'fter stirrinq for 

fi've minutes the cold bath was removed and the reaction 

allowed to warm to· room temperature. Stirring was continued 

for an additional 10 minutes. The solution was cooled by 

"means of an ice bath and a SOl~tion of CP2TiCli (0.2489 g, 

0.99~6 mmo1) in THF (50 mL) was addèd drQPwise., A reaction 

took plac,e immediately and the reaction solution became 
'" --..., 

Stirring w~tinued-at-amb±ent-tem-
~ ~ 

purple in colour. 

perature for 23 hours after which the volatiles were rem~ved 
, ~ , ~ 

in vacuo. Th~ residue was dissolved in 1:1 hexanes:CH2C12 ' 

and transferred to a chromatography column (deactivated 

alumina). E1ution with the same solvent mixture gave a 

purple solution of CP2Ti(SCHM~2)2' 115, in the first band 

and a red solution,of CP2Ti(Cl)SCHMe2' 114, in 'the second 

band, both of Whi~ere collected undeÇ? nitrogen. The 

solvent was removed from each in vacuo or by means of 

q 0' 

1 

",-
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evaporation in a stream of nitrogen unti1 the onset of crys

tallization. Cooling at -20°C overnight gave deep purple, 

malodorous crystals of the dithiolate 115 (0.056 g, 17%, 

mp 144-l46°C) and red microcrystals of the monothiolate 114 

(0.014 g, 5%, mp 156-15.8°C with decomposition). For spec-. 
troscopic details of the latter cdhlpound, see the fo11owing 

. experiment. The analytical sample of 115 wàs obtained by 

sublimation at 90°C (0.03 torr, 4 .. ~ P~). ____ . ___ _ 

lH NMR (CDC1
3

): ô &.15 (s, lOB, CSH
5
), 3.65 (m, 

2H, J = 6 Hz, CH), 1. 30 (d, 12H, J = 6 Hz, CH3). 

IR (KB~): 3122 (w), 3108 (vw), 2970 (m), 2955 

(m), 2920 (m), 2910 (m), 2858 (m), 1850 (vw, br), 1750 (vw,' 

br), 1635 (~, br), 1448, (m), 1440 (m, sh) f 1375 (w), 136 9 

(w), 1359 (m) 1 1304 (vw), 1266 (vw), 1255 (vw), 1241 (m, 

sh), 1238 (m), 1153 (m) 1 1148 (w, sh), 1101 'vw), ,1059 (m) 1 

1042 (~, sh), 1038 (m), 1026 (s), 1013 (~) 1 881 (vw), 856 
"-

(m) 1 848. (vw), 842' (w, sh), 839 Cm) 1 831 (vw), 823 (w), 811 

(vsr, 630 (w) cm -1. 

Mass spectrum, m/z (rel. intensity): M+", 328' 
+. • \ +... 

(14.3)1 M -C
3

H
7 

,285 (1.4); M -C
3
H

7 
-5 1 253 (8.5); 

+- • +... , 
M -C

3
H

7 
-C

3
H6 , 243 (3.0); M -C3H7 -C3H6~S , 211 (4.0) i 

+. •. +. ' 
M -2C3H7 -5 , 210 (3.3); M -(C3H7)2S2' 178 (100.0) 1 

. +. +...., 
(C 3H7') 252 ' 150 (1.1); ,M -2C3H7 -5 -C5HS ' 145 (23.8); 

. +. +.... 
(C

3
H

7
) 28 , 118 (1. 5); M -2C3H7 -25 -C

S
H5 ' 113 (7.6) 1 

+. ••• + 
M, -2C

3
H7 -5 -2CSH

S 
" 80 (4.6); C3H7 ' 43 (10.5). Meta-

" 
stable ions, rn/z: 247.6 (m/z = 328 ~ m/z = 285), 118.1 

• 

1. 
i 
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f 
{ 

(nl!z 
1 

= 178' 
1 

-+ m/z ,= 145), 96.6 (m/z = 328, +. m/z = 179), 71.7 

(m/z' = 17~ -+ m/z = 113) • 

_Anal'. (%): Calcd. for C16H24S2Ti: C, 58.52; H, 

7.37~ S, 19.53. Found: C,,57.88; H, 7.68~· S, 17.93. 

(C) Bis(n-èyc1opèntadieny1)chloro(2~methyl-2-propy1-
, 

thiolato),titanium{IV), CP2Ti(C1)SCMe3' 116 

A, solution of 2-methyl-2-propanethiol (0.24 mL, 

2.13 mmo1) -in THF (75 mL) was coole9 in a dry ice/acetone 

bath. 'Methyl lithium (1.5 mL of a-1.6 M solution in ether, 

2.4 mmol) was added by syringe. !he coo1ing bath was re-· - -

,'1 'moved and the solution was allowed~ to warm to ambient tem

perature. Stirring was continued for five hours. A solu-

• <S' tion 'oI CP2Tid12 (0.~49S. g, 1.002 mmol) in THF (20 mL), 

. prepared under nitrogen, was added dropwise" to the Me 3CSLi 

. solution. Immediate reaction caused the reaction solutio~ 

to turn a purple colour. The solution was ref1uxed for 13 

hours. VOlatiles were removed in vacuo from the then deep 

red solution. A CH2C12 extract of the residue was filtered 

through a pad of deactivated alumina which was then washed 

with 10 mL of solvent. The deep red filtrate was evapo.:.. 

rated in' vacuo, then dissol ved in a minimum of 1: 1 hexanes,: 

CH2C1 2 . This sqlution was transferred to a chromatography 

co1umn (deactivated alumina). A red solution of FP2Ti

(Cl)SCMe 3 , 116, was removed with 1:1 hexanes:CH2 C12 • Concen

tration and cooling at -20°C gave deep red crystals (0.028 g, 

--



( 

, 1 

1 

l, Ct 

\ 
\ If 

.' 

Ct 

-- ~ .. -,"~-- -~ '- -~.-"~.~ , , 

, 
- -~----- ~--------- - -~-~-- - - --- ~ ~ 

- 78 -

9%, mp 112-118°Cl. 0 

1 H NMR (CDC1
3
): 

.. "\l.l 

IR (RBr): 3095 (w, br), 2995 (vw), 2965 (w) 1 

~ 

'. 

~935 (vw), 2890 (vw), 2860 .(vw), 1469 (vw), 1447 ,(m, "br), 

1363 (w), 1259 (w), 1152 (w), 1139 (vw, br), 1106 (vw, br) ~ , 

1070 (vw, br), 1036 (vw, sh), 1027 (m), 1013 (m), 868 (w, 

sh), 852 (m, sh), 841 (m, sh), 8'24 (m, sh), 811 (vs), 718 

-1 -1 
(s, br) cm • The absorption at 718 cm may be due to the 

TiOTi moiety which is known to absorb in this region. 

, +" Mass spectrum, m/z (rel. intensity): M , 302 

+. • +o. +o. o.. 
(6.6); M -Cl, 267 (0.6) i M -C4H

8
, 246 (2.5); M -C

4
H

9 
-5 , 

+- • \ . +-.. 
213 (58.5); M -C4~9 -Cl, 210 (64.2); M -C4H9 -C5H5 -C4H8 , 

+- .•• ... +. .. • 
181 (13.2); M ,-C 4 Hg -5 -Cl, 178 (9.0)!. M -C 4 Hg -S -C

5
H

5 
' 

+. • •. +. ~.. 

148 (34.3); M -C4 Hg -Cl -C
5

H
5 

' 145 '(21.4); M -C4 H
9 

-s -
• • +. + 

C~ -C
5

H
5

, 113 (3.8); C4 Hl ,OS ,90 (32.5); C3H7S, 75 (13.1); 

\C
4

H
9
+, 57 (100.0); C

3
H

5
+, 41 (72.2). Metastab1e ions, m/z: 

116.2 (m/z = 181 -+ m/z = 145) 1 102.8 (m/z = 213 -+ m/z ::: 148)', 

100.6 (m/z = 210 -+ m/z = 145), 29.5 (m/z = 57 -+ m/z = 41). 

Anal.' (%): 

H,6 1 33; C1,11.71; 
.- ' 

Cl, 11.,75; S, 10.'37. 

Ca1cd. for CI4H
I9

C1STi: ,C, 55.55; 

S, 10.59. Found: C, 55.51; H, 6.,41;' .. 

(0) Bis (n-cyclopentadienyl) bis (2-methyl-2-propy1-
.' 

1 thiolato)titanium(IV), CP2Ti(SCMe3L2' 117 

A solution of 2-methyl-2-propanethio1 (0.70 mL, 

" , 

,. 
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6.2 mmoi) in 'l'HF (50 n\L) 'wâs coo1ed in an i'ce bath. To 

this was 'added n-buty1 lithium" (4.0 mL of a 1.6 M solution - , 

in hexane, 6.4 mmol) • The ice bath was removed and 'stirting 
" 1 

was continu~d fO; two '~ou~s. _A solutiob of Cp2TiC12 
. " 

(0,.2488 g, 0.9992 mmol) , 'in THF (50 mL), was addE[9 dropwise 
- , ' 

causing the' reafltion solution to become purple in colour • . , , 
, 1 ~ • ~ ... 

Stirring was continued for one more hour. Filtration· 
, ' 

throu~h ac1:ivated' alumina fo1lowed bY washing' of th~ filter 
, . 

pad wj,th 10 mL of THF gavè a pJ.lrp1e solide AlI volatiles 

. were removed in vacUo. The residue ,was extracted wi th 

2 x 20 mL of dry CH2C1 2 , filtered thro~gh Celite, anq the 
.... 4 • 

filte~ cake washed with 20 mL of solvent. The solvent was 
.' 

evaporated in vacuo from the combined filtrate and washinqs .. - , 
. 

Recrysta1lization of the residue' fro}U anhydrous 

~diethy1 ether gave malodorous, s1ight1y air-sensi ti ve purple 

microcrys~a,ls (0.229 g, 64%, mp l76-178°'C). An analytical 

sample was obtained by sublimation at 75°C {0.03 torr, 4.0 
"""- ...... ' 

Pa)'. 

1H NMR (CDC1)) _: ô 6.20 (s, lOH, C
5
H

S
) , 1. 52 (s, , 

18ir, C~3)' 

IR (~r) : 3115 (vw), 2985" Jvw, sh), 2965 (m) , 

2935 (vw, sh)-, 2910 (m) , 288~ (w), 285.0 (w), 1830 (vw, br), 

1730 (w, br) , 1470 (w) , 1460 (w, sh·) " 1450 (m) , 1439 (w, 

sh), 1383 (w) , 1365 (w, Sh), 1356 (m)', 1260 (w) , 1208 (w) , 

1198 (w) , 1160 (m) , 1147 (m, sh), 1132 (w, sh), 1070' (vw) ,. 
--

1'028 (m) , 1016 Cm) , 913 ' (w)', 840 ( (m)-I 821 (m), ,808 (VS), 

" , 
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787 Cw, sh), 661 (w) 
-1 cm. ' • 

+" Mass spectrurn, m/z .(re1 .. ~ntensity): M ! 356 
+, . +- - f' 

(8.4); M. -C
4

H8 , 300 (1.0) i M -C4H
9

·, 299 (3.3),; M -

. • t·· t· • 
C

4
H9 -s , 267 (3.0); M -C4H9 -C4HS" 243 (13.6); M -C4 H9 -

. , t···' +. • S -C4H8 , 211 (20.0); M -2C4H9 -5 , 210 (12.7); M -2C4H
9

-
• ' ~ +. ••• , t· 

2S , 1]~ (100.0); M -2C4Hg -S -CSHS ' 145 (29.2) i M -
••• .. +. +.. 

2C4H9 -25 -CSHS ' 113 t6. 4); C4H10S , 90 (4.4); M -2C'4H9 

S':-2CSH5', ~o (3.8); C4H97' 57 (29.9): C3Hs
t

, 41 (21.6). 

Metastab1e ~ons, m/z: 211.1 (m/z = 356 -+ m/z = 299), 197.5 

(m/z = 299 + m/z = 243), 166.8 (rn/z = 267 + m/z = 211), 
. 

150.9 (m/z == 210 -+ m/z = 178), 71. 7- (m/z = 179 + m/z = 1'13), 
. 

29.S (~/z = 57 + m/z, = 41). 

Anal. (%): Ca1cd. for C18H28S2Ti: C"GO.6S; H, . 
1 

7.92; S , l 7 • 99 • Found : C, 60. 59 ; H , 7 1 83 i S, 17.82.-

,CE) Bis (l1-cyclopentadienyl) bis (pheny1thio1ato) ti ta

nium(IV), CP2Ti(~Ph)2 ,118 

" This compound was prepared by the reported method 

of Giddings28~ from CP2~iCI2 (0.1271~, 0.5104 mmol), PhSH 

(0.15 mL, 1.4 mmo1), and Et3N (0.20 mL, 1.4 mmol) in re

fluxing to~uene. Chromatography on deactivated·a1umina 

wi~h e1ution with 1:1 hexanes:CH2Cl2 gave two bands: a 

purple one fo],llowed by a slower rnoving red band which was 

eluted with CH2C12, -The 1H NMR of the residuè from ~e red 

fraction indicated the presence. of severa! compounds and 

this fracti9n was not examined further. The volume of the 
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purple eluate was reduc~d ~ va~uo .until the onset of crys-

ta11ization. Coo1ing (-20°C) overnight gave the product as· 

a maroon microcrysta11ine solid (0.128 g, 63%, mp 194-196°C) 

(lit. 282 199-201°Cl. 

1H NMR .. ~CDC13) : 
- 10H, CSH

S
). 

IR (KBr): 3120 (w), 3065 (w) 1 3050 (w) 1 3040 (w), 

2995 (vw), 2925 (vw), 2955 (vw), 1755 (vw, br), 157~ (m), 

1564 (w), 1478 (m), -1463 (m), 1459 (w, sh), 1440 (w, sh).I 

1438 (m), 1434 (m), 1363 (w), 1302 (w), 1261 (w), 1171 (w), 

. 
(vw), 1152 (m) " 1062 (m), 1027 1160 (vw), 1129 (w) , 1083 

.8 

(s, sh), 1022 (s), 1016 (s), 997 (w), 978 (vw), 96 (vw) , . '" 

920 (w, br), 850 (m), 83.1 (s, sh), 827 (vs, sh), 82 (vs) , 

743 (vs) , 698 (s),689 (s) -1 cm . 
Mass spectrum, m/z (rel. intensity): M~, 396 

+.. +. 1 •• • 

(7.3) i M -C6HsS , 287 (68.8) i M -C~S -S -CSHS ' 222 (9.7): 
1 +. .. . ,. +-... 

M '-C6Hs ,-S -CSH
5 

-H , 221 (16.0); M -C6HS -S -CsH
5 

-H
2

S,. 
, -' -. +. ' • +... ~. 

188 (11.7); M -~C6HSS , 178 (100.0); M -2C6HS -s -C5~S ' 
+. ••• +. 

145 (6.9); M .~2C6H5 -25 -CSHS 1 113 C8.4); C6H65 ,110 
+- +.... 

(15.8): C6HS5 , 109 (6.9); M -2C6HS -S -2CSHS ' 80 (5.9). 

Metastab1e ioris"m/z: 208~ (m/z = 396 -+ m/z = 287), 159-.2 

(m/~ ,,;. 222 ,+'{m/z =_ 188), 1io.4 (m/z = 287 -+ in/z = 
\) ~ 

178). , 
"'"' 

71.7 (m/z = 178 -+ m/z = 113). 

Visible spectrum max. -(CH2C12 ): 537 nm Ce 5.2 x 103). 

Anal. C%): Ca1cd. for C22H20S2Ti: C, 66.66; H, 

5.09; 5,16.18. Found:· C,67-;.02; H, 5.02; S, 16.22. 

______ - •• ~-~ r 
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(F) Bis(n~cyclopentadienyl)bis(4-methylphenylthiol-
, 

ato)titaniurn(IV), CP2Ti(SC6H4Me)2' 119 
, , 

This· compound was prepa!e'd by th~ genera1 method 

of Kopf ando Schmidt283 from CP2TiCl2 (0.2496 g, 1.002 mmol)-,,-

mmol) in THF. The crude reaction product contained a small 
• 1 . 

amount of _ CP2Ti (Cl) (S-4-C6H4Mel (by H, NMR) which was re-
\ 

moved during chromatography on alumina. The desired product 

119 was elut~d with 1:1 hexanes :CH2C12 as a purple band. 

, This fraction- was stripped ta dryness on a rotary evaporator 

" , 

and recrystallized in- air from CH2Cl2 / CH
3

0H at -20°C to 
, 

give lustrous purple plates (0.203 g, 48%). This was re-

crystal1ized twice from CH2C1 2 / hex_~es mixtures to give. 

the ana1ytica1 sample as red-black crystals, mp 182-18~oC 

(lit. 283 198.5-199.5°C). 

IH NMR (CDC1
3
): ô 7.25 (AB quartet, 8H, J = 8' Hz, 

C6H4), 6.03 (s, 10H, CSHS)' 2.35 (s, .6R, CH 3) •. 

IR (KBr): 3120 (w),' 3065 (vw),' 3045 (vw) 1(""'3030 

(w), 3010 (vw) 1 2970 (vw), 2920 (w), 2860 (w), 24'90 (vw), 

1645 (w, br), 1590 (vw), 1555' (w'l br), 1485 (s), 1440 (m, . 
br), 1420 (vw), 1393 (w), 1365 (w), 1298 (vw), l.210 (vw), 

1175 (m), 1155 (vw), 1128 (vw) 1 1113 (vw), 1100 (w), 1080 
, 

(m), 1065 (w), 1020 (m, sh), 1013 (s), 980 (vw, br) ~ 960 

(vw, br), 939 (vw), 918 (w), 850 5w), 818 (vs), 804 (vs), 

790 (m, sh)" 701 (vw), 626 (w) cm -1. ' 

Mass spectrum, m/z (rel. intensity): 
+. 

M \' 424. 

·1~:':;;;';;;;;;;'n=--:-""'7:::.;:.;:;p::-A'~·<---
• _, - 1 '- : ! 
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+. -. +.. 1; 

(13.7) i M -CSHS 3S9 (1.4); M -C7H7S, 301 (98.4); 

+. o.. +.... . 
M -C7H7 -8 - CSHS ' 236 (10.0) i M -C7H7 -8 -CSHS -H , 

+. ••• +.. 
23~ (14.8); M -C7H7 -8 -CSHS -H2S, 202 (7.9) i M -2C7H~S , 

+. .•. +. 
178 (100.0) i M -2C7H7 -S -CSHS ' 145 (6',8); C7H8S , 124 

+ +.... ' 
(10.9) i C7H7S , 123 (6.6); M -2C7H7 -2S -CSHS ' 113 (6.7); 

+ +.... J 

C7H
7

, 91 (14.7); M -2C7H7 -S -2CSHS ' 80 (,4.,4). Meta:' 

stable ions, m/z: 2a3.7 (m/z = 424 ~ m/z = 301), 172.9 

(m/z = 236 ~ m/z = 202),105.3 (m/z = 301 ~ m/z = 178). 

Anal. (t): Calcd. for C2aH24S2Ti: C, 67.91: H, 

5~70: S, 15.11. Found: C,67.78; H,5.S1: 4S,15.24. 

(G) Bis(n-cyc1opentadieny1)titana(IV)-2,6-dithia

cyclohexane, CP2Ti[S(CH2L3S1, 120 

To a stirred THF solution (40 mL) of l,~-propane-

dithiol (0.50 mL, 5.0 rnrno1) was added methyl lithium (5.5 

mL of, a 1. 8 M ether solution, 9.9 mmol) slow1y by syringe • 
. 

An exothermic reaction occurred to give a_suspension of 

the white dil~thium salt. Stirring was continued' for two 
< 

hours after which.all volatiles were removed in vacuo. A 

suspension of CP2TiC12 (1.233 g, 4.9Sl mmo,l) in THF (70 mL) 

was added dropwise to the solid di1ithium sa1tm an ~Dnic 

reaction to give a deep purple mixture which was stirred for 

2.75 hours. Removal of the solvent in vacuo gave a purple 
>" 

residue. - '" , . The product may be' 1solated by extract~on at am-• 
bient temperature with CH2C1 2 or, more efficientl~, by using 

a Soxhlet apparatus. ,The solvent was removed from the 'purple " ... 

. -
~- -C'1'·4".\"fi~ __ ,,~~-- _ ... ':......,_ ...... .-- .... ,.. --,.,.. 

,\ ' 

~ 

. 1 
1 
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l 
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.é,xtract by rotap" evaporation unti1 the 0qset of ~t~lli-
, \1 

zation'wfiereup~n cooling at -20°C overnight gave the prod
t-

ep purple need1es ,( 0.531 g, 38%, mp 207-
>t • 0 

siti'bn) . \ 

1H NMR (CDC1
3

): Ô 6.11 (s, 10~H, C5H5 ), 3.08 (t, 

, 4H, J =. 6 ... 0 'H~, CH
2

) , 1.93 Cq"uintet, 2H, J ,= 6.0 Hz, CH2). • 
" 

IR (KBr);' 3120 (vw, br), 3085 (w), 3075 (w,' sQ,) , " 

2958 (vw), 2935 (w), 2920 (w), 2905 (w), 2815 (w), 2337/ (~' i 
br) , . 1845 (vw, br) 1 1745 (vw, br), 1640 (vw, br), 1560 (vw1," 

1448 (m, sh);, 1438 (s), 1420 (m), 1;385 (vw)', 1370 (w, sh), , , 

(w) " 
~ , 

1365 (w), 1345 (w) , 1~20 1290 (w) , 1265 (w) , 1250 (w, 

sh) , 1243 (w) , 1233 (m) , 1182 (w) , 1129 (w) , 1068 (w) , 1152 
1 

(vw) , 1020 (s), 1013 (s, sh) , 1010 (m, sh), 939 (vw) , 908, 

(vw, br), 855 (m) , 848 (m) , '835 (s) , 8'129 (s) , 810 (ys) , 

. 801 (vs, sh) , 798 ,(vs, sh) , 785 (s, sh) , 755 (w) , 728 (w, 

, br) , 673 (vw) 
-1 

cm .. 
+. 

Mass spectrum, m/z (rel. intepsity): M , 284 

+. +. • +. 
(59.2):?1 -H2S, 2S0 {1.6): M -2H -H2S, 248 (2.2): M .-

• ,,' +.. +.. 
C

S
H

5 
' 219 (2.7): M -C3H3S , 213 (11.5): M -C3H7S , 209 

+_ 1. +..., 
(9.8) i M -CSHS -H2S, 185 (10.8): M -CS~5 -2H -H2S, 183 

+. '+.~. 
(14.7); M -C3H4S2 , 180,(47.2); M -:-C3HSS2 , 179 (l~~,.O); 

+. +. • +. 
M -C3H6Sf' 178 (24.3); l>1 -C5HS -C 3H6 , 177 (65.8): M -

" +. ~ +. • 
C

3
H

8
S2 , 176 (61.4); ~ -CSHS -C2H4S, 159 "(1p.1): M -C5HS 

+. • +. 
C

3
H

6
S, 145 (66.9); M -CSHS -C3H6S2 , 113 (53 •• 8); C3H6 S2 

. +.. 
..... 106 (9.1) '; ,M -2C5 HS -C3H6S, 80 (25.2). 

Molecu1ar we~ght CCnC1 3}: Calcd. for C13H16S2Ti: 

, ' 
~ ,1. 

1 
) 

" 

.0 



, 
" 

1 
i 
1 

1 ( : . 
'- ' 

• 

(' 
, . 

- 85 

- . 
, 284.30. Pound-: 281. 

Q 

Anal.'''(%): ,Calcd. f~'~~13H~6S2Ti:. C, 54.9'2; H' , , 

_ " • - /,.t ï"!:1i 

'.5.67; . S, 22.56. Found:, C, 52'.·8.9). H, 5.66r S, 21.73.' / 

, Calcd. for .é13lf16~2~i • 1/6 CH2ç:1 2: . ·c, 53.D2; H,~. 5.-52; S, 
, >, 

21. 49~ . Methylene chlor'ide was observed in the· lH NMR spec;' 

trum. 
" . ' 

(H) Bis <'n-cyclopentadienyl) zircona(IV) -2 ,6-dithia-
\ i' l 

,cycl,ohelqUle, CP2zr[S (CH213'sl " 121 

~,3-propapedithiol (0.32 mL, 3.2 mmol) in THF 

, . 

(50 rnJ,) was treated with methyl lithium (4.0, mL of a 1.6 M 
1 \ 

• • ) ? 
r ~ '-, ~ 

ether solution, .6.4 nuncl) via syring~" to give_exothermically 

,a white precipitate of Li2S2 (CH 3)j' The slurry was stirred 
,. 

zpr 20 minutes. To this was added dropwise CP2zrCl2 

~ (O.8765 gJ 2.998 mmol) in THF {20 mL}. A bright yellow 

solution formed 'immediately and after the addition was 

completed the stirring was continued for another three hours 

, at ambient 'te·mperature. Removal of the volatiles in vacuo 

leftoa bright yellow solid which was transferred to a 

• > 

Soxhlet apparatus in a ni t;-ogen-filled glove-bag. Extraction' 
, 

under ni trogen wi th CH2 Cl2 for 20.5 hours gave a lemon yellow 

extraçt which Was co~d overnight at -20°C. Filtration 

gave the product as a ~right yel19w microcrystalline solid 

(O.522 g'). The complex melts at 248-252 oC wi th decomposi tion 

although darkening of the sample was evident at ca. 200°C • . 
IH NMR (CDCl 3 , 200 MHz): At least seven resonances 

. " 

Il, ., 
1 

1 1 

1 

'l· 
j 't -, 
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~ Il\ 
J ~ 1'\ 

we~elpresent in the db·region at Q ,6 :,2 ,com~x sets of 

'. 
1 

2915 (vw) , 2905 (w) , 2828 (~) 1 1823 (vw, br) , 1726, (vw, br) , 
.{,-, 

1633 (vw 1 br) 1 1455 (vr) 1 1435 (m) 1 1428 (m, sh)'; 1420 (m) 1 • 

. '-1381 (vw) 1 1369 (vw, s~),' 1359 (w) , 1343 . ,.,r,~ i326 (vw, sh). 1 • , 
, 

""1322 (w) , 1290 (w)', 12~0 (vw) t 1249 (w, sh) 1 1243 (w), -123'8 

. (w, sh), 1228 (w) 1 1185 (w) 1 1164 ( vw), 1122 (v:w) 1 11 i 3 
. . .. \ 
(vw) 1 1063 (vw) 1 10S2 (vw 1 sh) 1 10~2 (yw) 1 1018 (s), 10,12 

(s, sh), 10'08 (m', sh), 980 (vw), 949 (vw), 942 (vw, ah), 
' .. 

, 
922 (vw), 905 (vw) ~ 893 (vw) 1 846 (m), 823 (s) 1 806 (vs, ah), 

803 (vs), 793 (vs), 75..,. (w) 1 733 (w), 705 ,(vw), 670 (w), 635 
" , 

, ':"'1 
(w),cm • • , ,p~~ 

Mass spectrum~ m/z~. intensity): P,+-; 326 

,.+. +. +. 
(99.1)"; P -C

3
H

6
,284 (26.9); P' -C 266 J4.7); P -

, - +. ' +-
C3HSS 1 253 (100.0); P -C3~6S' 25 2.4· P -C3H6S2 , 

+. • , +, • 
220 (59 .1~ i p ,~,-C2H4S-C5HS ' 201 (5. 3) ~ -C3H6S-CSH5 , 

+- • +, • 
187 (76.~) 1 P -C3H6S2,-CSHS l' 155 (5. 7~; P -C3H6S-2C5HS 1 

122 (7 .1l. ~ati1e i~n$. mlz: 196. ~ (m/z =' 326 ~ m/z '" 

2 5 3), 138. 2 (ml z = 25 3 -+ ml z = 187). 

Ca1cd~ 

, " 
t '17.33. 

Anal. (%) : ' Ca1cd. for c13H16s2zr: -

S, 19.57. round: C, 44.24; H, -4.69; 
; 

for C1'3H16s2zr • 1/~ CH2C1 2 : 'C, 43.81 ; 

c, 47.66 ; H, 

S, 17"12)' 

H, 4.63;, S, . , ' . 
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III) Titanium Po1ysu1fahes , . 
, "~ 

(A) Bis(n-cyclopentadienyl}bis(2-propyl~no) 
'!~. 

titanium(IV) '. CP2Ti (S2CHMe21.2' 122 
;~'"' 

. A colourless so!irti6n of N-2-propylthiophthalirnide 
tel 'Y ~ 

~ ~ ';-- ... ...... 0 

(0.4437 g, "2.005 rnmol) in THF (20 mL) was cooled in an ice 
'
': 

bath. A red-b!own solutioQ'of CP2Ti(SH)2 (O.2440 g, 0.9906 , , 
mmbl) in THF (15 ~mL) was added dropwise to the stirred 'Phth-

SCHMe
2 

solution. The reaction solution became purple in -
, 1 
• r 

colour. After stirring at OOC for one hour/the solvent was . 

removed in vacuo at this temperature. The dry purple residue 

was extract~d with 2S mL of CS2 at OQC to rernove the phthal-
" . "" ~ , 

imide by-product and fi1tered through Ce1ite into an ice-

cold receiving vessel. Removal of the solvent in vacuo left 

a sticky purp1e solid. This was extracted with several 

portions of hot hex-anes' (total volume about 125 mL). The 

volume of the cornbined warm extracts was reduced in :y,acuo 

t'o ca." 50 mL and coo1ed to ambient ternperature. Refrigerà-

tion at -20°C gave th~ product as a rnalodorous purple~solid 

(0.285 g, 73%, mp 76-18°C) which was stable to air for short 

periods of tirne. Recrystallization at 0 oC from 1: 1 CH2C1 2 : 

hexat;les gave the .ana,lytical sample.· 

1H NMR (CDC1
3
): 0 6.21 (s, 10H, CSH

S
) , 3.06' (m, 

& 

2H, J = 6.7 Hz, CH), 1.28 (d, 12H, J =·6.7 H'i, CH3 ) •. 

13é NMR (C
6

D6 ): 0 113.17 (CSHS )# 42~3~ (CH), 

2 3 • 14 (CH 3) • 

IR (KBr'): 

• 

3110 (vw, br), 3085 (w) ~ 3075 (vw), 

" 

' .. 

1 

1 

f ' 

/ 
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1 
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1 
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f C,}. 

, . 

" . ,~ . 
l ' , 

-P ........ ~.----;;'""""-----_ .. _ ....... _-..- _, 

I~' • 
, , 

't 

Atl , 

, ! ''1 

. .. 
2'975 (\01, sh)" 2965 (m, sh) , 2957· (m)', 2940 (vW,),' 2920 (w~:, 

291.0 (vw, sh), 2B85 (vw), 28S6" (w), 14.55 (vw), 1440 (m, br)', 

1373 (w), 1361 (w, sh), 1358 lm), ,1310 (vw), 1258 (vw) " 
. . 

12,43 (w), 1231 (m), 1151 (m), 114~- tvw 1 sh),' 1127 (vw)," 
• 0 

, .-

d 10 
, 

\ 
\ 

, 

1103 (vw) l' 1069 (vw), 1047 (m), 102'1 (m), 1010 (w), 't 1002 
1 

;, 
l, 1 

(w), 918 (vw, br), 888 (vw) l ,856 (w), 84'0 (w), 832 (vw, sh), 
v. -1 824 (s), 815 '(vs), 790 (vw, sh), 660 (w, br) CJIl. . 

Mass sp~ctrum, rn/z'o (re~. ,intehsi ty):. M+:, 392-

+.. , +.. +, , •• 
(0.2); M -5', 360 (1.1)'; M, -25 , 3~ (0.8); M ,-C3"7 -s , 

+. . . '. ~ +_.~. \ 
317 (0.6); M -C

3
H
I

" 2~" 21JS·(20.6); M -C
3
"7 -35 ,,253 

+. • • +. ,- •• , 
(23.2); M -C3H7 -:25 -«=3H6' 243 (2!. 3.); M, -2C

3
H7 -2S " 242 

+.' +,.. 
(S.2): C

6
H145 4 , ,214,(13.4); M -2C

3
H7 -35 ,210 (7.9); 

+. .•• +_. 4> • • 

M -2G3~7 -s -CSHs ' 209 (12.0): M -2CSHs -2S -H , 197 

T' . +. • ' . '. .. 
(7.4); C

6
H145 3 ' ,182 (7.2); M -2C

3
H 7 ,,:,45 , 178 (57.3): 

, 0 

+, •• • +, 
M -2C

3
H

7
-2S -CSH

S
' 177 (32.7); C6H14S

2 
.. ,150 (4.9); 

+, • ~.. ~. 
o M -2C3H7 -35 -CSHS ' 145 (18 .• 4); 7SH14S ,lIB (2.1); 

+, •• • + 
M -2C 3H7 -45 ~CSHS 1 113 (11.3); C3H7S2 ' 107 (25.0); , 

~+. +. • '. + + 11, -2C3"7 -35 - 2Cs.Hs 1 80 (6.0); c 3It'75 , 75 (8.7);1 ,C3H7 ' 
, ' :'7', + + y 

43 (100.0); C3H
S

,. 41 (52.8); C3H3' 39 (32,.6). Metastab1e 

ions, m/z: 207.2 (m/z = 285 + m/z = 243), 71.7 (rn/2 = 
178 -+ m/,z = 113). 

, , 

Ana!. (i) .:--'''Cètl:'eè. for C16H24S4Ti: C, 48.96; 

H, '6.16; S, 32.68. Found: IC, 49.03; H, 6·,05; 5, 32.45. 
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(B) ,Bis (n-cyclopentadienyl) '(phenylt,hiolato) (phenyl-
, . .,v"" 

trisulfano) titanfufu(rV), CP2Ti (SPh) (S3Ph), 123 ~ 

A. solution of N-phenylthiosuccinirnide' (0.4148 g, 

2. 001 rnmol) in THF (25 mL) w'as treated dropwise, wi th 
r 

ep2Ti(SH)2' llU (0.2442 g, 1.000 rnmol) in THF (25 mL) at . 
QOC over 25 minlltes. The solution turf'led purple. 'After 

, " . 
stirring at O°C for 30 minutes the solvent was removed 

\ 

in vacuo at this temperature leaving a dry purple.soli~ 

which was extracted at OOC. with por~ion~ of CS2 and fi1tered 

throug:h Celite. The "combined filtrates (~. 90 mL) were 

st~ipped in vacuo to 1eave a sticky residue. This was 
'--, 1 

di~soIved in excess boiling 1:1 hexanes :CH2 C12 and the 

sol ution concentra'ted by means of a ni trogen stream until 

the onset of crystallization. Cooling to ambient tempera-

ture and refrigerating at -20°C gave the product as a 

purple microcrystal1ine solid (0.307 g, 67%). The motner 

liquor was removed at ooe by means of a Pasteur pipette, 

and- discarded. The analytical samp1e of crystal10graphic 

grade crysta1s was obtained by two recrysta11izations from 

CH2C12/hexan:s, mp 131-132°C"with decomposition. 

1H NMR-(CDC1
3
): ô 7.2 (m, 10H, C

6
H

5
), 6.08 

(s, 10H, C
S

H
5
). 

IR (KBr): 311S (w)" 3060' (w), 3045 (w), 2995 

(vw, br), 2920 (vw), '1947 (vw, br), 1853 (vw, br), 17'59 

(vw, br), 1661 (vw, br), 1583 (w, sh), 1576 (m), 1562 

(vw), 1473 (s), 1462 (m), 1435 (s), 1420 (vw, sh)', 1371 

1 .. __ ~_. ____ . ____ .______ _ _ c .: 

l 
- l 

f 
j 

} 



'. 

., 

(. , 

- 90 -

~ 

-_/ 

(vw) 1 1363 '<}(w), 11323 (vw), 1297 (w) 1 1260 (w) 1 1179 (w), < 

1168 (vw) 1 1150 (w) 1 1128 (w) 1 1081, (w) 1 1073 (w) 1 1068 

(w), 1062 (w) 1 .1021 (s) 1 1010 (m) 1 996 (w) 1 979 (vw) 1 968 

(vw), 924 (vw), 917 (vw), 909 (vw), 0892 (vw), 856 (m) 1 

\ \ 
849 (m, sh) 1 ~40 (m), 830 (s, sh), 821 (vs), 812 (vs), 

74 8 (vs), 738 (vs), 698 ( s), 690 (s),'" 6 8 3 (m) 1 610 (vw ~ 
-1 cm 

+. • 
Mass spectrum , m/z (rel., int'ensity): M -25 , .. 

396 (7 2) '0 S T;+', 8 ( ) +.. ) • i C
10

u
10 

S ~ 33 3.8; M -2C6HS ' 306 (5.1 i 

+... +.. . 
M -2S -C,6HSS ,287 (71.41); M -2C6HS -5 ,'274 (LS);' 

+. +. l, • • 

C12H1053 ' 250 (2.5); M -2C6HS -CSHS ' 241 (19.9); 
+. +.... 

C12H10S2 ' 218 (32.3); M -2C6HS -S -C5HS ' 209 (6.5); 
+.. •• +... 

M "'3S -C
6
H

5
5 -C

6
HS ' 178 (100.0); M -2C6HS -CSHS -S2' " 

+ +,. • ~ u '. 
177 (11.8) i C

12
H

10 
' 154 (5.1); M -2C6H5 -3S -~ , 145 

+ ",.;;, •• • 
(13.3;; C

6
H

S
S

2 
' 141 (7.1); M -2C6HS -4S,-CS H5 ' 113 

- +. + 
(10.6); ,C

6
H

6
S 110 (48.3)'; C

6
H

S
S, 109 (41.5). Meta-

stable ions, m/z: 208.0 (m/z = 396 + m/z = 287), 159.4. 

(rn/z = 274 + m/z = 209) 1 157.8 (m/z = 396 + rn/z = 250) 1 

130.0 (m/z = 241 + m/z = 177), 110.4 (m/z = 287 + m/z = 

178), 71_.7 [m/z = 178 + rn/z = 113). 

4.38 ; 

Visible spectrurn max. (CH2C1
2

): S 3 4 nm (E 5.2 x 10
3

) • 

Anal. (%): Ca1c~. for C22HioS4Ti: C, S7.37; H, 

S, 27.85. Found: i:J 56 • 59; li, 4.12; S, 27.29. 
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(c) 
, ~ b 

Bis (n-cyc1opentadieny1)"(4-methy1phenylthio1,ato)-
1 

(4-rnethylpheny1trisu1!an'o) ti tanium (IV) 1 

.CP2Ti (SC6!!.4Me) (S3Si!!4Me), 124 

A solution of N-4-methylphenylthiophtha1imide 

(0.2692 g; 0.9996 rnmol) in THF (20 mL) was treated at O°C 
t 

w~th. CP2Ti(SH)2' 110 (0.1218 g, 0.4987 rnmo1) in THF (30 mL) 

dropwise over 33 minutes to give a purple solution. Stirring 

at OOC was continued for 50 Iminutes after the addition had

been completed. Remova1 of the solvent in vaèuo gave a 

.dry purple solid. This was extracted at DOC with CS
2 

(total 

10 mL) and fil tered through Ce1i te into an ice-co1d recei ving 

flask. The CS 2 was stripped at 0 o~ in vacuo. Recrysta1-

lization fromhot héxanes 1 1:1 hexanes :CHiC12- or diethy1 

ether-gave the product (0.149,g, 61%, mp l08-110°C) • 

. 1H NMR (CDe1
3

): cS 7.57 -7.03 (m, 8.7H, C
6

H4) 1 

6.12 (s, 10.OH, CSHS)' 2.35 (s, 5.1H, CH 3). 
. 

IR (KBr): 3115 (w), 3065 (vw), 3040 (vw), 3005 

(vw), 2960 (vvi), 2910 (vw), 2850 (vw), 15'96 (vw), 15S7 (vw), 

1488 ('s) , ;t462 (vw, sh), 1440 (m), 1431 (m) 1 1418 (vw" sh) , 

l'395 (w) , 1374 (vw) , 1363. (vw) , 1,301 (vw), 1293 (vw), 1258 

(w) , 1206 (w) , 1180 (w) , 1173 (w) , 1128 (w) , 1112 (vw) , .,. 
~ 

1099 (w) , 1083 (w) , _,1078 (vw, sh) , 1011 (w) , -1035 (vwh ~.' ., 

1020 (m) , 1010 (s) , 920 (vw) , 853 (m) , 838 (m, sh) , 821 

(vs) 1 818 (vs) , 810 (vs), 808 (vs, sh) , 701 (vw) cm 
-1 

~ 

Mass spectrum, m!z (rel. ~ntensity) : M+--2S', 424 

.+. +.\ - • 
(2.1); C10Hi05s Tl. , 338 (1.4) i M -C7H7 -35 , 301 (22.4); 

\ 
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C14H1453 ,278 (S.9~~ C14H14S2 . " 246 (59.8): M -2C7H7 
- +-\. •• • 

CSHS ' 241 (9.7~~ 'M -C7H7 -H -3S -CsHS ,235 (4.8); 
+_ • _' 'f.Î _ +_ 0 . 

M -2C7H7 -S -CSH5 ,209 (3.8); C14H14 ' 182 (4~3); 

+- ".. + +.' • M -2C7H7 -4S , ~78 (3s.2)~ C7H7S2 ' lS5 (f.7); M -2C7H,,-
- " • +.' -+= 35 -CSHS ' 14S (7.5); C7HaS , 124 (?2. 9); C7H7S 1 123 

+. • -. + 
(100.0); M r2C7H7 -45 -CSHS ' 113 (5.3); C7H7 ' 91 (62.4). 

Anal. (%): Calcd. for C24H2454Ti: C, S9.00~ H, 

'4.9S; S, 26.75 •. Pound: C,57.62; H,4.95; S/2S.l2. 

IV} Cyclio Metal Po1ysu1fanes 

(A) The Reactions of Cp2Ti(SH)2' ~, with: 

(i) Sulfur 
b 

In air Cp2Ti(SH)2' 110 (0.98 9, 4.0 mmo1) in 
, 

CH2C12 (100 mL) was added dropwise to sulf~r powder (1.03 9, 

,4.02,' mmo1} in CH
2

C12 (10'0 mL). The mixture was refluxed 

in air. (with a 'calcium chloride drying tube attacheâ to the 

condenser) for 1.25 hours. The deep red mix~ure was fil-

-, tered iori air and the light brown insoluble was washed wi th 

~O mL, of dry CH2C12" The combined .fi1trates ~ere evaporated. 
\ • l. 

to dryn~ss to give a ~eep red sligh~ly oily,residue. Fraq-
. 

tional crystal1ization fro~" CH2~12 at, -20°C gave _brick-.. 
co1oured nee~Ues (0.48 g', mp 117-119°C) which were mostly 

l). tt, .. 

, ~ 

su1fur by T~C.' Chromato~raphy of the mother liquor on 
. ~- , 

Florisil eluting with 1:1 hexane:~~ne and then pure 
,~ 

to~uene c;Jave a red band which wa's' col1ected and stripped .. 

11: 
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CpiTi (SH) 2" mp 196-197°C] _ (lit. 163 , mp 201-202°C).' 

/''.,--

(ii) 'l'rt' -Thiobisbenzimidaz~!e 
, The 9ompound l,l' -thiobisbenzimidazole, (Bz-S-:-Bz) 

(0.5451 g, 2. 04 7 mmo~) wasr: susp~nded in toluene (20 mL) l ; 

)" 

, ~ 

,and treated d,ropwise wi th., suspensioIf of CP2 Ti (SH) 2' !!Q, 
, ' 

(p.5000 g, 2.04'3 mmol) 'in toluene (50 mL). The reaction 
~ 

mixture initi,ally' assumed a purple èolour which darkened 

as the reaction progressed. After stirring for three hours 

at room temperature TLC (alumina/CH~C12) indicated the 

absence of 110. AlI volatiles were removed in vacuo. . 
1 , 

The residue was extracted with CH2C12 (2 x 20 mL) and the 

extracts were filtered through Celite.~ The filter cake 

was washèd with 3 x 5 ~ of CH2C12 • A pu~ple residue of 

low solubility in CH2C12 remained on the Celite pad and 

was discardeâ. The tiltrate was evaporated to dryness to 

give a black residue. This was dissolved in CH2C12 and 

chromatographed on F·lorisil,. Toluene eluted a red band 

~ which was collected and evaporated ~ vacuo to give CP2TiSS' 

73 (0.147 g, 64% basèd on Bz-S-Bz). Elution with 1:1 

t91uene:CH2C12 gave a blue band (strongly overlapped by 
~ 

the red band due to 73). The fractions in which the blue 

product was Most highly concentrated (TLC) was collected 
, 

and reduced in volume to about 5 mL whereupon a dark solid 

began,to precipitate. After cooling at -20 oe for.ll hours 
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# a pink supernatant (containing 73 by TLC) ~as removed by 

syringe ,from a dark. blue soliç]. (0.0023 g, 1% ,based on 
.. 

,Bz-S~Bz) which was free of 2l (TLC). The 'blue product . 
was identified as 1,S-(CP2TiS3)2 by comparison of its 

colour, IH NMR s.pectrum, 'and electronic spectrum wi th 

that reported in the 1iterature. 103 No molecular ion 

wa~ seen in the mass spectrum (70 eV) of this minor product. 

(iii) l,lt-Dithiobisbenzimidazole 

A suspènsion of l,l'-dithiobisbenzimidazole (Bz-
1 

S2-~z) (0.63 g, 2.1 mmol) in THF (80 mL) was added dropwise 

ov~r 40 minutes at 27°C',to a solution of CP2Ti'(SH)2'!.!.Q. 

(0.50 g, 2.1 rnmol). Stirring was c?ntinued for an addi

tional 21 hours. The reaction mixture was filtered through 

Celite whicn was washed with la mL of solvent. The deep , .. , 

red filtrate was reduced in volume to,ca. 35 mL and trans-

ferred to a chromatography column (Flotisil). Elution with 

4;1 hexanes:toluene (200 mL) gave a tailipg red-violet band 
, , 

which was collected. Further elution with 1:1 hexanes: 
/ ' 

toluene followed by purè toluene, gave red fractions ~hich 

consisted only of ~p~TiS5' 73 (NMR). Upon standing the 4:1 

hexanes:toluene fraction deposited ~,brown' solid and the 

solvent was removed under reduced pressure. The resulting 
~ 

-' red"'bi~ck, solid was' ext'racted wi th dry toluene' (3 x 30 mL) 

and filtered through a small amount of Florisll leaving 

behind the bro~n soli.d. The solvent was removed in vacuo. 

, '. 
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The major compon~nt was 73 (NMR) but a sm~ll amount of 

l,s-(CP2TiS3}2 (~. 4% by NMR relative to CP2TiSs) was 
J 103 ~ 

also present. The yield of 73 was 0.33 9 (70%) based 

on Bz-S2-BZ as the limiting reagent. 

(iv) I,l'-Thiobisphthalimide 

A slurry of l,l'-thiobisphthalimide (Phth-S-Phth) 

(0.3265 g, 1.007 mmol) in THF (20 mL) was treated drapwise 

with a solution of CP2Ti(SH}2' 110 (0.2442 g, 1.000 mmol). 

Th~. 'initially colourless Phth-S-Phth suspension became 

purple and then rèd-black as the addition progressed. The 

reaction mixture was allowed to stir for 70 minutes fol1owing 

the addition after which the volatiles were removed in vacuo. 

fIn air, the residue was extracted with CS2 , the extracts 

fi1tered, and the solvent removed in vacuo to leave a brown 

residue. This was dissolved in CH2Cl2 , filtered, and 

chromatographed on a silicagel column. "Elution with 1:1 

hexanes:~H2cl2 gave a slowly moving red band, which was 

collected and stripped to give Cp2TiSS' 73 (0.043 g~. 

Additional 2l (0.005 g) was obtained by extracting the CS
2 

insoluble residue with CH2Cl2 , filtering, rotary-evàpo

rating, and washing with hexanes. A sample for micro

analysis was obtained by recrysta~lization from ÇH2C12~ 
, . 163 

hexanes at -20°C, mp 194.s-195°C (lit. 20l-202°C). The 

yield was 42% based on Phth-S-Phth as the 1imiting reactant. 

Anal. C%): Calcd. for ClOHlOSSTi: C, 35.4'9; 

. , 

.. 
, -...;.:==::---- '-~~-: .... ~..,. .. -.-..-'-~ 

,~ ~ ~:.-::.~ ,~-
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H, 2 •. 98-; S,47.37. Found: C, 37,~37; H, 3.0li ~S, 44,.55. 

) (v) 1,1'-Oithiobisphthalimide 
'. . . 
A slurry of l,l'-dithiobisphthalimide (~hth-S2-

Phth) , (0.3654 9, 1.205 mmo1) in THF (25 mL) was treated 

dropwise over 30 minutes with a solution of CP2Ti(SH)2' 

110 (0.2500 g, 1.022 mmol) in THF (25 mL). The suspensiqn ---
was' stirred for an additional 2.5 hours. The volatiles 

were removed in vacuo from the deep red reaction mixture. 
, , -- -----
The residue was,extracted with CH2Cl2 , rapidly' fi1tered in 

• air, and the filtrate chromatographed on a F1orisi1 column. 

Elution ~th CH2C12, gave a deep red fraction w~ich wa~ 

stripp~d ·by rotary evaporation ~o leave CP2TiS5' 73 (O.l?l g, 
. 

45% b~sed on Phth-S2-Phth as the 1imiting reactant). This 

was recrystal1ized from CH2C12/pentane at -200~ to 'live 

the ,ana1ytical sample, &'192-193 0 C (lit. 163 20l-202°C) ", 

~ Anal. (t): ~d~ for C10H10S5Ti: C, 35.48; 

H, 2.98; 5,47.36. Found: C, 34.98; H, 2.92; S, 4'6.85. 

(B) Reactions of CP2zr(SH)2' 111, with: . 

(i) Su1fur 
o 

To1uene (50 mL) was added to an ice-co+d solid 

mixture of CP2Zr(SH)2' !!! (0.64 g, ~.2 mmo1) and sulfur 

(0.51 g, 2.0 mmol). The mixture was'stirred over four 

, hours during which ti~e it was allowed to warm to ~ient 

temperature. The colour chanqed from pale y~llow to bright 
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1 



! 
, 1 

1 

/0 
, 

, t 

t 

r 

" 

.. 91 -

yellow. The mixture was filtered, its volume reduced in 

vacuo and cooled at -20°C for several days. The first 

product consisted of a mixture of small orange crystals 

and large pale yellow crystals. These were collected by 

filtration 'and the mother liquor reduced further in volume 

ànd cooled. Subsequent products were similar mixtures of 

crystals. The crystals were separated manually and com-' 

bined. The ye1low product was sulfur by TLC. " The orange 

crystals (0.104 g, 12%) were subsequently identified as 

cP2zrs5' 75 (see p,age 109). It decomposed without rnelting 

at ca. '169 oc. 

Anal. (%): Ca1cd. for ClOHlOSSZr: C, 31. 46 i 

H,2.64; S, 42.00. Found: ,C,30.2l; H,2.59; S, 42.97. 

~ .~ 

'<t 

(ii) ~, l,l'-Dithiobisbenzimidqzole 

Tolu~n~' (50 mL) was added to an ice-cold vesse1 

'containing a mixf~re of powdered CP2Zr(SH)2' III (0.58 g, 
l 

2.0 rnrnol) and l,l'-dithiobisbenzimidazole (BZ-S2-BZ) 

(0.60 g, 2.0 mmol). The ice bath was removed and the 

slurry was stirred for 12 hours. This was filtered and 

the pale yellow insoluble material was washed with solvent 
~ 

(2 x 5 mL). The combined lemon yellow filtrate and washings 

were concentrated and cooled in vacuo at -20°C for 10 days 

to give a mixture of large, well~fQrmed golden crystals 
l , '\ 

\ 

and smaller yellow crystals. The mother liquor was removed 
, 

by syringe and the crystals dried first in a stream of 

1 
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nitrogen and finally in vacuo. Th~ air-stable mixture of . , 
crystals was separated rnanuâlly in air te g,ive golden ~,:. 

cP2zrs5' 75 (0.163 g, '32% based on ~the BZ-S2-BZ) and 0.1\0 g , 

of the yellow microcrystals. The IH NMR. and' infrared spectra 

of the latter.were consistent'with a mixture of benzimidazo'Ie 
, , 

and ah anidentified CP2zr-containing product, and were not 

further characterized. The golden crystals irreversibly 

became deep red be~ween 1600C and 170oC. 

For spectral data see page 109. 

Anal. (%): C, 31.46; 
;.' 

H,2.64: S,42.00. Found: C,31.65; 'H,2.7'5; S,39.18. 

(iii) Iodine 

A solution ,of CP2zr(SH)2' III (0."l62'~, 0.563 mmol) 

in toluene (25.mL) was prepared. A preweighed solids addi-

tion tube containing powdered iOdine (1.310, g) was attached 

to the reaction vessel and the iodine was slowly added ~til 

the solution maintained a red colouration. A slight precip-

itate was noticed at this point. The solids aqdition tube 

was removed and weighed which indicated that 0.164 g (0.646 

mmal) of iodine had bèen added. AlI volatiles were removed 

from the reaction mixture in vacuo and the res~~s~ pumped on 

ta leave a yellow powder (0.269 g, guantitative yield) which 

appeared ta be pure (NMR). Recrystallization from CH2C12/ 

pentane gave bright yellow crystals (mp 296-298°C with de-. 
0\ ',~ 

composition; .lit. 284 299-30l 0 C) which exhibited a strong 
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285 positive Beilstein Test for halogen. ' These were 
4, 

subse-

quently identified by rnass spectrometry as 

lH NMR (CDC13): Ô 6.67 (s, 10H" 

c~2zrI2' 

CSHS)' 
+. 

Mass spectrurn,' m/z (rel. intensity): M , ,474 
, "" +.. +- • '. +. 

(78.9) i M -CSHS ' 409 (14.9) i M -I , '347 (100.0) i M ,-

2tsHS"' 344 (2.8); M+o-CSHS"-I
O

, 282 (1308); M+"-2IO, 220 

(7.1); M+--2CSHS ~-I· 1 217 (0"4);' M+"-CSHS -"'2I\ l5S (l.l) o', 

(C) Reactions of Group IVB Metallocene Dichlorides 

with Lithium Polysulfides to give: 

(i) Bis (n-cyclopentadienyl) titana(IV) cyclo-

hexasulfane, CP2TiSS' Il 

A yellow solution of lithium polysulfides was 
" . .. 

prepared from sulfur powder (0.4820 g, 10879 mmol) and 

Super Hydride (6.0 mL of a lM solution of LiEt3BH in THF., 

6.0 nunol). A red solution of CPiTiC12 (0.7468 g, '2.999 

mmol) in THF (7S mL) was added dropwise over 2b minutes 

ta' gi ve a deep red reaction solution which wa~ "stirred at 

26°C for 14 hours. The volatiles were removed in vacuo 

and the residue extracted with CH~C12 {IOO mL) 0 Filtra

tion through Celite and removal of ,the solvent from the' 

filtrate by rotary evaporati.on gave the product as dark 

'red microcrystals (0.994 g, 98\). The cru~ product was 

pure by TLC and was the analyticalsarnple, mp 196-l98°C 

tlit. 163 20l-202°C). 
r ' 

_ .. ::-----' 

~ 6.32 (s, 5H, CSHS)' 6.03 (s, ,.. 
, 

.... " ' •• 1-
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IR (KBr): 3130 (YW), 3110 (m), 3095 (w, sh), 

3080 (vw) " )950 (vw), 2870 (vw), 2690 (vw), 2415 (vw), 

2425 (~) ,j2270 (vw), 2075 (vw) 1 1872 (vw, br), 1853 (vw, 

br), 1763 (VW, br), 1675 (w, br), 1700' (w, br) ,,1450 (w, 

.sh), 1434 (s), 1419 (s, sh), 1363 (w), 134'0 (vw), 1282 

(w), 1265 (vw), 1210 (vw), 1154 (vw), 1128 (m), 1062 (w), 

(fo 

1022 (s), 1015 (s, sh), 1010 (s), 925 (w), 857 (m), 833 

(s), 823 (vs), 815 (vs)', 6S6 (vw) cm-1 

Mass spectrum, m/z (rel. intensi~y): M+-, 33B 

+." • +. +. • 
,(24.2); M -5 , 306 (0.3); M -52' 274 (19.7); 1.f -35 , 1.' 

+. ' +--Q,. 
242 (100.0); M -25

2
,210 (51.3); M -52-C

s
H

s 
,209 (s8.S); 

+- - +- '- - +- • M -35 -52' 178 (77.6); M -45 -CSHS ' 14S (39.9); M -25-, 

• +- - - +. ~ -
2C5H5 ' 144 (23.1); M -55 -CSHs ' 113 (17.9); M -45-

2C
s

H
5
·, 80 (14.8). Metastab1e ions, m/z: 222.,1 (m/z == 

1 

338 + m/z = 274),160.9 (m/z ="274 + m/z = 210), 130.~ 

(m/z = 242 + m/z = 178), 100.6 (m/z = 209 + m/z = 145), 

71.7 (m/z ='178 + m/z = 113). 

Visible spectrum max. (CH2~12): 491 nm (~l. 7 x 103 ). 

Anal. (%): Ca1cd. for C10H105sTi: C, 35.49; H, 

2.98; 5,,47.37. Found': C,35.22; H,3.34; 5,47.27_ 

(ii) Bis.(n~thY1cyc1opentadienY1} titana (IV~
cyclohexasulfane, (MeCp)2TiSsL-l! 

5ulfur powder (0.2910 g, 1.134 <mmo1) was treated 

with S~per Hydride' (3.7 mL of a lM solution of Li~t3BH 

1 
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in T~F, 3.7 mmol) to give'a golden lithium pOl~U1fide 
s·olution. A red solution of (MeCp) 2TiC12 (0.5014 g;-

1.810 mmo1) in THF (30 mL) was added dropwise over,25 

minutes. Stirring was' 60ntinu~d for two hours at ambient . .' ~ 

temperature. Removal of the volatiles in vacuo 1eft a 

's~ightly'sticky red solid which was triturated with h~xane 

1 (20 mL) for 2.5 hours to give a ~ red solid. The red 
.j 

sUfernatant was reduced in volume by rotary evaporation tG 

1eav~ sma11, amount of a brown oi1 which was not examined 

further. Extraction of t~ red solid with CH2C12 (2 x 30 mL) 

.and filtration thrç>ugh C~lite gave a deep red fi1trate. The 
~ 

Ce1ita pad was washed w~th CH2C1 2 (20 mL) 1eaving a white 

fi1ter cake. Removal of the solvent from the combined 

fi1t~ate and washings in vacuo gave a s1ightly sticky resi

due. Recrysta11ization from CH~C12/pentane at -20°C gave 

the product as two types of crysta1s: 1arge"irregu1ar 1ight 

red plates and sma11 deep red rhombohedra1 plates (0.566 g, 

8,5%, mp 171-172 OC) (lit. 168 dec. 200°C). 

1H NMR (toluene-d8, 200 MHz): 6 5.62 (t, 2H, J = 
2.6 Hz, C5H4), 5.59 (t, 2H, J = 2.6 Hz, C5H4) , 5.45 (t, 2H, 

J = 2.E Hz; CSH4) , 5.32 (t, 2H, J = 2.6 Hz, CSH4) , ~.97 (s, 
- -

3H,' 'Me), 1. 65· (s, 3H, Me). 

IR (KBr): 3090 (m), 2975 (vw), 2950 (vw) '" 2915 

(vw), 2890 (vw), 2850 (vw), 1494 (m), l48i (m), 1448 (m), 
, . 
1438' (m), 1410 !w), 1388 (vw), 1369 (m), 1349 -(vw) , 1308 . . 

(vw), 1258 (vw), l2~,3 (vw), 1235 (w), 1078 (w)", 1065 (vw), 

0, 

1 
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1048 (w), 1036 (1'l}), 1019 (m), 976 (vw), 938 ,(w), 928 (m) " 

904 (m), 900 (m), 849 (m), 846 (m), 841 (s), 838 (s) 1. 933 

(vs) 1 830, (vs), 629' (vw), 608 (vw) cm-1 

+-Mass spectrurn, m/z (rel. intensity): M ,366 
. t. +- - +. - +.. (10.2) ~ M -5, 334 (6.6) ~ M -25 :.302 (31~0); M -~6H7 ; 

+. • +. • 
287 (5.1); M -35 / 270 (100.0);,M -S -C6H6 ,.2s6 (11.1); 

+- • +- _. +. • , 
M -45 , 238 (l~.s); M -25 -C6H7 ,223 (54.9); M -55 , 

+. • • +. • 
206 (51.8); M -ss -2H , 204 (30.9); M -35 -C6H~, 192 

-ro---~ +_.: +.... 
(19.0); M -3S -C6H7 ' 191 (17.0); M -25 -C6H7 -H25, 18~ 

, +. • • +" • 
(16.4); M -35 -CH3 -C6H6 , 177 (13.8); M -4S -C6H6 , 160 

+"." +" • • (19.6); M -45 -C6H7 ' 159 (21.6); M -45 -CHi -C6H6 , 145 
+" • +" " ' (23.2); M -55 -C6H6 , 128 (9.9); M -4S -C6H6-H2S, 126 
+ _ •• ,+.CI". _ 

(24.5);, ~ -55 -CH3 -C6H6 , 113 (49.0); M -2C6H7 -45 , ~O 

+ (75.7); C6Hs ' 77 (48.3). 

Visible spectrum max. (CH2C12) : '488 nm (e: 1.9 x 

10 3) , 434 

3.85; S, 

(sh, ,1.0 x 10 3). 

Anal. (%) : Ca1cd. for C12H14SS'ti: C, ,39.33; H, . 

43.75. Found: C, 38.96; H" 4.10; 5, 43.92. 

tiii) BiS(n-t~imethylsily1cYClopentadien~1)
titana (IV) cyc1ohexasu1fane, (Me35iCç') 2TiSS' 

11. 

pu1fur powder (0.1593 <;1, 0.6210 mmo1)" was treated 

with 5uper Hydride (2.0 mL o~ a lM solution of LiEt3BH in 

TUF, 2".0 mmol) to give a lithium polysulfide solution.' A' 

deep red solution of (Me3SiCp)2TiC12 (0.3932 g, 1.000 mmo1) 

., 

1 

, " 
j 
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in THF (20 mL) was added dropwise over 20 minutes and fo1-

10wed by stirring at arnbient temperature for 3.75 hours. 

Volatiles were removed in vacuo to 1eave a malodorous oi1y 

purp1e residue. Extraction with CH2C12 (30 mL) and fi1ter

ing through Ce1ite gave a purp1e fi1trate and a cream-

co1oured fi1ter cake. The methy1ene ch10ride was removed 

in vacuo and the oi1y residue was recrysta11ized from 

hexanes at -20°C. Three crops of deep red crysta1s (0.31 g, 
./' 

64%, mp 106-107°C) were iso1ated by repeated concentration 

of the mother 1iquor and coo1ing at -2poC. 

-lH NMR (to1uene-d8, 200 MHz): ô 6.09 (t, 2H, 

J =' 2.4 Hz, C
S

H4) , 6.04 (t, 2H, J =:; 2.4 Hz, C5H4 ) , 5.76 

(over1apping pair of triplets, 4H, ~ = 2.4 Hz, C5H4) , 0.21
1 

_ 

( s, 9 H , Me), O. 08 ( s, 9 H, Me). 

IR (KBr):' 3~30 (vw),' 3100 (vw), 3099 (w), 2965 

(w, 'sh), 2 955 (m), 2 895 ( vw), 2 850 ( vw), 2 790 (vw), 2640 

(vw, br), 2310 (vw, br), 2230 (vw, br), 2090 (vw, br), 1935 

(VW, br), 1870 (vw, br), 1825 (vw),,, 1745 (vw, br), 1655 
". 

(vw, br), 1448 (vw), 1420 (vw), 1401 (m), 1399 (m), 1372 

(m), 1317 (w), 1266 (m, sh), 1260 (m), 1253 (m, sh)D, 1244 
..-

(s) , 1197 (vw) , 1173 (m) , 1169 (m, s,h) , 1095 (vw, br), 1062 

(vw),1045 (m) , 1032 (m) , 1010 (vw, br), 930 (vw), 922 (w) , 

898 (s, sh), 895 (s) , 848 (s) 1 835 (vs, ~) , 823 (vs) 1 758 ' 

(m) , 748 (s), 687 (w), 630 (m), 621 (w) -1 cm , 

Mass spectrum,; m/z (rel.' intensity): 
, +.. +. • - • 

418 ( 17 • .3); M - 3 S , 386 ( 74 • 2); M - 3 S -CH 3 371 (7~ 7) ; 
" 

, 
1 

i 
'J , 

1 

, 
J 

~ 
1 
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+, • +'. • +, • 
M -25 -52' 354 (26.6); M. -CSH1351 , 345 (3.6): M~ -45 -

'.' +, • +". ' 
, CH) ) 339 (6.2); M -35 -82 , 322 (60.0); 1-1 -5 -CSH1351 , 

+.. . . +.1 • 
3~3 (5.4); M -25 ~-CSHI3S1 , 2S1 (2S.6); M. -25 -CSH135i -

. +'.. • +. , 
CH3 , 266 (12.9); M -35 -CaH1351 , 249 (5.3); M -35-

•• +- • • 
CSH135i -CH3 ' 234 (14.1); M -35 -CSH135i -2CH3 ' 219 

.. +.. •• +... 
(12.5); M -45 -CaH135i -ÇH3 ' 20~ (11.0); M -4S -C8H1~5i -

.' . +.... . 
2CH3 ' 1a7 (S.9); M -25 -CaHI3Si -CH3 -C2H65i5, 17.~ (12.9); 

+ tI. • •• +... . . . 
M -45 -CaH1351 -3CH3 ' 172 (7.7): ~ -55 -CaH13S1 -2CH3~' . 

, +" , " + 
155 (3.4): M -45 -CaH13Si -CH3 -C2H65i, 144 (6.9): C3H95i , 

73 (100.0). Metastable ions, m/z: 299.a (m/z = 41a + m/z = 

354 ) , 268.6 (m/z = 386 -+ m/z = 322) , 251. S (m/z = 2a1 + 

m/z = 266), 205.0 (m/z = 234 + m/z = 219) , 173.1 (m/z = 

2.02 + m/z = 187) , 116.5 (rn/z = 266 .... m/z = 17&) , 102.7 

(rn/~ = 202 "",rn/z = 144) , 94.7 (m/z = 219 + m/z = 144) . 

Visible spectrurn ~~x. (CH2C1 2 ): 504 nrn (E 2.0 x 10 3 ) • 
~~\t.. .. "'j.~/,. 

..-';..-; . 
Anal. (%): Calcd. for=G16H265S5i2Ti: C, 39.S1; 

H,5.43; 5,33.21. Found: C,-3'~98: H,5.83; 5,32.64. 

li v} 'l, l' -Methylenebis (n-cyclopentadienyl)

titana(IV)cyclohexasulfane, CH2~2Ti55' 

li 
_\,.[<,"r 

A ye110w lithium polysu1fide solution was prepared 
t ç 

from powdered su1fur (0.1610 g, 0.6277 mmo1) and Super 

Hydride (2.1 mL of a lM solution of LiEt3BH in' THF, ~.1 mmol). 
, " 

After stirring for 10 minutes THF (20 mL) was added. The 

1 
______.1 , , 

'vessel was cooled in an ice bath and CH2CP2 TiC1
2 

(0.2608 g, .. ' 

o 

\ 
') 

l 

, 

.f 
J 

~ , 
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0.9992 mmol) was added. The colour slowly became red and 

the solution was allowed to warm to room temperature. The 

reaction was stirred for three days. The solvent and other 

volatiles were removed in vacuo to leavè an orange oil 

which solidified upon purnping overnight. The oil was ex-

tracted with CH
2

C12 (3 x 20 mL) and filtered through a 

bed of Celite to give a rèd filtrate with a considerable 

arnount of red-brown residue retained by the Celite.' The 
1 

filtrate was reduced to dryness in vacuo, dissolved in a 

minimum volume of CHC1 3 and ~Plied to a, silica gel co1urnn. 

Elution with 1:2 hexanes:~C12 ga,ve an orange band which 

gave red CH2CP2TiSs' 79 (0.030 g, 9%, de~: ca. 180°C) upon 

1 • d evaporat1on to ryness. Methylene chloride e1uted an orange 

band which gave 0.007 9 of an as yet midentified red solid, 79A. 

1H NMR (toluene-d8, 200 MHz): 0 6.51 (s, br, 2H, 

CSH4 ) , 6.30 (s, br, 2H, ~SH4)' 4.71 (s, br, 2H, CSH4), 4.28 

(s, br, 2H, CSH4 ) , 2.~S3 C?, J,2H, CH2 ). 

IR (KBr): 3115 (vw), 3105 (vw), 3085 (m), 3065 

(vw), 2960 (vw), 2945 (m), 2920 (vw), 285"5 (vw), 1712 (vw, 

br), 1640 (w, br), 1493 (vw), 1473 (m, br), 1467 (m), 1458 

(w, sh), 1439 (w), 1411 (m), 1375 (w), 1270 (w), 1259 (s), 

12 5 0 (w, sh), 12 4 0 (m), 12 18 (m), 110 0 ( vw, b ;-), 10 6 7 ( s) , 

1062 (sc, sh), 1050 (w), 1044 (s), 1032 (s), 936 (m), 923 

(w), 880 (w), 856 (m), 849 (~, sh), 842 (vw),' 830 (m), 819 

(vs), 815 (s, sh), 810 (s, sh), 802 (vs), 773 (vw), 758 {s), 

727 (w), 692 (vw), 662 (s), 652 (w) -1 cm 

~~- ." -:-," ... " .. t= .,.;1.... _ 

i 
, 

, , ; 

i 
" • 
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v Mass speetrum, m/z (rel. inteEsity): M+·,350 
+.. 0 +0 +- ° 

(9.6); ~ -s , 318 (0.5); M -52' 286 (81.1); M -35, 254 
. +, +- + ° (100,9>; M -2S~, 222 (92.2); M -C11H10 , 208 (8.1); M -55, 

+. +,. 
190 (60.9); M ~2S2-H2S' 188 (21.2); M -C11HIO -S ,176 

+-,- +. • 
(1. 4); M'-CIl HlO-2S , 144 (30.4); M -CIl H10-3S , 112 

+- ' • 
(6.9); M -C11HIO-4S, , 80 fIS.8}. Metastable ions, rn/z: 

233.,7 (m/z = 350 + m/~, = 286) , 172.3 (m/z = 286 + rn/ri'=: .. 
222), 159.2 (m/z = 222 + m/z ~ 188) • 

1 

Anal, (%) : Caled. for Cl1H10S5Ti: C, 37.70; H, 

2.89; S, 45.75. Found: Ct 39.69; H, 3.13; S, 41. 57. 
. l' 1 

--~. taled. for CllHlOS5T~'~H2C12°iC6H14: C, 39.22; H, 3.60; 

0' 

\ ' -
'\ '\ 
1 r ,~ 

S~ 41.22. Both Methylene ch10ride and hexanes were seen in 

the la NMR spee~rum • 
• 

(v) ,(n-Cyelopentadieny1) (n-pentamethy1cyc1o

pe~tadienyl)titana(IV)eyclohexasulfane, 

Cp(Me5ce)TiS~, ?8 . 

'A yellow solution of lithium polysufides was pre-
, 

pared fr~m'powdered su1fur (0.0248 g, 0.0967'mmol) ana Super 
, 

Hydride (0.32 mL of a lM solut~on of tiEt3BH in THF, 0.32 
1 

mmof)' After stirring for five minutes THF (5 mL) was adde6~ 

" A deep red solution of CP (M?SCi?1'-TJ.C12 0).0491 g, 0.154 romol) 

, i:p, THF (11 mL) was added dr~pwiseo.",Gver five minutes. The 
-d ~ ~ 

~-_...-

,~ 

're~ction was stirred for 18 hours at room tempe rature and 

~as clear d~éP or~ge in co1our. The ~olati1es were removed 

in' 'vacuà to lea ve an orange-red rE!sidue. This was extraeted 
-.- \ 

" . 

.. Jf'l ..... 

" 

; .... ) j, 

" 

'1 
j 

i 
i 
l , 
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~ 
with CH2C1 2 (50 ÎnI,), fi1tere,d through Celit~, and evaporated 

to drynèss in vacuo to give the product as a dark red solid 

(0.058 g, ,92%). The ana1ytical samp1e was recrysta11ized 

from hot 1:1 hexanes:to1uene to give irregu1ar needles, 

mp.212.5-~~3°C. 

IH NMR (CDCl 3): ô 5.90 (s, SH, C
5

Hs)' 2.ÔS (s, 

lSH, C
S
Me

5
). 

IR (KBr): 3085 (w), 2970 (w, sh), 2950 (w, sh) 1 

2920 (s), 2900 (w, sh), 2850 (tri), 1741 (w, br), 1483 (w), 

1462 (w), 1445 (w, br), 1424 (m), 1384 (m), 1374 (s), 1360 
, 

(w, sh), 1330 (w), 1260 (m), 1155 (w, br), 1Ü'92 (w), 1053 

~ b ~ (w), 102, (s), 1011, (s, sh), 948 (w), 915 (w), 841 (w), 822 

(vs), 800 '(nO, 695 (w) eni-le 

Mass spectrum, m/z (rel. intensity) i M+', 408 

+- • +. • +" • (2.5); M -5, 376 (2.5); M -25 , 344 (36.3); M _,.35 , 312 
+. • +.. _ toi 

( 100 • 0); M - 4 5 , 280 ( 44 • 4) ; 'M - 2 5 -C 5 H 5 ' 2 79 (8 8.. 7) ;_ 
+.. +. • +. • • • 

M -CSMes ,273 (1:8); M -55, 248 (38.2); M -25 -CSHS ~5H , 

+... +".. ..". 
246 (39.8); M -8 -CSMeS ' 241 (5.4); M -25 -CSMes ,209 

+... +... 
(15.9); M -58 -CsHS ' 1~3 <1.2) ': M -35 -CSMeS ' 177 (8.8,);, 
+... + > ' + 

M -4S ~CsMe5 ' 145 (17.7); CSMe S ' 135 (32.8); CSMe 3CH2 ' 
+_.. + ~ 

119 (4~.9); M,-SS -CSMeS ' 113 (9.7); C8H9 _,'l;OS (21.4); 
+. +".. " 

C7~7 ,',91 (19.0); M -45 -CsHS -CSMe5 ,.80 (Il. 8). Me,ta-

stable ions,'m/z: 216'7' ~/z = 279 7 m/z. = 246), l04~9 

(m/z = 135 + m/z = 119). 

Visible spect~ max •. (CH2Cl-2): 476 nm CE 1. 4 x 

l03}, 445 (1.4 x 10 3). 

, 
, .. 

" 

. , 
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Caléd. Anal. (%): 
~. 

C, 44.~0; 
, 

H, 4.93; S, 39.24. Found : C, 44. lS ; H, 4. 8 8 ; S , " 28. 85 , 

29.57, 35.51. 

(vi) .Bis ll1-pentamethylcyclopentadienyl}; ti tana- . 

(IV)cyclotetrasulfane, (~èSCp)2TiS3' 47 

Powdered sulfur (0.1604 g, 0.6253 nunol) was. treated 

with Super Hydride (2. a mL o,f a lM solution of LiEt3BH in 

THF, 2.0 mmol) to give a lithium polysulfide solution. A 

suspension of (MeSCp) 2TiC12 (0.3889 9 '; 0.9991 lnmol) in THF 

(30 mL) was added dropwise over 30 minutes. After stirring 

at room temperature for one ho ur the rèaction mixture was 
! 

refluxed at 8l-83°C (oil bath) for 10.5 hours. The volatiles 

w,ere removed in vacuo and the residue extracted with CH2C12 

(2 x 25 mL plus 2 x 10 mL) and filtered through Celite. 

Removal of the solvent from the purple ,filtrate gàve ~~, 
product as a black mi,crocrystalline solid (sole product 

by lB NMR). Recrystall~zat~on-from THF/pentane at -20°C 

for several days produced black crystals. Repeated con-

. centration of the mother 'liq:uors gave two more crops of 

crysta~s (0.228 9 combined, 55'%, mp 149-152 OC). The mod-
. 

erate isqlated yield is in part d~e to the high~solubility '. 
of the compound. Crystals suitable for an X-ray structure 

determination were grown fram CH2Cl2/pentane at -20°C. 
1 . , 

H NMR (CDC13~ ~. ô, 1.83 ($, 3QH, C5Me5 ). 
" 

IR (RBr): 2970 (s), 2900 (vs) 1 2860 (s, sh), 

, . 

\ 

1 

\ 
,1 
1 , 

<1 
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272~(W), 1625 (w, br), 1490 (s), 1440 (s, sh), 1430 (s), 

1377 (vs), 1372 (vs), 1360 (s, sh), 1260 (w), 1155 (w, br), 
J . -1 

1095 (vw, br), 1058 (w), 1015 (s), 808 (m) cm • 

/ +. 
Mass spectrum, m/z (rel. intensity): M ,414 

+. "-... +"" +. • • 
(25.2); M -5 , 382 (9 .. 2); M -25, 350 (8.0); M -25 -H , 

+" " +." 249 (11.9); M -3S, 318 (4.4); M -C10H15 ' 279 (100.0); 

+."" +"". " M -5 -C10Hi5 ' 247 (7.5); M -S -C10H15 -H , 246 {10.5); 

+." ." +. 
M -25 -C10H15 -H , 214 (14.6); C20H3052 ,199 (5.6): 

=+- + +. C10H1S S , 167 (13.3); C10H1S ' 135 (41.8); C10H14 ,134 
- + . + + 

(48.8); C9H1-1 ' 119 (52.6); CaH9 ' 105 (24.9); C7H7 ' 91 

+ (19.8); C6H5 1 77 (10.1). Metastab1e ions, m/z: 105.7 

(m/z = 134 .... m/z = 119) 1 84.8 (m/z = 167 -1- m/z = 119), , 

69 • 6 (m/ z = 119 .... ml z = 91). 

Visible spectrum max. (ca2C12~: 504 nm (e: 5.2 x 102). 

Mo1ecu1ar,weight (CH2 C12): Calcd. for C20H30S3Ti:. 

414.55. Found: 407. 

Anal. (i): Ca1cd. for C20H30S3Ti: C, 57.95; H, 

7.29; S,23.20. Found: C, 57.43; H, 1..40;, S, 22.83. 

(vii) Bis (n-cyclopentadieny1) zircona(IV}

cyclohexasulfane, CP2Zr55' 75 

Powdered su~fur (2.57' g, 10.0 mmo1) was treated 

wit~ Super Hydride (10.0 mL of a lM solution of LiEt3BH in 

THF, 10.0 mmol) to give a deep ye110w lithi-um polysulfi~e 

solution. Some s).llfl.lr remaïned u,nreacted.. A- solution of 
~P2zrC12 (2.91 9 1 9'.95: mmol) in: THF (50 mL) was ad'ded 

- , 

\ 

1 
1 
! 

___ .;.... __ • ..E. •• 
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dropwise over 80 minutes. The lemon yellow solution was 
, -

stirred at room temperature for 15 hours. Filtration re-

tained 0.53 9 of sulfur (by TLC) on the fritte. The solu-
'4 

tien was cooled at -20°C ovérnig~, filtered, and the 

selution concentrated in vacuo and ceoled at -20°C. In 

this way three addi tional crops of mestly sul fur were ise

lated. The ~other liquor of the last crop was reduced to 

dryness in vacuo. The maledorous yellow residue was extrac-

ted with toluene (8 x 25 mL) and filtered ~~ remove Liel .. 

The solution was evaporated to dryness in. vacuo to gi ve a 

bright yellew solide This residue was dissolved in CH2C12 

(50 mL) and ceeled at -20°C overnight. ~ small amount of 

yellow crysta11ine sulfur was iselated by filtration. The 

. gold~ selution was concentrated in vacuo and stered at 

-20°C for one day. The product CP2ZrS5' ~, was isolated 

as large or~ge crystals (0.70 g) by filtration. By ~on-
~ 

centra_ting the mother liquors until the onset of crystalli-

zation, cooling at -20°C, and fi1tering an additional 0.42 9 

of' 75 were obtained. Similar treatmertt of the mother liquor; -
gave a mi~ture of ler~ge 75 crystals (O. 09 g) and".,yellow 

- , 
CP2zrC12 microcrystals (0.29 g) which w~re separated manu-

a11y. The combined yield, ef 75 was 1.21 g.(63% based on 

Super Hydride as the limi ting reactant! dec. 16S-l70 0 C). 

IH NMR (CDC1~): ô 6.20 (s, lOH, C5H'S). -

IR (KBr): 3100 (m), 309S Ûll, sh), 3070 (w-, sh), 
. /' 

1830 ·(vw, br), 1:740 (vw, b.t;:), 1640 (vw, br), 1431 (m), 1360 

"L 

~ .. - ... J <.) p r.' 

f 



.1 ' 

/0 
i 
" ~ 
Î' 
~ 

t 
r 

1 
t. 
! , 
, 

1 
t 
i 

\ ' 

! 
lu 1: -, 
r, 

_~ ___ I __ .......... _~ __ -.. __ ....... ___ ............... _ ...... ~..,......, ___ -~~ .. ~ r 

if.::' 
,::-"' ...... 

.. III -

) 
, , 

(Vw) ~ ,1260 ('vw), 1150 (vw, br) ~ Il'23 (Ill), .1060 (vW), 1018 \ 

(s), 1010 (s), 914 (w) ~ 847 (w), ~4"O (w), 821 (vs), 818 

( vs), 80 3 (vs) cm -1 

Maas spectrum, m/z (r,e1 inten,sity): M+·, 380 

+. • +" .,.' .+" 
(12.3); M -s ~ 348 (3.3); M -H -5 , 347 (8.7); M -52' 

- +" " +. 316 (roo.O); M -3S, 284 (73.~); M -252 , 252 (31L9); 

+" •• +" • +" 
M '-CSHS ,-2S , ,251 (48.9); M -3S -52' 220 (9.4); M, -

•• ,+."' • +" 
CSHs -35 , 219~ (9.4); M '-CSHs -25 -,52' 187 (14.6); M .. 

• • 'CSHs -55,155 (1.5). Metastab1e ions, m/z: 262.8 (m/z = 

380, ... m/z = 316'), 201. 0 (m/z = 316' ... m/z = 252), 170.4 

,(m/z = 284 ... rn/z = 220), 139.3 (rn/z = 2S1 ... rn/z = 187). 

Mo1ecul~r weight (CH2C1 2 ): Calcd. for C10HIOSSZr: 
< 

381.73. Found: 375. 

,Anal. .( %) : 
ô' 

Calcd. for',c10HlOs5zr: ~r 31.46; H, 

2'.64.; 8', 42.00. Found: C, 31.46; H, 2.98; S, 41.99. 

(viii) Bis (n-pentarnethy1cycl'opentadieny1)-, 

zircona(IV)cyc1otetrasu1fane, 

, (MeS~2!!:§.3~ 

A li thiurn polysu1fide solution was prepared' by 

treating powdered sulfur (0.1601 g, 0.6241 BUna!)' with Super 

Hydrid~ (2.0 mL of a lM solution of LiEt3BH in THF, 2.0 mmol). 

A solution of tMesCp)2zrC12 (0.4321 g, 0.9989 mmo1) in TSF 

(20 mL) was added dropwise over 15 minutes as the reaction 
'" 

solution became a viv~d orange' co1our. The ~eaction was 
... 0 

/ - ~ 
stirred at ambient ternpe;ature for 1.5 h9urs" fol~owed by 

t_,-_----..,..,.,.., .,.., _,-,-, ---: --'--,:--:,":- "'::':",,,~_, ',' ',., :".y~---~ ... ' -~----......-;--,., ,l, '" - -'-"-'-, • .....,,:-7,~------
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ref1uxing for 19 hours. AlI the volatile components were 

removed in vacuo to leave a bright orange microcrystalline 

solide This residue was extracted with Ca2C12 (2 x 20 mL 

plus 2 x 10 mL) and filtered through a pad of Cêlite. The 

" 

orange fi1trate was. reduced in' volume in vacuo ta ca. 5 mL 

and the f1ask was stored under nitrogen at -20°C for one 

day. Removal of the mother 1iquor 'by a Pasteur pip~tte 
, -

gave 0.246 g of deep orange crysta1s, mp l82-185°C. The 

mother liguor was evaporated to dryness in vacuo. -The - -
residue was extracted with hexanes (50 mL), filtered through 

celite, concentrated in a nitrogen stream until the onset 

of crysta11ization, and stored at -20°C. Filtration gave 

0.101 g of orange microcrystals for a combined yie1d of 

0.347 g (76%). 

la mm (CDe1 3)-: ô 1.87 (s, 30B, CSMe5). 

IR (KBr): 2970 (s), 2930 (s, sh), 2895 (vs), 

2850 (s, sh), 2710 (w), l&i~- (w, 'br), 1485 (s), 1442 .<s, 

sh), 1422 (s)" 1402 (m, sh), 1375 (vs), 136L (s, sh), 1259 

(w), 1158 (w), 1096 (w, br), 1059 (w), 1017 (s), 949 (w, , 

br), 802 (m) cm-1 

Mass spectrum, m/z (rel. intensity): M+-,' 456 

+. • +. • +. • 
(92.5); M -5, 424 (3.3); M -25 , 392 {22.6}; M -25-

, ' 

f 

1 
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(10.0)'; M -ClOH14 -~H25, 254 (16.2); C10H1S ,135 (21.1)1. 

+. + ' + " C10H14 " 134 (54.4)~ CIOH13 , 133 (43.7); C9Hl i' 119 (62.4);' 

~ CaHg+, 105 (25.3); C
7
H

7
+, 91 (26.2); C

6
H5+, 77 (14.1).'M~ta..

stable ions, m/z: 257.6 (m/z = 322 .... m/z = 288), 69.6 (m/z = 
119 .... m/z = 91). 

Molecu1ar weight (CH2C12): Calcd. for C20H3053Zr: 

457.87. Found: 439. 

Anal. (%): Calcd. for C20H30s3zr: C, 52.46; H, 

6.60: St 21.01. Found: C, 52.18; H, 6.78; S, 21.04. 

... . 
(ix) Bis (n-cyc1opentadieny1)hafna (IV) cyc1ohexa

sulfane, CP2HfSs" 76 

Sulfur powder (0.2117 g, 0.8253 mmol) was suspended 

in THF (10 mL) and treated with ~uper Hydride (2.7 mL of a 

lM solution of LiEt 3BH in THF, 2.7 nunol): A solution of 
(., 

CP2HfC12 (0.5004 g, 1.318 nunol) in THF (20 mL) was added 

dropwise over 20 minutes to gi ve a lemon-yellow reaction 

s~lUëion. After stirring at ambient tempe rature for.l 7 hours 

the lH NMR spectrum of an a1iquot of the reaction solution 

indicated that no CP2HfC12 was present. AIl the vo1atilè 
" 

components were remove,d in vacuo. The 1emon-yellow residue 

was extracted with CH2C12 (20,mLt and fi,1tered to give a 

cloudy ye110w fi1trate. Reduction of the volume in vacuo 

to ca. 10-lS mL, followed by ~toX'age at -20°(:: for three' data 

gaye the product as sma1i yellow'cry~ta1s (0.165 g). The 

mother 1iquor was decantéd, fi~ terecf, reduced in vt?T~ !.!! 

. - ' 

- , 
; ~~ c __ ,~__ ~ ~~~.u_~':_"c~ __ .I~~ .-
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vaoûo, and stored at -20°C for tW'o weeks. A second crop of 

very large crysta1s (0.162 g) was isolated. Thus the yie1d 

of CP2HfS5' 76, after two crops was 0.327 9 (53%, dec. 150-

155°C) • 

1~ NMR (CDe1 3): 0 6.18 (10H t s), minor impurity 

Ô 6.23. 

IR (KBr): 3105 (w) , 3095 (m, sh), 3080 (w, sh) , , 
2275 (vw), 2080 (vw), 1840 (w, br) , 1740 (w~ br) , 1645 (w, 

br) , 1~31 (m) 1 1362 (w) , 1261 (vw) , 1148 (vw), 1123 (m), 

1060 (w) , 1018 (s) 1 1011 (s) , 942 (vw), 918 (w) 1 850 (m), 

845 (m), 823 ( vs), 8 0 8 ( vs) , 662 (w) 
-1 

cm 

Mass spectrum, m/z (rel. intensity): M+', 470 
, 

+. • +. +.. 
(10.8); M -5 1 438 (2.4); M -52' 406 (99.6); M -CSHS ' 

+_ • +0 _ • 
405 (54.0); M -35 1 374 (87.6); M -5 -CSHS ' 373 (50.7); 
+. • +... +0 • 

M -4S 1 342 (61. 7); M -25 -CSHS ' 341 (100.0); M -35 -

. +. - ° CSHS ' 309 (19.5); M ,-45 -CSH5 ' 277 (2S.6). Metastable 

ions, m/z: 3S0.7 (m/z = 470 .... m/z = 406), 349.0 (m/z = 

470 + m/z = 405). Other c1usters having principal ions 

.'~/z = 682, 617 , 583 , and 552 May be attributed to (Cp,2HfS) 2 
,+0_ +_. 

present as a minor impurity: M , 682 (7.2), M -CSHS ' , 
- +- . ~ +-' • -

617 (10.7); M -2CSHS ' 552 (2.2); M -CSHS -H25, 583 (2.9). 

Anal. (%): Ca1cd. for C10HIOHf55: C,2S.61; H, 

2.15; S,' 34.18. Found: C, 22.37, 24.93; H, 2.S6, 2.42; 

S" 34.23, 33.27. 
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(x) Bis (n-pentamethy1cyclopentadieny1) hafna(IV)

cyclotetrasulfane, (M~CP) 2~3.L.!2. 

powdered su1fur/ (0.0311 g, 0.121 nuno1) was treated 

with 5uper Hydride (0.65 mL of a lM solution of LiEt3BH in 

THF, 0.65 mmol) to give a ye110w lithium.polysu1fide solu-
~ 

tion. A solution of (MesCp)2HfC12 (0.1652 g, 0.3178 mmo1) 

in THF (50 mL) was added dropwise over 10 minutes. The 

golden reaction solution was refluxed fer four hours at 

aO-90°C (ail bath). AlI the volatile cornponents were re-

moved in vacuo. The residue was extracted with CH2C12 and 

the solution fi1tered through Celite and evaporated to 

dryness in vacuo to gi ve a slightly sticky orange solide 

This solid was washed with hexanes (20 mL) and recrystal-

lized from CH2C12 at -20°C for seven menths. Removing the 

mother liquor by Pasteur pipette gave the product as an 

orange soI id (0.015 g, 9%, mp 169-l73°C). 

lH NMR (CDCI 3): ë 1.92 (s, 30H, C
5

MeS). 

IR (KBr): 2965 ,(s), 2940 (s, sh), 2900 (vs), 

2855 (s), 2720 (vw), 2490 (vw), 1705 (vw, br), 1489 (w), 

1438 (m, br), 1378 (vs), 1362 (m, sh)., 1261 (m), 1090 (m), 
, ,-I 

1018 (s), 798 (m), 700 (w), 667 (vw) cm • 

1 ( 1 · ') M+-, 546 Mass speptrum, m z re • ~ntens~ty ~ 

+. • +. +.. • 
(100.0); M -S , 514 (1.0); M -H25, S12 (2.1)i,M -25, 

+. • + - • • 
482 (25.3); M .-S -H25-, 480 (27.3); M -25 -CH3 ' 467 

+.. . +.. . 
~12.5); M -5 -<:H3 -H25, 46S (lS.8) i M, <,;-S -CH3 -2H25, 431 

+. . • +. • r ._ 

(2.4) i M -C10H1S ' 411 (61.0);. M -5 -C10H15 ' 379 '(5.7) ; 

,] 
1 
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(11. 3); C9Hll ' 119 
+ J 

(12.5); C
6

H
5 

," 77 (8.4). 
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Anal. C%): Calcd. for C20H30HfS3: 

'" 

C, 44.07; H, 

5 . 5 5 i S , 1 7 • 65 . Found : C , 42. 77 ; H, 5. 83 i S, 13. 88. 

V) Crclic Metal Polyselenanes 

Reactions of Metallocene Dichlorides wi th Lithium 

Polyselenides to give: 

(i) Bis (n-cyclopentadienyl)titana(IV)cyclohexa

selenane, Ce2~iSe5' lQl 

Powdered grey selenium (1.1821 g, 14.97 mmol) was 

treated with Super Hydride (6.0 mL of a lM solution of 

LiEt3BH in THF, 6.0 mmol) to give a brown solution of lithium 

polyselenides. A suspension of CP2TiC12 (0.7458 g, 2.995 

nunol) in THF (50 mL) was added dropwise. The colour of the 

react.j.on mixture beçame purple. The reaction mixture was 

stirred at ambie-nt temperature for 4.75 hours. Removalof 

the volatiles in vacuo gave a black residue which was extrac-

ted wi th CH2C12 (6 x 50 mL plus 2 x 100 mL) and fil tered 

through Celi te. The purple fil trate was concentrated in 

vacuo to E.!.' 50 mL and stored at -20°C overnigh:t •. -The prod-
, I.;Ç 

_ uct CP2 TiSe 5' 1'07, as air-stable purple c;:rystals was colle~- . 

ted by fi :tration from successive concentration of the mother 

liquoX's <. .227 q, 72%}. -The product ,foamed without melting . 
~ 
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Ô 6.34 (s, SH" 'C
5

HS)' ,5.92 (s, 

SH,' CSHS)' l 

IR (KBr):' 3100 Cm), 3080 {ml, 1858 (w,br),.' 

1758 (w, br) 1 1644 (w, br), 1434 '(s), 1366, (w) ~ I359 (w),' 

e1262 (~), 1123 (w)" 1068 (w), 1053 (w), 1018 (s), 1009 

(s), 980 (Vw), 960 (vw), '930 (w), 909 (w), 852,' (m, sh), . , ., 

-1 ' 
'842 (s, sh), 831 (s, sh), 821 (vs) cm • 

D Mass spectrUlJl, m/z (rel. intensity): - M+' " 5'7'4' 
+,. +, • +, 

(2.4); M -C
5

H
5

" 509 (0.2); M -5e ,494 (0.1).; 5e
6 

" 

\ ' +" "" , +, ' 
476 (1.8); M -C

S
H

5 
-Se, 431 (0.1); M. -Se2 , 416 (20.4);, 

+, +"'" +". SeS ' 396 (2.4); M -CSHS -2Se '1351 (10_0)';, M -3Se , 

+, +" " "' ' 
338 (11.9); se

4 
,,318 (1.1) ~ M -2CSHS -25e , 28~ q .. 8); 

+- • , ,+, +" 
M -CSHS -3Se" 273 (.6.7); M -2Se2 , 258 {33.9)i ~e3 ' 

+. •• +-". 
238 (2.4); M -2CsHs ,-3se ,208 (4.0);.M -CSH

5 
-45e·, 

+" " +" 193 (21.3); M -Se -2S92 ,. ·178 (100.0); .5e2 " 160 (25.4); 

" , ' 

+" "' +, 41. 
M -2C

S
H

S 
-4Se , 128 (10.5); M -CSHS -5e 7'"25e2 , 113 (36.8);' 

+ Q 

Se , 80 (9.3). Metastab1e ions, m7z~, '301.5 (m/z =' 574 + 

m/z = 416), 160. O. (m/z = 416 + m/z = 258), 122.8 (m/z = 
25 8 + m/ z = 1 78), 71. ,7 (m/ z = 178 + ml z = 113). 

Anal. (%): Galcd. for C10H10SeSTi: ~, 20.'97; 

H,' 1.76. Pound: C, 21.13; H, 1.77. 
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--' '" (ii) Bis (n-cyclopentadienyl) zircona(IV) cyclo-
-. -. 

hexaselenane, CP2ZrSes" 108 

Powdered grey selenium (1.977 g, 25.04 mmol) was 

, treated with Super Hydride ,(10.0 mL of a lM sofution of 

LiEt3BH in THF, 10.0 mmol) to give a d~p red solution of 

lithium polyselenides. A solution of cP2z,rCI2, (1.461 g, 

4.998 mInol) in THF (20 mL) was added dropwise over 15 rnin-

~es. '. Ther.e was no ohvious ',colour ~h~nge'.· Aft~~ s:tirring 

at ambient temperatu~e for 3 'hours the lH NMR ~p~ctrum of . ' 

an aliquot of the" rea'ction 

cP2zrC12' A ~J) amo,unt 

solution indicated an absence of 0 

of black precipitatè wàs present 

in the red-brown r~açtion solution. AlI the volatile com-

ponents we1;e removed in vacuo. The resulting foam ~as ex--

tracted with CH2C12 (20 mL) and, the solution was filtered 

through Celi te/Florisil (~. 5: 1 by volume). This was 

repeated until the ~xtracts' were pale. yellow 1 leaving a

brown residue on the fil ter pad. Èvaporatiôn of the solvent " 

in vacuo from the combined ~iltr,ates gave the product as a, 

b;rick"redl,microcrystalline solid (1.545 g, 50 %). The 

-analytical sam~e was recrystall~zed. from CH2Ç12 at -:lO°C 

,in an aluminum-foi1 wrapped vessel and was obtained as 

,oran,ge fiakes which de'composed without melting at l35-140 oC. 

IH NMR (CDel3): ô ~-".~54, 10H, CsHS). -- .~ . . " - ~ 
IR (KBr): 3090 hn), 3075 (m), 1825 (w, br), -1735 -~;;" 

(w, br) 1 1635 (w, br) ~ 1428 (m) l' 1383 (vw), 1358 .(-w), 1257 
1 

(w), 1119 (m), 1054 (w), 10'12 (s) 1 1005 (s), 908 (w), 838 

, 
1 

i' 
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(w)', 815 (vs), 801 (va), 718 (m) 
... 1 

cm 

1 ( 1 · i) 'M+·, 618 Mass spectrum, m z re • lntens ty : 

+". +-0 "- - +- • 
(1.,5) ; M -C

5
H

S 
553 (1.4); M -Se, 535 (0.5) 1 M -2'CSH5 - - ~ \ 

498 (0.4);M+·-C
5

H
5
·-se> 476l8.3));M+· ... 26e·, 460 (84.5); 

+. ". +" 1 _ · +-
M -2CSH'S "Se, 412 (0..:8); M o-C

S
HS -2Se, 39S (22.S);M 

• +. _. +""" 
3Se- , 380 (9.8); M -2C

S
H

S 
-2Se', 330 (6.2); M -C

S
H

5 
-35e , 

+- -~ +.. . 315 (20.4); M -46e, 300 (100.0); M -2CSH
S 

-36e, 2S0 

+. • .' +.. ' 
(6.9); M -CSH

S 
-4Se ,235, ('50.0); M -56e, 220 (17.6); 

+. ". +. + - '. 
M -2C

S
H

S 
-4Se 1 17,0 (7.6);, Se2 1 16,0 (29.1); Se , 80 (15.6). 

H, 1.64. 

A!ta1. (%): Calcd. for ClOHlOseSzr: ' S:~ 

Found : C, 19. 47 ;, H, 1. 66 • 
Q 

(iii) Bis (n-cyc1opentadienyl) hafna (IV) cycle;>

hexaselenane, cP2HfseS' 109 

Powdered grey selenium (0.3925 g, 4.971 mmol) ... 

was- suspended in THF (20 mL) and treated wi th S~per Hydride 

~. 0 mL of a lM solution of LiEt 3BH in THF, 2.0 nunol). The 
, 

reaction flask was wrapped with aluminum foil. A solution 
/J 

of Cp2HfC12 (0.3711 g, 0.9776 mmol) in THF (20 mL) was 

added dropwise over 30 minutes and stirring was conti~ued 
" 

for.' 5.5 hours." The amber coloured reaction mixtured con-

t'ained a little black precipitate. The volatile components 

were removed in vacuo, the residue was extracted wftl1 CH2 C12 

(2 _ x 30 mL), and the solution was fil tered through Celi te. 
1 '. 

'The reaction f1ask" filter Sçhlenk, and receiving flask 

were wrapp'ed in aluminurn foil at aU times. The orange 

• 

• 

., 
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fi1trate was concentrated in' vacuo until the onset of 

crystal1ization and stored overnight ~t -20°C. The orange 

supernatant was re~ovêd by syringe ~rom the product, an , 

orange microcrysta11ine solid (0.355 g, 52%, dec. 130°C). 

~Efforts. to obtain a second crop of produc't by concentration . , 
and ,c001ing of the mother 1iquor resu1ted in codeposition 

~~ ~ . 
, 

o~ or~ge and brown solid~ which were discarded. 

1H ~ (eDC13): . ô/6.08 (s, 10H , CsHs ). 

·IR (Kar): 3095 (w) 1 3070 (w) 1 1830 (vw, br), 

1745 (vw,.br), 1630 (vw, br), 1433 (m), 1420 (w, sh), 1362 

(w), 1260 (w): 112,:2 (m'), 1057 (w), 1018 (s), 1013 (s, sh), 

1004 (s) 1 960 (vw), 9'30 (vw) 1 915 (w), 902 (w), 890 (vw), 
\: 

- < -1 
asl (qr) 1 84;2 (m) 1 824 (vs), 8ljr (vs), 764 (m) cm . , . r +" 

Mass spectrum, m/z (rel. intensity): M , 704 

. " 

, +. -.. +···..JA _, ./ 
_, ·l'J'(1 •. 9); M -2Se , 546 (67.9); M -CsHs -2Se , 481 (~ 

+". +. . •• +.. 
M -3Se l' 468 (11.0), M -C5~S -2Se 1 416 (2.~); M -CSHs -

o ,. +. 0 +0 O·" 
. 3S~·.!' 403 (25.9-); M -4Se , 388 (100.0); M -2CsH5 -3Se 1'-·-------

+. • • +". 
336 (6.2); M -CsHS -4Se , 323 (22.~); M -SS~, 307 (5.3); 
+. • • +. +" .M -2C5HS -4Se , 258 (4.2'7 Se 3 ' ,238 (8.7); se2 ,1,60 

• 1 

(51.3)'; se+, 80 (37.7). 

, . , 
• 

Anal. (%): Ca1cd. for CIOHIOHfSeS: .. 
Found: 'C,' 17 ., 14 ; H , 1. 51. 

, il 

. ' 

C, 17.07; 

'1 
,1 , 
1 
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3. THE 'SYNTHESIS (OF (n':'Cs!!542M(SH) 2' 

(M = TL Zr« Hf) 

Introduction 
.. 

Organic thiols are important precursors to 

ca~enated ,sulfur compounds- of the type RS R where x > 1. 258 x 

Thus-, transition metai complexes containing the hydro-

suifide ligand could be equally important precursors to 

-catenated sulfur' derivatives of the ~pes ~1SxR and MSxM. 

Monohydrosulfido complexes are qui te numerous. Like the 

sulfur atom, the HS group can bond to Metal centers in a 

variety of ways. It can oqcur terminally bonded to a metal 

as in (H20}sCrSH2+, 28~,287 as a singly-bridging ligand as 

ln [W{CO) 5]'2 (ll-SH) -, 28l,?88-290 or as a triply-bridging 
~ 

group as in (Me3PtSH)4 (~).29l Bïs(hydrosuifido) CQffi-

H . ,/f /p.tM1l3 
Me3Pt 1 SH 

~~Pt-I :;::::::"SH 
HS pt 

r "'83 

ill 

pIexe~_are reiatively rare •. A summary of the transition 

metal hydrosuifides according'to group is presented in tnê 

foilowinq pages. 
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The T~tanium Group 
il 

Prior to this research only one hydrosulfido 

derivative of the group IVE metals was known, namely the 
<;: "4 \ 

cornplex Cp2Ti(SH)2 (110) reported by K8pfJ~d Schrnidt. 260 

It was originally prepared by the treatrnent ,of CP2TiC12 

in anhydrous ether with H2S in the presence of a stoi

chiornetric amount l Et 3N (eq. 34). However, this prepa-

'\ 

--.. CP2Ti (SH) 2 + 2Et 3NHCl 

110 

(34) 

ration has been found here t~ be unsatisfactory (vide 

infra). The related cornplex (MeCP);Ti(SH)2 has been recently 

reported. 292 It was~synthesized according to the route 

developed by McCall and Shaver170 for 110: treating a THF 
, 

solution of Cp,2TiC12 and Et3N with H2S. 

The Chrornium Group 
, 

~he ion (H20)sCrSH2+ nas been isolated in the 

solid state as the sulfate salt. It was prepared by the 

treatment of the aque9us cr2+ ion with sodium polysulfide 

(a's oxidant) and perchloric acid. 286,287 ·Other sulfur-

containing oxidizing agents such as lead or sil ver sulfidè 

b d b t . l . ld 286 can e use u g1 ve ower y1e s. . , 

The macrocyclic polythiaether 1,5,9,l3-tetrathia

cyclohexadecane (16-ane[S4) has .een~usëd as a ligand in 

'-----:~- .-------- .----.- . , ,- ;:-

~ ,.. . • ê.... ""' __ 

J. 
J 
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the preparation of molybdenum(II) bisChydrosulfido) and 

molybdenum(IV) hydrosulfido complexes (eq. 3;).293,294 

+ .. 
Il, . 

[M02 (SH)2(16-ane[S4])2] (CF3S03)2e2H20 + 

126 

IV 
Mo O(SH) (16-ane[S4])]CF3S03 + otber prQducts 

127 

The X~ray structures of 126 and 127 are shown below where 

~ represents MO(16-~e[S4J). 

H s 

Ct) 
6b 

1 

~ 

2+ + 

127 -
-~ 

The metal carbonyl anions M(CO) SEH- CM = Cr, ·Mo" 

W; E = S, Se, Te) have been prepared via the reaction of 

M(CO)STHF (generated ~y irradiation of a THF solution,of the 

hexacarbonyl) with an alkali metal chalcogenide ~2'E (M' = 
Li, Na) in the presence of a pr~tic solvent such as methanol 

or ethanol. The dimeric ions formed',as 

(35) 

. -

,--------- ..~~~------.... ~~, 
, ,. • ~ .. t 'r , .~ 
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288 minor by-products (eg. 36). In additiqn, irradiation of 

~ ~HF/EtOH solution of MO(CO)6 and Li2S gave the doubly

bridged 'anion [MO(CO)4(~-SH)]22- as the major product. 298 

The monomers M(CO)SEH~ react with M(CO)STHF to give ~he 

anions [M(CO)S]2(1l-EH)-. _ ~reatmen~ of cr(CO)sCl- with 

alkali metal chalcogenides gave Cr(CO)sEH-. The anions were 

cQnven;i..ently isolated as tetraphenylarsonium (TPA+) or bis

(tr:LPhenYû)hosphine) iminium (PPN+) salts., 

The preparation of M(CO)SSH- (M = Cr;-Mo, w) and 

+' + {W(CO)S]2(1l-SH) and their isolation as the PPN and E~4N 

salts, respectively, has also been reported by Gingerich 
, , 281 

and Ange~ The monomers were prepared by reacting the 

he"acarb~nrith [PPN)SH prepared in situ (eq. '37). The 

M(CO)6, + [PPN]Sij --.. ~ [PPN] [M(CO) 5SH] + CO 

attempted protonation of W(CO)SSH- with a no?-coordinating 

acid gave [W(CÇ)S]2(1l-SH) and H2S (eq. 38) in an lH NMR 

-
--... [W(CO) 512 (ll-SH) ,+ 

H2S + CF3S03'" 

281 ' 
t~e ~xpeJ;'iment, , The thermal reaction of the hexa~arpony1 

(36) 

( 37)_ 

( 38) 

- -------- ,,~._--------



, , 
f 
1 

ri 
( 

! 
1 

(: 
L.. 

1 0 .. 
r 

It" l, 

. ' 

, ' • 
_____ .~ ~". _____ • __ .,~ _ _.J .. 

12S 1 

with sodium hydrosulfide in THF/EtOH gave only the binuclear 

species (eq.·39). Trèatment.with aqueous Et4NBr ,gave the 

- \ • r l 

'. 2W (CO)'6 '+. NaSH 

corresponding sa~t which could be deprotonated by NaH to 

give'Na[Et(N] [W(C0)5]2(~-S). 

'The reactivity of the W(CO)SSH- an~ [W(CO)S]2-
"2- . 281 

(~-S) anions was also e~plored. For'example, reaction 

of the former with acetic anhydridé'gave the thioacetate 

complex ,W(CO)5(MèC(=O)S],-'Wl'lile with acetyl œhloride W,(CO)5Cl-
, 

was obtained. Reaction of the dimer with electrophiles El-Cl 

(where,Ei = Me 3Sn or Ph2P, for ex,~pîe) gave sulfur-bridged 
". 

(3~) 

species ,(eq .• , 40).· Interestingly, the reacti6n of (PPh3 ) 2PdC12 

2-[WJCO) 5] 2 (ll-S) + El-Cl 

, 2-
witQ [W(CO)S]2(1l-S) in a 1:2 stoichiometry gave only 

W(CO)S(PPh3) and ~(CO)SCl- and'no new cluster compounds, 

,The fate of the palladium was not specified. 

t __ • 

289 ' 
Cooper,-!! al. used a photochemical route in 

the synth,esis of [Na (18-crown-6) ] [M (CO) SSH] and [Na (18-crown-
, , 

6.> ] [M2 (CO) 10 (fl-SH)] (M = Cr, Mo,. W). IrradiatiC?n of, M (CO) 6 . 
(M = Cr, MO, W) ~ Na2S.e9H20, and 18-crown-6 i~ ethanol gave .

the mononuclear'anipns exclusively (eq. '41)~ When M = Cr 

or W the dinuclear speéies ~ along wi th a small amount of . 

(40) 

1 
1 
Î 
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h'V 
Na2S 0 9~20 + l8-crown-6 ' .. 

M = Cr, Mo, W . [Na.c18-crown-~) J [M(CO) sSB] 

the mononuclear compound, cou Id be prepared by varying the 
1" 

stoichiometryCl (eq. 42). However, replaqement of Na2S o .9H2? 

2M(CO) 6 

M= Cr, W 

+ 
h'V 

Na2S o 9H20 + l8-crown-6 • 
[Na,( IB-crown-6) ] [M2 (CO) 10 (}J-SH) ] 

by NaSHoH20 gave purer products and a decrease in the ir

radiation time. 289 The syntheses of the dimolybdenum com-

" 

pound and aIl of the mixed-metal complexes were accomplighed 

by virtue of the high r~activity of [M(CO) 5 (SH~ ,1 towards 

M(CO)STHF (eq. 43). The stabilizi~g ef~ect of the Na(18-
+ crown-6» cation enabled the direct synthesis of [M(CO)S]2-

(~-SH)- (M = Cr, Mo) and greatly improved the solid state ) 

. ~(Co") STH! + CNa{lS-c.rown-6) L[~' (CO) SS!!] .' 

[Na(18-crown-~)] [MM' (CO)lO{}J~SH)] 

M, MI = Cr, Mo, W 
• 

l' 

stabi.lities of thè dinuclear as weIl as the mononuqlear 

Sp8ci~~28l .The' reaction of M(CO) 6 CM = .Cr, Mo, W} with 

cryptand:solubilized' NaSa "in CHjCN solutions gave,the 

( 41) 

(42) 

(43) 

, ' 



i 

f 
t 
1 

\ 

1 
\ 
f 

f 

~ 

i 
t 
\ 

,J 

- 127 -

analogous [Na(kryp,tofix-22l)] [M(CO)SSH] derivatives where 

kryptofix-22l is 128. 290 The X-ray crystal structures of - , 

-

'-;N~ 

C ), 0J 
'~~O 

lU. 
. . 

[Na {lS-crown-6) ] [W (CO) 5SH], [Na tkryptofix-221)] [Cr (CO) 5SHJ , 

290 and [Na(1S-crown-6)] [W2(CO)10(~-~H)] have been reported. 

Disp1acement of C7HS from (n 4
-C7Hs)M(CO)3 (M = 

Cr, Mo, W) by L=2,2'-bipyridine (bipy), 1,10-phenanthro1ine 

(phen), or ethy1enediamine ,(en) in the presence of NaSH gave 

C7HSM (CO) 3 + L + NaSH ~ [M(CO) 3L (5H) ]Na + C7HS 

l •• 
to the reaction solution gave the Ni (phen) 3 2+ ' + 

and PPh4 

salt~, 
t' . 1 295 respec love y. 

(4'4 ) 

. The cyclopentadieny1 complexes ,CpW (Cé»' 3SH . C.ill) ,296 

[(CsH
5

_
n

Me
n

) Mo (~-S) (U-SR) 1
2 

(n = 0, l, 5) (130) 297 and' 
. 29S . 

CP2MCSH)2 [M = Mo (!l!), W (~)] have been reported. 
, . 

Complex 129 was prepared via sulfur abstraction f.rom prop-
- - 1 

, 296 
ylene episulfide by CpW(CO) 3H (eq. 45). However, 'this 

was found not to be a pr~paratively usefu1 reaction'for" 

< • • 
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\ 
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CpW (CO.fJ1f + CpW (CO) 3SH + \i==~( 
/ Me 

129 

large amounts of 129. 264 
A better route to 129 is via 

treatment of CpW(CO)31 with·a three-fold excess of NaSH in 

THP. 264 The dimers 130 were prepared by H2 reduction of the \ 

su1fido-molybdenum precursors [(Me Cp)MoS] (n = '0, 1, 5; 
n x y 

x and y indeterminate), [(MeCp)MoS2]2' [(MeSCp)MoSS]2' and 
1 

[(MeSCP)MOS
2

]2.297,299 The complexes 130 aIl catalyze the 

reduction of e1emental sulfur to H2S at low temperature 

and low hydrogen pressures. They react with ethylene or 
~ 

acetylene to give .et~anedithiolato- (~) and ethenedi-

thiolato-bridged (!li) complexes, respectively (eqs. 46 

and 47).297 

(4S) 

J, 
1 

1 
1 , 

Î' 
1 
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--•• CP2M(SH)2 + 2 NaCI· 

,m M=Mo 

mM=W 

• 
Complexes containing two hydrosu1fide ligands ,. , 

~ , 
bonded to the ~ metai atom are quite rare. Aithough 

CP2MO(SH)2 (131) and CP2W(SH)2 (132) have beén known since 

1967, their reactivity has only been explored recently. 

They were prepared by treating the dichlorides ~ith. NaSH 

(eq. 48).2'98 Rauchfuss and Ruffing300 treated 132 with 

MeNC "activated" via coordination to palladium to ob tain -
the N-methy1dithiocarbamate derivat~v~ 135 (eq. 49). 

.. 

.' 

\ J 

" 

f 
J 
1 
,~. 

( 48) 

(49) 
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'1 

The Manganese Group 

Severa1 interesting hydrosu1fido, complexes of 

manganese(I) and rhenium(I) h~ve been iso1ated. The 

hydride Mn(CO)SH reported1y reacts smooth1y with propy1~ne 

epi,su1fide to give the dimer [Mn\(CO)1I4 (J..I:"SH)] 2 (136) 

(eq. 50).301 The co~~lex Mn(CO)SSH (137) was proposed 

2Mn(CO)SH, + 

[Mn (CO) 4 (J..I-SH) ] 2 + 2CO + 2 >---<Me 
136 

as an intermediate but was not iS91a1ied. Kijl1mer and ' 
302-Vahrenkamp ~ prepared 137 but noted that it is quite un-

(50) 

stable in solution, rev~r~ing t0!1!. Complexes 136 and 

[Mn(CO)3(J..I 3-SH)]4 and their rhenium analogues were prepared • 
., 

by tre~tment of_[M(CO)4(~-SSnMe3)]2 or[M(CO)3(~3-SSnMe3)]4 

'CM = Mn, Re) wi th hydrogen chloride., Conversion of the 

tetramer into the' di,mer, and the dimer into t~e monomer 
, -, 

occurred in solution under a pr~ssure of carbon monoxide 

(eqs. 51 and 52). 
. 

The reaètion of [M(CO)3(PMe 3)(J..I-SSnMe 3)]2 

[M(CO)3SH]4 

(~ = Mlf, Re) 

(Mn (CO~ 4 (J..I"~H) 1'2 

.136 -

130 atm CO .. [M (CO),~ (l-l"!'sH)'l2 

136 -
200 atm CO 

CC! ... ~ (CO)'SSH 
4 

137 

.,' 

, (51) 

(52) 

" 

1 
1 

, , 
l 
1 

l, 
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(M = Mn, ~), wi t;h HCI s,imilarly gave [M (CO) 3 (PMe 3) (il-SH) ] 2. 30'3 

Dir,/:\ treatme~t of [M (CO) 4 (il-SH) ] 2 with PM~,3 g,ave the, mono-

nu6iea5 species ~-tranS-Mn (CO) 3.<~Me3} 2~H 'and fac-Re"(C9) 3- . 

(PMe3)2sa:.303 The ~-trans rhenium isomer was isolated " 
, , 

.from the reaOt_ion of [Re (CO) 3 (PMe
3

) SH] 2 with PMe3 under more' 

vigorous conditions or by recrystallization of the fac isomer --, -
at room temperature. Thesè bis(phosphine) complexes r~àdt' 

with the hexacarbonyls M',(CO) 6 (M' = Cr, Mo, W) to give the :-;', 

SH-bri~ged mixed-metal dimers of ,the, type (Me3P)2(CO)3M-SH-

'. l 304 
M' (CO) 5 as !!!!!!-trans and fac l.someJ:;s. Complex 138 con-

taining two SH-bridges was prepared from ~2 (CO)- 5 (PMe 3) 2':'" 

(SSnMe
3

) 2 and I{CI (eq. 53). 303 . \. f' 

Mn2 (~O) 5 (PMe 3) 2 (SSnMe3) 2 + 2HCL 

H \ - H (53) 

fr~ 
(He3P) (CO) 2Mri " /Mn (~O, 2 (PMe 3) . + 2Me3S~Cl 

C 
o 

138 

The Iron Group 

To date no hydrosulfido complexes of rutheniUm 

and osmium have been reported. 'The single iron complex 

containlng a si,ngle SH group" namely [Fe (SH)PP3]BPh4 (~, 
. , 

where pp
3

' = trià[(2-dlphenylphos~h!noeth~1)phosphinè~) was 

prepar,e~ via' the reaction of [Fe (H2 0) 6] (BF 4) 2 with H2S in 

305 the presence of PP3. The X-ray crysta+ structure of 

" 

r r " 

r 
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the BPh4 salt reveal~d a five-co6rdinate tr!gonal bipyra-
, ' ',' , ',- , '305 - . 

mid~l,. a,~~~~mènt of ·the _ ~igands. The analogous. reaction 

qf [fe(H20)6~X2 (X = CI04 or BF4) with H2S in the presence 

of ppp (bis [2-(diphenylphosphino)ethyl]phenylphosphine) gave 
, . 

a dimeric anion with.three bridging SE groups, [Fe2(~-SH)3-

. '\5. 306 
(ppp) 2] , '(140). Its X-ray structure has been determined. 

+ 
r?P~ P"2~~.-PPh p/I 2 
Ph2 S 

H' 

" ' . 

139 -
, 

-
~ A dimeric iron (1) species of particular interest is cP· 

[Fe(NO)2(~-SH)]2 (141). A1though salts of the deprotonated 
~ ---- , - , " 

species l were first made, in 1858',307 1itt1e attention was 

paid to the system until r~cently~ The disodium salt of l, 

s, 2-

:~ .. 

known as ,"Roussin's l'ed salt", can be ·transformed in low 
.. 

yie1d into tQe neutral 4oub1y-SH-bridged compound 141 by 

treatment with acetic acid, trifluoroacetic acid, or tetra

fluoro~oric acid .. 8 The dimeric c~plex Fe2 (CO) 6 (ll-S2) (142) 
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was· first reported in 1958 308. and its X-ray structure' 

reported in 1965. 309 C1eavage of the su1fur-su1fur bond 

{with LiEt3BH fol1owed by protonation with CF3COOll at .1ow '. 

. temperature gave the very air-sensitive complex [Fe(CO)j-' 

(~-SH)]2 ~ situ as a mixture of i~omers.310,311 

The Cobalt Group 

The comp1ex [Co(SH)L1BPh4 (L' = nP3 = tris'(2-

-dipheny1phosphino~hy1)amine or PP3] was prepared305 fro~ 

Co (H20) 6 (BF 4) 2' L, and H2S .fo11owed by the' addition ·bf 

NaBp.h4 • The ,interesting rno-dium(III) species RhL' (R) (SR) 

was prepareq via oxid~tive addition of H2S tp the high1y 
'312 ..-

reactiveJRhL' precursor 143. It is stable in the so1id 

state but in solution reductive1y eliminates H2S to ferm 

the starting materia1. 312 Tpe bis(hydrosulfido) comp1ex ' 

0"'" BF2 '0 

X~··· .... ~:r ·'Ah";.' 0 N' 'N~' 
U'" 

1 -

f' 
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RhL' (SH)2 was prepared via the hydrolysis of RhL t (5GeEt3 ')2" 

~though a macrocyclic ligand such as L' has a stabilizing 

'I1fluence on~metal-.5H bonds~312 it is not neeessary f,* the 

~,olation of rhodium (III) hydrosulfido compounds" The 
~" c ~ .-

,_ e " 
4"-cômplex RhC1H (5H) (PPh3 ) 2 was isolated from the reaction of 

~& 313 . 
- ~(PPh3) 3 and ~2S" The complex Rh (SH) (C,?) (P~h3) 2 

w~~ prepared from ~ (Oe02H) (CO) (PPh
3

) 2 and H
2

S 314 or 
- / 

a1ternat~vë1y via '.,trea~nt of _Rha (CO) (PPh3) 3 with carbonyl 

1 sul fi de (eq. -54). 315 The iridium complex IrCIH (Sa) (PPh
3

) 2 
\ 

\ -

--.. ~ Rh (SB) (CO) (PPh3) 2 + CO + PPh31 (54) 

/ 

was made by oxidative addition of H2S to trans-!rCl(CO)

(PPh3 ) 2.
313 

The Nickel Group 
, 

Numerous hydro8ulfido'complexes are known for 

'nickel, platinum, and palladium. The cations [NiCSH)L]+ 

& we~e, prepared by bubb1ing B2S' through a solution containing 

.,,_.' , (Ni (H
2

0 ] 2+ and L where lri~is' a stabilizing poly (tertiary 

c~ . Rhosphine) d. 305,316_ The bis (hydrosulfido) eomplex 

(~ppe) Ni (SB) 2' re dppe = 1,2-bis(diphenylphosphino)ethane, 

the reaetion of NaSH with (dppe)NiC1
2

-U7,3l7,3!8 

; , 

j •• -

Isomerie dimers of the type 144 were prepared from (n-

a1lyl)2Ni or (n-2-methyla1lyl)2Ni and H2S at low tempera

ture (eq. 55); however, the products decomposed above 20·e 

, ' 

'!, t 

, , 
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,into nickel sul~ide ,and propene or isobute~e.3l9 Treatment 

with trimethylphosphine c1eaved ~~e dimer to give the 

.monomer 145. The,latter was found to be stereoehe~ically 

non-rigid in solution above -lOO'oC '(eg., 56) • 3~9 The 

o 

144 

• 
, ' 

'\ 

H 
, - S 

";'78°C 1 R~"N'/ "N'~'" ' 'R -----... - ,l. l. . 2 '" ....... S ............. 

H 

144 -

_....;R;....=..;;.H __ ...,... H--./' Ni;' PMe 3 

~ 'SB 
,-

PhC:cH 

PhC=CPh 

145 -' 
, i"2 

Cp(n-Bu3P)2Ni(SCPh) 

. 146 

,CP2Ni2 (P~C~CP,h) 

ill " 

+ 

n-cyclopentadienyl complex Cp(n-Bu3P)2Ni(SH)' was prepated 

from NaSH and Cp(~-Bu3P)iNiCl.320 Pheny1acetylene inserts 

(55) 

(57) 

__ (~9) 

. into the S-H bond to give 146 (eq. 57). 321 Diph.enylacetylene 

gave the dimer !!I with 105s of hydrosulfide and phosphine 

, , 
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') 
.. 1: 321 ligands (eq. 58). . 

For platlnurn, the complex ~-(PPh3!2Pt(~H)2 (148) 
" -t l26,127,31S,322-324 

has œen the subject of several repor s. 

Several127 ,'318, 322,323 of these syntheses were not repro-

d 'bl 325 UC1 e. 325, d'f' t' fB' t' A proven route ~s a mo 1 1ca 10n 0 r1an s 

324 
prDcedure wheretn (PPh3)2Pt02 was treated with H2S with 

THF as the so1vent instead o~ CHCl3 (eq. 59). The X-ray 

crystal structure of 148 confirmed the cis monomeric 

f 1 t · 324 ormu a 1on. 

--~~ cis,,: (PPh3) 2Pt (SH) 2 + -li202 

148 
( . 

The l;eaction~ 0 

4 
rans-(PEt3)2PtC12 and 

trans- (PEt3 ) 2PtHCl wi tp e~cess ~aSH ave trans- (PEt3) 2Pt

(SH)2 and trans-(PEt3)2PtH(SH), respectively.326 Treatment 

of trans-(PEt3)2PtHI with H2S gave trans-(PEt3)2PtI(SH) 

326 . 
which was identified spectroscopica11y. ,The analogous 

- } - 327-328 ' 
'complexes tranâ.:-.(?Ph3) 2PtR (SH) ami trans- [P (CH2Ph) 3~2-

329 l " 

PtH (SH) have also been reported. The complex trans-
Q 

{({PEt3}2PtH]2(1l-SH) }BF4 i,s a rare examp1e of a monobridged 

bis-pIatinum(IV) species. 330 I; was preparèd by the ,treat

) ment of a mixture of trans- (PEt3)'2PtHCl and trans- (PEt3) 2":' 

~tH (SH) with AgBF 4. The cubane-like comp1ex (Me3~tSH) 4 

(125) contains triply-bridging SB gr~ups.291 

. Two palladium hydrosul,fid~ complexes have been 

reported. The __ palla~ium a~a1og to ll!, (PPh3)2Pd(SH)2' 

(59) 

1 • 
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126 was prepared via the treatment of Pd(PPh3)2(Nj)2 or 

331 -
Pd (PPh3)4 with H2S. The complex (dppe)2Pd reacted 

, '331 
with H2S to give (dppe)Pd(SH)2. This compound waS 

also prepared from (dppe)PdC12 apd H2S in the presence 

, of Et
3
N,122,323 or by treatment of the dichloride with 

- NaSH. 318 

Resulta 

The complex ~Ti(SH)2 (110) was pr~pared by 

the treatment of a red THF solution of CP2TiC12 with H2S 

in the presence of a stoichiometric arnount of Et3N. The 
-

rapid reaction (eq. 34) occurred with an immediate precip-
" 

--•• CP2Ti (SH) 2 + 2Et 3NHCl 

110 

itation of Et3NHCl and a colour change to red-blàck. The 
-

crearn-:co,loured Et3NHCl was easily removed by '~iltration. 

Evaporation of the filtrate in vacuo gave brown malodorous , -
!!Q. in nearly quanti,tative yield. 170 Incomple~e dissolution 

àf~ the CP2 TiC12 prior to the ad~i tion of H2S .gav:e a' crude 

p~oduct, which con.tained' large amounts of cyclopentadienyl

titanium coritai-ning'impu:r;ities (detected'in the IH'NMR . 
1 

spectrum) which were, difficult to remove. Recrysta,~liza

tian of 110 resulted. i{( excess~ve 108S of compound. Sinee 
, '. . l 

. crude. 110. was. pure by H NMR it was used in a.J.l subsequent. - , 

, .' , ' 

.. 

(34) 

f 

1 
1 
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experiments. 'Thls compoJnd can be manipul~ted freely in 

air, as a solid and in solution at room ~perature. How

èver, Këpf and Schmidt260 noted a thermal ~1ecomposi tion 

to give polycrystal~ine oligomers having Ti-S-Ti bonds 
r, 

when 11.0 was boiled in benzene. When 110 was stored in 

air at room temperature for severai months p'artial decom-

posi t'ion accurred. Hawever,!.!.Q. could be recovered by 

extraction of the mixture in. air with ~H2C12. A sample 

of,110 stored in a closed air-filled vessel at -20°C 

showed no 

(110) was 0- ' 

\ 

eVidenceef decomposition'" after one year. 

The meth d su~cess fully used to prepare CP2 Ti (SH) 2 . 

extended ta the zirconium and hafnium system. 

Treatment oÎ a THF ~olution of CP2ZrCl2 and Et3N with H2S 

gave prirnariIy ~P2Zr(SH)2 (!!!) as malodorous yellow crys

taIs which could be handled briefly ,in air in the solid 

state. Prolonged contact wi th air caused a white layer 
, ' ' 

,to forro on their surface. Decornposi tio~ appeared to oc,cur 
. , 

·even when III was stor~d under nitrogen for several m~nths 

Although, the crystals were unchanged in colour 

they were insoluble in common organic solvents. -A freshly 

prepared solution of' III was 'bright yellow. However, after 

-standing ~t room -tempe rature for 15 minutes the solution 

was green in colour. This colour change did not occur when 

the' solution was saturated with H2S. 

Th~ crude ~eaction mixture in the preparation of 

, III was filtered and the initially yellow filtrate was· 

\ 

\ . ,;K. r., 

1 • 
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concentrated i~ vacuo. Even when this evaporation was 
.... 

conductèd at O°C the filtrate slowly b~came emerald green 

in colour. The fi~t product isolated was large and b 

yellow ~rystals of 
- , . 

product; the final sample of wh~Ch was tur$uoise mi 
, ' 1 

crystalline 112. The spec~ral and microânalytical data 

(Experimental Jection) for the turquoise product 112 are 

consistent with a dimeric formulation, (CP2zrS)2' Treat

ment of CP2HfC12 with H2S in ~he presence of Et3N in THF 
1 

gave a white product 113 who se characterization is dis-• 

cussed below. 

Wllen a .THF solution of (MeSCp) 2 TiC12 and a 

stoichio~ettic'_ amount of Et3N was treated with H2S at room 

temperature, no reaction,occurred. The unreacted dichloro 

complex was recovered. 
1 ' ~--.. 

The H NMR spe?tra (CDC13) of the complexe$ 

CP2M(SH)2 (M = Ti, Zr) each consisted of two si~glets. 

For ~e titanium complex 110 these appeared at ô 6.28 

(lOH, CSHS) and ô 3.38 (2H, SH). The ~rconium complex 

III displp.yed a n-CSHs signal also at ô 6.28 (lOH) and 

an SH signal te higher fielÇi, at ô 1.94 (2H) • The spec-

trum of turquoise 112 in CDC!3 showed only a ,single sharp 

peak at 0 6.44 for the n-CSHS protons consistent with the 

absence of SH ligands. The product 113 from the attempted 

synthesis of CP2Hf(SH) 2 'showed two signaIs in its lH NMR 

spectrum (CDCI 3) at ô 6.06 '(s, 10.8H, CSHS) and ô 0.58 

'" 
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( S, 1. OH, SH). 

A turquoise solution of Il'2 in CDC13, p'repared 

under nitr.ogen, was treated with H28. A rapid co:lpur 
. 1 

chanqe to ye1low occurreêi. rhe H NMR signal at ô 6.44 

for 112 was rep1aced by sigda1s at 0 6.28 (s, lDH) and 

ô~ 1.;;-(8, 2H) consistent Wi\n ~e formation of !!l. 
1 • 

Under the ~2S atmosphere no signal dUE7 te 112 wa,s 

evident after 24 hours. 

The solid-state infrared spectra of 110-113 --
were do~nated by absorption bands due to vibrations 

of the n-CSHS rings. The precursor dichlorid~s CP2MC12 

(M = Ti, Zr, Hf) show five characteristic band~332 at 

~. 3100 (medium, CH stretch), 1440 (mediwn, CC stretch) , 

1130 (weak, CC stretch), 1020 (medium, CH deformation 
-1 . 

in plane), and 820 cm (very strong, CH deformation 
'8 

out of plane) • Complexes 110-113 displayed bands in 
~.....-

these regions a1so ànd resemb1ëd the dich10rides in 

their intensi ties and locations. The hydrosulfido 

complexes 110, 111, and 113 additiona1ly showed weak - - -
... 1 

features near 2500 cm No absorption was observed in 

this region for 112. The SB stretching band ,of mercap--- . -1 
tans and thiopheno1s occurs at 2590 to 2540 cm and is 

weak in tBe infrared. 333 Thus, weak bands at 2530 (broad.), 

-1 . 2550 (broad), and 2565 Cm , tsharp) in the spectra ·of !!.Q., 

111, and 113 are tentativeJ.y assigned ta the SH stretchi.ng - -
vibration, ~n these compouds.. No. strong . reso~ve<i 

, a 

..... 

'. 



1 
. Î 
"1 

1 

1 

1 

t 

1 
1 
f 
( 
l 

c' 

1 

, 

1 

'{ 

1 
1 

1 
i 

'\ 

() 

'II (', \ .. 1 ~' 

\ 
\ 

r _-. _-t __ " ___ ~' ___ ~ __ 'W~" ~. ______ 't._"",- .. __ 

- 141 

bands were observed be10w 750 ,cm-1 for the hydrosulfido 
, 

complexes. A strong, broad absorption was present at 
-1 ' " 

730 cm for l12.f though. 

The electron-impact mass spectra (70 eV) of 

110, Ill, and 112 displayed molecular ion peaks and 

support their formulation as CP2Ti (SH) 2' CP2Zr (SB) 2' and 

(CP2ZrS) 2" respecti~ely. Kopf and SChmidt260 did a mo

lecular weight determination of l!.Q. in CHC1 3 which con ... 

firmed the monomeric formulation. The zirconium analog 

III is assumed to be monomeric. DuCj to decomposition a 

solution molecular weight determination of 112 was nct 

possible. On the basis of its mass spectrum a dimeric 

structure is preposed for 112, although' ether oligomeric 

structures c.annet be ruled. out completely. The mass spec-

trum' of .the hafnium complex 113 did not show a molecular 
. ....--

ion corresponding to CP2Hf (SH) 2' The observed fragmenta

tion pattern included sorne peaks having isotope patterns, 

consistent with the presence, of more than .one hafni~ atom 

but the&e were npt interpreted further. The 20 eV mass 

spectrum of 113 disp,layed peaks corresponding tô, H2 Sn , 

(n ::; 1-6). The complex discol'oured lead acetate paper 

when t~e paper was expQsed to the vapours abqve a sample 

mel ted in air. 

The microanalyticaI' results for 'ill-112 were, 

consistent with their formulations. The results for 113· .. -, 
were as follows: Calcd. for ~P2Hf(SH)2-: C, 32~04i H, 

r 

n , 

n·' 
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3.23; S, 17.11. Found: C, 23.12; 11, 2.67; S, 7.52. The JiJ 

structure of 113 was not assigned. 

A féw reactions of ill and 111 were exp1ore4. 

Those reactions wi th elemental sulfur, sulfur-transfer 

r~agents, and "blocked" sulfur-transfer reagents are de

tailed in subsequent chapters. Complex 110 was unreactive 

towards stoichiometric amounts of Me2SiC12 and Et3N in THF 

at room tempe rature . At 50 oC and in the presence of tw:o

fold excesSes of Me2SiC12 and Et 3N, ,-110 was converted into' 

CP2TiC12 in 80% yield. The reaction of stoichiometric 

, amo~ts o~ Me2SnCI 2 , Et3N, and 110 in a THF solution at 

room temperature gave a complex mix.ture of very air-sensi-

tive products which was not investigated further. Treatment 

of 110 with one equivalent. of (Me 3Si) 2NH or two equiva1ents

of Me 3SiCl/Et3N aiso gave a mixture of products (detected 

by lH NMR) which was not investigated further. Treatment 

of 110 with PhPC12 and Et3N at room temperature gave CP2TiC~2 

a~_ the only soluble metal-contairüng product. Compound 110_ 

was ~rea~tive t~ward.s CH2l 2 and Et3~. at room temperature, 

and decomposition occ~rred upon refluxing in THF. However, 

CP2Zr (SH) 2 _( Ill) reacted with an equimol-ar amount of . 

Me2SiC12 in t~e presence of Et3N in THF at room tempe rature • 

The ,main product was' a v~ry air-sensi ti ve lemon-yel1ow s_oli~, 

which was sublimed at 75°C and 0.015 torr (2.0 Pa) onto an , 

water-cooled probe. lts mass spectrum showed an intense 

peak for CP2Zrs2SiMe + but also peaks· at higher m/z value$ 
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. ' 
, which had an isotope p9-ttern consistent with the presence 

, ' , 

qf'two Zr atoms. The compound was not examined further. 

'Complex 111 reacted with-iodine ,to give CP2ZrI2 as the 

only isolated metal-containing product. Hydrogen sulfide 

gas ,was detected in the vapours above the solution. The 

reaction of CP2ZrSS (75) with iodine in a lH NMR tube in 
/ 

CDC13 gave cP2ZrI2 (detected by NMR) and sulfur (detected 

by TLC). 

Discussion 

{The literature method260 for the synthesis of 
JO 

CP2Ti~SH) 2 (lIO} invol:es the treatment of CP2TiC12 with 

, H2S in the presence of Et
3

N in anhydrous 'ether. Subsequent 

extra'ction wi th water was the reporte~ method whereby the 

Et3NHC~, by,":product was removed. Recrystallization gave 
, 

ill as brown-black crystals. The synthesis of 110 by this 

literature procedure was not reproducible by the author 

when the water extraction was performed. 
. 105 

Ralea et al. 

had cautioned against t:he isolation of 110 due to attendant 

, "' decornposition. Instead, they prepared an acetone solution 

of 110 via the ~ddi ~ion of H2S to stoichiometric amounts 

of CP2 TiC12 and ,'pyridine • This solution was 'purged wi th 

" a ni tr9gel1 s~rearn to expel unreacted H2S and used irnmedi~tely' 

in~ubsequent reactions. The in situ synthesis of 110 was ---.- ,-
inconvenient fr~rn a preparative standpoint. An impr~yed, 

reproducible synthèsi~ of 110 ia the treatment of a THF 

,1 ' 

1 
1 
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solution of CP2 TiC12 with E,t3N and H2S •. Si~ple 'fi~tration 

of the reaction mixture in air remov~d the Et3NHCl a~ 
evaporation of the solvent from the filtrate gave 110 in ,--. 

nearly quantitative yield. This synthetic method has 

recently been applied indepen~ently to prepare the related 

complex (MeCp) 2 Ti (SH) 2' which is easier ta isolate in a 

crystalline f~rm. 292 'l'he IH NMR (CDC1
3

) chemical. shifts 

of the Cp and SH protons of 110, <5 6.28 and ô 3.38, respec

tively, co~pare favourably with' the 'reported values of 

'. 260' 
ô 6,034 and ô 3.44 in the same solvent., The signal due 

to the hydrosulfide ligands of {MeCp) 2Ti (SH) 2 ià a singlet, 

at ô 3.09. 292 The .rep·lacement of hydrogen atoms of a 

cyclopent.adienyl ligand with methyl groups inereases the 

electron density at the metal center. 334 The qhemical 

shift of the hydrosulfide ligand appears to be sensitive 

ta the e~ectron de.nsi ty at the metal. The SH resonance 

in the IH NMR spectrwn of CP2Zr(SH) 2 (111) in CDC1 3 ?ccurs 

at tS 1. 94, significantly upfield fro~ the corresponding 

- signal for ~ at 5 3.38. A similar shift to higher field 

of the SH re'onance wàs observed for the complexes (dppe)-

1 
\ 
\ ' 

~I (SH)2 when Ni (5 1.67), a first row metal, was replaced ~, 

J 127 
by Pd (6 1.56) an~ in cOI?plex~s of the t~ .1,4~ where .. 

M·= Ti and Zr.335-336 The ole finie protons in the zirconium 
, 

complex occur at ô 7.11 vs. 5 7~43 for the titanium c$mplex. 

This was expla:.lned as being ,due to the poorer 'II'-accepting 

ability of zi~conium(IV) .. 335 . In th~ bis'(hydrosulfido) 

) \,-' . 

, -
,f':., 

~ __ ~ _~_-.l--_ 

.,' i.. . .:-' ... , ..• , J 

• 

t 

, 
f 
":l 
1 
i 
l, 
i , 



Ct 

,--,....~---.~-.. - -\---, ........ ....::... __ ... _-- -- ~_ .. ~--- , --- - -----_.,,~--

" _____ 1o>~~ ______ 4_. 

. , 

- 145 -

" 

" 

complexes .!.!.Q..and III a degree of p1T(S)-d1T(metal) bonding 

cannot be excluded. ThiolatE ligands are thought to behave 

as 7T-accep~ors in co~plexes of the type 'CP2MX2 (X = SR). 337 

The complex CP2 Ti (SH) 2 .( 110) was the only organo

\ f metallic product isolated from the react:lon of CP2 TiC12 
j;i .1 wi th Et 3N and H2 S in THF. However, the analogous re action 

with CP2zrC12 gave two products which have been formulated 
, 

(vide supra) as CP2Zr(SH)2 (Ill) and (CP2zrS)2 (~~. A 

lH NMR experiment demonstrated that 112 could be converted 

into III in CDC13 solution in the presence of H2S. More

over, under an atmosphere of H2S a solution of III does 

not revert into 112. Thus under the reaction conditions 
\ .. 

for the synthesis of III it i5 likely that no ill forma. 

Only during evaporation of the CP2zr(SH)2 solution, when 

the sQlution is degassed, does the yellow colour charac-

'teristic 9f III change to the emerald green of 112. Spec

ulation on possible mechanisms of formation of the dimer 

~ from 111 lead to at least two possibilities. Intra-

- mole?ular elimination of H2S from III "could ,generate an . 

intermediate such as CP2Zr=S (150, eq. 60). Dimerization 

--of 150 could give ill (~q. 61). A second mechanism invo1ves 

" 

--1 
1 

J, 
1 
1 
1 , 
1 
1 
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.... ,1 l' 

, . 
, , 

intermolecu1ar e1imination of El2S to give an intermediate 

'osuch as' 151 (eq.' 62) • Subsequent ring-c1osure via e1imina

tion of a second H2 S molecufe could gi ve !.E (eq. 63). At 

...... 5 ........ 
cP21r ~rC"2 

S S 
H H 

l!L ·m 
.' 

151 . .. ,H2S + (CP2ZrS) 2 

112 
--~ 

LII! ~ •• __ .... 

(62) 

(63) 

this time i"t i5 not known if eitlle:r:;- or both of the mechanisms , 

are aperative. 
\ ", 

Pimer ,112 is a rare examp1e af a sulfur-bridged 

organozircanium complex. Mu1tinuc1ear .se1enium- and oxygen-

bridged species have been isolated, though. Gautheron et 

338 / 
~. Iprepared the complexes [(RCP)2M(j.J-Se)]~ where M = 
Zr, Hf, and R = t~Bu and H. The oxygen ana10g af 150 has 
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339 ~ 
been suggested, as a possible precursor to, (Cp;Z'~O) 3 

(!.~.3) (eq. 64).. Neither 150 nor cP2zr~o have been isolated, 

however. The oxygen-bridged trimer 152 was prepared 

according ta eq. 64. The structure of the toluene so1vated 

l 
----l~... 3'(CP2zrO) 3 + 3CO 

152 
, 

1 

complex consists of a nearly p1anar six-membered Zr 303 

ring with short Zr-Q bonds. 339 A single. sharp peak at 

, .. 

.LU. ' 

Ô 6.25 ",as see,n in its la NMR spE:l~trum (criC1
3
). "'The 

(64) 

infrared spectra of' the hydrosulfido complexes" 110, 111, \ 
~ J - -

and 113 and the dimer 112 displayed infrared absorption 

bands characteristic of the n-,C
S

H5 ligand. 332 The infra-
. ~ 

red spectrum of 152 displayed an intense, broad absorption 

band from 760 to 790 cm- l 
An intense band in this region 

fs characteristic.of an M-:,O-M linkage (M = Ti, Zr, Hf) 

and may be due to the asymmetric M-O-M stretching vibra

tion. 161 ,339 It is reasonable ta expect a Zr-S-Zr stretching 
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"~,l' 
1 ~}, 0 

c,' 

'" 
,mode to oceur at lower frequéncy than the correspondinq 

" 

z;:S Zr b~d. Cdmplex 112 showed a stronq, broad band .....- , 

a 730' ~~l which May ,be tentatively assiqned as ~a Zr-S- ." 
.L 

'cZr ,tretch .. 
' .... 1 0 

roi 

,One route to 

c oxidati-on of thioÙi in 

Orqani~SUlfideS ia via iodine 
10, 

polar media. 340 Although this has 
>'U 

been succêssful wi'th sorne hy~~osulfidq complexes, others 
, . 

, 42 
9i~e unexpected products. For example, Ramasami et al. 

" \ found ;th~t. oxidatio~ of the crSH2+\ ion in aqueous perchloric 

acid gave the" ll-disulfido" chromi~(III) ion crs2cr4+. 

However, Kül~er ~ al.,341 found that [Mn (CO) 4, (ll'"-SH) ] 2 
, 

(135) ,was unre'active' towards common oxidiz~ng agents' such 

as H202 , 12 , 

ide. 342 The 

azobis1sobutyronitrile"or dimethyl sulfox-- .,. 
-. '""r~.,. J.-

oxidation of [Mn (CO)'4i 2 (1l-SSnMe3) with iodine 

gave, the interesting tetranucleâr complex Mn4S 4 (CO) 15 (153) '. .... 't 

This was~proposed to be formed via dimerization of the 

ll~disulfido intermediate [Mn(CO)4 12(1l-S2) (~) accompanied 

by ;:earrangement of the CO ligands (-eq., 65) •. 341 -..... ' 

+ co (65) 

Jill. 

. " 
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An ear1y study suggested that treatment of 

~PZTi'(SH) 2 (l!.Q.) with iodine in the presenqe of pyridine 

'gave the titanium(III) comp1ex [CPTi(]J.-S2}]z.105 A more 

careful study,l06 however, showed th~t the soluble metal

containing products were CPZ~iIZ and CP2TiSS (21). The 1 

e 

dimer 155 expected from the oxidation of 110 w,ith iodine ' 
106 ' 

1 (eq. 66) was not observed. Sorne sulfur w~s liberated 

106 0 

as HZS. The similar oxidation of cpzZr(SH)2 {!!!) 

with iodine reported here led to CP2ZrI2 (lH NMR) and 

su1fur (TLC). The products of a few exploratory reac

tions of CP2Ti(SH)2 (~) and CP2Zr(SH)Z (111) with 

Me2SiC12 , Me2$~C~2' Me 3s1cl, (Me 3Si)2NH , and PhPC12.courd 

not be identified. Other hydrosulfido organometa11ic com~ 

pounds have been successfu1ly reac~ed with the reagents, 
- 9 343 ' . 

however. For examp1e, Seyferth et~.' found that 
2- 2- -salts-of [Fe(NO)2(1l-S)]2 (!.) _and [Fe(CO)3(I1-S)]2 (156) 

8 310 311 . (which can be viewed as the deprotonated known' , b1S-

.Chydrosu1fido) derivatives) reacted under mi1d conditions 

t~ give complexes such as [Fe(NO)2{1l-SSnMe 3)]2 and Fe2 (CO)6-

(]J-S2MMe Z) (157, M = Si" Sn). It is i~teresting ta note , 
that lli and Me.3SnCl failed to give stable products,.9 

! 
.' 

. , 
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156 157 - -
In the reaction of 110 in THF at sooe w,ith two-fold ex--, 

. " 

product. No cyclosilthianes sUchQ,as '(Me2SiS)2 and 
1 

(Me2S~S)3 were detected in th~ R NMR spectrum of the 
344 crude reaction products. Dimethyldichlorosilane reacts 

with H2S in the presence of Et3N to forro the stable cyc1o

silthianes (Me2SiS)2 ~~ (Me2SiS)3. 34S ,346 The fate of 

the 'SH gI:bUPS in th~" above reaction of Me2Si,C12 and Et3N 

with 110 is not knpwn. ---

.' ; 
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4. THE SYNTHESIS OF 

BIS(n-CYCLOPÊNT.ÂDI~~)TITANIUM(IV}- THIOLATES 

'l-.-..-/ 

In troduotion 

. One of the objects of'this research was to prepare 

new-compounds containing catenated sulfur ligands of the type 
~ .... ~ 

S R where x > 1. Consequently, it was nec~ssary·to prepare x 

the analogous cçmplexes with x = 1- (i.e., thiolate complexes) 

for comparison. 

Metal thiolates can be defined as those compounds 
f 

having a metar-sulfur-carbon linkage. This rather broad 

category, however, can be subdivided. Transition metal 

complexes in ~hich there formally i8 a dative bond from a 

sulfur ligand to the metal (e.g., 158)347,348 will not be 

'discussed here. Transition me~al complexes of l,l-qithioacids 
t 

eJ1 "R, 
~,/s, 

Ti ......... ···Mo(CO) 

~"~/ 4 

IS8 
~ 

159 
1 

1 • 

~ ~ j 

in,wh1ch the XC~2- li~a~d is present, where X may be a group 

such as N~ (to give dithiocarbama~e comp~~xes) or OR (ta 

give xanthate complexes) (159) 1 are o:wé11-known and have been " 
, ---- , 

thoroughly reviewed349 ,350 and wiil not be discussed. This , . , 
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section will rev~ew t~e complexes.of titanium, zirconium, and 

/'- J 
hafniuin containing the n-cyclopentadienyl group and $imp1e ~ 

thiolate ligands. Such com~ounds are rela~ively common'for 

titanium, but !ire scarce for zirconium ah'd, virtua'11y unknown 

for hafnium. 351 They are !OOst èommon for the +4 oxidation. 

state o'f the metals, although severa1 titanium(III) thiolates 
~ 

have been isolated. For example, mu1tinuclear titanium(III) 

complexes with bridqing ligands such as thé dianion of 
, ' 

2,4-'dithiopyrimidin,e (160) and the trianion of trithio-

cyanuric acid (161) have been isolated. 352 Substituted-n

cyclopentadieny1titanium(III) complexes with chelating 

. 
dithiolate ligands have also been synthesized. Treatment of 

"". ',) 

(R'Cp)TiCl2 (R' = CHMe2, CHMePh) with the sodium salt of 

toluene-3,4-dithiol gave the èomple~es!!!. The reaction 

of·these compounds .with CC14 in re~luxing TSF gave th~' 

titanium(IV) der~vatives of the 'type 163 (eq. 67).353 -

. . 
, .. ' .. 

l 
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o . .&1 .. 
RI~/S~Me TI (67) 

'/ 's 
CI . 

: "I~"G/ "'/S~' 'Me '-R - -Ti , .: 's 
.. 

162 ' .............. . ' 

'Coutts et al. have studied· the reactions of the --
titanium(III) compounds CpTiX2 (X = Cl, Br)354 and CP2TiCi265 

with'disu1fides (eqs. 68 and 70) and thiur~ disu1fides 

(eg. 69). - In each'pase c1eavage of the sulfur-su1fur bond 

1 

.j occurred with oxidat~on of the m~tal to the ,+4 state. 

i (} 
1 . 

2CpTiC12 + RSSR (68) 

.R= Me~ Et, ~h_ 

(69). 

R= Me, E't 

" ',' '(70)· 
, ' . 

• 

Cl ' CpTi·(C1).. (SPh) + nE~NHCl .)-n n -3 
- '. . " 

(71) 

.. 
n :- 1,3 

" 

, . , . , , 
, . , . . 

, 0 0' '. or _ 

• > .. • - '. 
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Dépen~ing on the stoichiometry, the reaction between CpTiCl3 
and thiop~enol in the presence of Et3N gave CpTiC12 (SPh) or 

CpTL(SPh) 3 (eg. 71).355 Both produéts are air- and thermally-
,,-

sensitive compounds. Decompo~ition of CpTi(SPh)3 i~ air gave 

PhSSPh and a yellow compound of 10w solubility thouqht to b~ 

[CpTi(SPh)OJ n (n not specifie4).,,~55 

Bis (n-cyolopentadienyl) complexes of titanium(IV) 
. ~ 

have been prepared by various Foutes and include mono- and 

bis (thiolato) deri-v;atives 'of t,~e types CP2 T~ (X) SR (X'''' hëtlide) 

and" CP2 Ti (SR) 2' respecti vely. , l, In the generally high-yield 

s"yntheses of the complexes é'P2 T~ (Cl) SR from organic disulfides 
, " - 1 

and CP2TiCl (eq. 7b), the' compotnds CP2Ti(SR)2 were usuall~ 

observed as by-produc,ts. 265 , A ~uc~ bettei prepa"rative route 

is'via the 'reaction of CP2TïC12 ~ith NaSR--(1:2 mlar ratio)~ 

which gave quanti tati ve y-ie1ds_ 0 CP2 Ti (SR) 2 for R. = Me, Et, . , 

CH2Ph, Ph (eq. 72_).265,282 The omplexes where R = ~e and Ph 

we~e also obtained f~om the ion of CP2TiCl2 with Me3S~SR 

with -e1imination of volatile Me
3 

iCI (eq.' 73).356 Kopf and 

B1Q-c'k35? found that treatment' .of "titanocene" with ,the organic 

di.sulfides ;RSSR (R = Me,_ Ph) aIs qave the bis (thidlato) _ 
~ , 

complexes, but in low-yields. P r~aps the most used-rou~è 

~s the treatment o~ Cp2TiC12 wit~ the_ tlhol in.the, presence - , 

(' t of a base _such. as Et
3

N as an HCI,! sca:renger (eq.' '74),.282,283,358 
l ' , 
1 

! 
1 , 

Cp2TiC12 + 2NaS,R ... '; CP2Ti (SR) 2, + 2NacJ.. (72) , 

1 

, " 1 
1 

o • 

.-
" 

. 
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. "ri 

--.. ~ ,> Cp2 Ti (SR) 2 + (74) 

R=-Me, Et, !!.-Pr, CH2 Ph, (CH2)2Ph, 

Ph, ~-Ç6H4Me, 4-C6H4C'!' 

2Et3NHCl 

Chaudhari an'd Stone359 prepared CP2 Ti (SMe) 2 via treatrnent of 
, , 

the o-phe~yl derivative CP2Ti(Cl) (C6F5 ) with excess NaSMe. 

The bis (n-methylcyclopentadienyl) analogs (MeCp) 2 Ti ,( SR) 2 

where R = Me, Et, !!.":'Pr, !.-Pr, ~Bu have recently been, 

prepared via the base/thiol route. 360 

A number of bisCn-cyclopentadienyl)titanium(I ) 

complexes with che1ating dithiolato ligands have been re 

They were prepared ~ the base/dithio1 or the disodium 

i . .. d . 361 d tn~olate routes. Kopf an 5chm~dt explo~ed the rea 

,of CP2TiC12 with an equimolar amount of HS(CHZ)nSH 

and t~e stoichiometric amount of Et3N in refluxing 

conditions prev10uSlY succèssfu1282,2~3 for the synt~esis 

many CP2Ti~SR)·2 (R = alkyl, a~l) derivative.s., A.lth~uqh 

latter weré well-defined monorneric complexes, 'the a1kan~ . 

dithiols -qa 1,e on,ly violet': red . :ir-sensi ti ve ch~Orine-cP,,~a' ning 

ol.igomers.~ The desired five-, six":', -or seve~-membered t t a-
, . 

dithiacycloalkanes (e.g., 120 and 164) were not obtained 

(eq. ,75). Microanalytical rès~lts wer~ consistent with tl?-. , 

'formation of 'o1igomers 165. - However, their 10;' solubili tir,. . 

G'·'· 
, , . . , 

. . . . 

. ~ 

.' 

1 
l, 
/ , 
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165 

. . 

n= 2-4 
x= 1-5 

pr~c1uded mo1ecu1ar weiqht determinations. Similar observa

tions were made by Serqeev !i al.36~' in the syntheses of 
- -

po1yarylene bisCcyclopentadienyl)titanium su1fides 166 from 
, -

(75) 

CP2TiC12 and aromatic dithio1s. In this case infrared, micro

'ana1ytica1, as weIl as mo1ecular weight deter.minations 

established the polymerie nature and the presence of chlorin~ 

en~-groups. Others have reported the synt~sis of 

- CP2Ti [5 (CH2)2S] -(164) as a JOOnomer, from CP2TiCl2 and 

aS'CCH2} 2SH in the presence of ammonia358 or from Na2s2 (CH2) 2. 359 

" 

n 

, Complexes of this type' ,w~l~. be discussed fUJ;'ther in the 

Results and Discussion sections of this chap~er. The reaétion 

of Cp2TiC12 with toluene-3,4-dithiol and triethy1amine3~1 or 

, \ 

1. 

" -
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" a~n±a 1 3,58 'or with the ~odium salt of the dithio1 359 9 

'CpiTi(S2C6H3CH3}. (167, R' = 'H, R = Me) which was shown t~b~ 

,monomeric by a solution molecular weight determination. 3S8 ,36l 

The benzene-l,2-dithiolato compleJf; CP2Ti (S2C6H4) <ill, R==, RI';:; H} , 

prepared in a àimilar manner, was also mo~eric.36l 
\ ~~I 

'167 -

A number of air-stable cyclié ethylenedithiolato 

complexes, 168 (R=R I =H,33S,336 CN,359,36l,363 R=Ph, R' =H 335), 
... . \ 

have been isolated. ,AlI have been prepa~ed via the reaction 
, 

of the sodium salts of tpe appropriate dithiol ~ith CP2TiCl2" 

These were 'àlso monomeric. Thus, ~l- and alkenYl-~,2-

dithiols seem ~ give monomeric complexes. Additional 

derivatives (R= RI = COOMe, CF 3) have recently been made in-a 

~ather novel way from CP2TiSS and the appropr~ate electro

philic acetylene (eq.' 76).364 The MeCp analog of the methyl-

carboxylate derivative was prepared 'via cleav~ge of th~ dimer 

.(76) 

Il 
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1,4-[(MeCp)2Ti(~-S2)]2 (!!2) with dimethylacetylenedic4rboxyl

ate {eq. 77).292 

(77) 

The comp1ex Cp2Ti(SH)2 (110) reacted with dich1oro~ 

tetramethyldisiloxane, dichlorohexamethyltrisiloxane, and 

dichlorooctamethyltetrasiloxane in the presence of Et3N to 

qive the cyclic species 170-172, respectively. , These were 

monomeric accordinq to' solution molecular weight deter~na

tions. 365 

l ' 

" 

170 - 171 -'; J 

172 -

" . 

Thiolato comPlexes of zirconium(IV} and hafnium(IV) " 

are much scarcer than for ti'tanium. Organozirconium xanthate 

or Schiff basè~derivatives,which have been isolated include 

CpZr (s2co~e) 3366, and CP2,~i (TSB)'CI Clli, where TSBH -is -

S':'methyldi thiocarb~a,~ a te)'. 36 7 The only de ri vati ves 

------~----------~--

i,,,,,,,, __ t _ .. ___ ..... ,_,..-, ___ ~ 
--""-,~ ." ~ . 
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\ 

containing simple alkylthiolato ,ligands are CP2M(SCMe3)2 

where M = Zr and Hf. These sublimable yellow compounds were 

obtained in high yie1d via treatment of th~ bis(dimethylamido) 

precursors CP2M(NMe2)2 with~ the thiol,(~q. 78).368 There seems 

-'ta he no reason why this ,route could not be ~pplied to the 

synthesis of,many other examples. The mono(thiolato) 

_, derivatives CP2Zr'(Cl) ~R have been prepared in si'tu !!! the 

. . -----i... CP2M(SCMe3) 2 + 2Me2NH " (78) 

r~action of Schwartz J s rea,gent i CP2 Zr (Cl) H, wi.th thi.ok.etones 

~C=S where R= alkyl or âryl (eq~ 79). Subsequent cleavage of 

, (79) 

, 
the Zr-S J bond wtth e1ectrophiles such as bromine gave a var~ety 

of organosulfur compounds (eq. 80).369 The on1y bis (thiolato) 
-

co~lexes of aroma~ic tbiols are C~2zr(SPh)2370,371 and the 

cyqli~ deri vati ves Cp2 Zr (S2'C6H4) 371 and .Çp2zr (3, 4-S~~6H3Me >-,-~?l 

" . 
~ -

i , l 
. ~ -.. r ' 

r ' 
, "1 

, 
, " . 
, ' 

, 
, t 

" ( 
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[~cHSzr(ci)cP2J +.B~2 
l 

160 

.. 

-~ 
~ 

',' 

.~ 

'" 

0 
'.~' 

ié,; . 
~CHSB:z: + cP2zrBrCl 

aIl pf which are,extr~mely sensitive to air an~ water: Even 

undJr nitr~gen or in'v~cuo thes~ bisCthiolatO) ~comp1exes 
, -

dec9mpose into polymers of the .types 174 and 175. 371 othe . 

, . i Cp, lCp Cp, /Cp 
Zr: Zr 1., 

~/'I' /1" /., ',' S S/ .,: s· Ph . S Ph 
Ph Ph -

~: ' 

, -
~:HtM. 

(80) 

bis (thio1ato) complexes were ~repared by treating Cp2ZrCl2 ' 

with the thiol or dithiol "in 'the presence of triethyiamine. 371 

The thiophenolato deri vat! ve can also be isolated via free-
, -

rad~'cal, ,cleavage of the i:r-c bonds Jin CP2zr(CH2Ph) 2 {eq. 81).370 
, . 

- .' 

cP2zr (CH2Ph) 2 + 2.PhSH 
~ , 

-~..... CP2 Zr (SPh) 2 -+ 2PhCH3 
(81) 

.. 
Thé treatm~t of CP2ZrC12 with disodiurn ethylenedit~iolate335,336 

or dis~dium maleonit~~ledithiolate371 gave the zirconium ~ 
1 

~na1oga to m., 

, 
l , 

\ 

, o' 
'," 

• . , 

" . 
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Resulta 
.... , 

The complexés Cp2Ti{SR)2 wherè R = CH2Ph '(176)~ 

CHMe2 (1d~), CMe3 (117), Ph (118', and 4-C6H4Me (119) have" 

been prepared. The complexes where R = CH2Ph, Ph, and ' 

4-C
6
H

4
Me have been reported èlsewhere. 265 ,282,283,356-358, 

In the treatment of CP2TiC12 with thiols RSH in the presence 

ofwEt3N or wi'th alkali metal salts of thiols there are two 
1 1 1-

posstble products, namely the mono- and bis (thiolato) ~ 

complexes CP2Ti(Cl)$R,and CP2Ti(SR)2' respectively. The use 

of CP2TiC12 and RSHjEt3N or ~- in a 1~2 stoichiometry 
, 

generally 1eads to a mixture of the two products. The 

relative proportions of these products ?epends on the"R group 
. b~ 

and on the reaction solvent. In the syn~esis of CP2Ti(SCH2Ph)2 
fI 

(~) from the stoichiometric amounts of ~~TiC12,.PhCH2SH, 

and Et3N (l:2'f) in refluxing toluene" (2 hours) the.crude 

organometallic product c,onsisted of. mostly 17,6 with a little - -
, " 265 1 

CP2Ti(Cl)SCH2Ph present. The cp signals i~ the H NMR 

spectrum for these compounds appeared at ô 6.20 and ê 6.37, 
, " 

respectively. The mono(thiolato) derivative was present ,in 

ca. 6% yield as determined by N~PnlY the CH2 signa~ at 

ô 4.23 for 176'was detected (Table 1). The isolated yield of 
, 

176 was 63%. Under the sarne conditions Me2CHSH was slow to 

react. After three hours in refluxing toluene the yie1d of 
. 

CP2Ti(C1)SCHMe2 (114) was ca. 17% as determined by'NMR. None 

of the bis(thio1ato) complex !li was detected. However, 

- refluxing Til"THF for 23 hours increased the yield .of 11:4 to------
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TABLE l 

1 ab The H NMR Speatra of Thiolato Complexes of Ti tani lDIl ' 

ColÔpOund 

Cp2Ti (Cl) SCH
2
Ph 

CP2"Ti (SCHlh) 2 

CpZTi (Cl) seHMez 
Cp2Ti (SCHMe2) 2 

Cp2Ti (Cl) SCMe
3 

Cp2 Ti (SCMe
3

) 2 

ep2Ti (Cl) SPh, 

Cp2Ti (~Ph) 2 

, --

..... 

, 

• Cp2Ti (Cl) (S-4-C
6

H
4

Me) 

Cp2Ti (S-4-C6H4He) 2' 
, h 

CP2Ti [S (CH2) 3S] ~ 
If' .~ 

<! .. ri 

.-i 

f#s 
6.37 (6.29) c 

6.20 

6.33 . 
'" 

- 6.15 

6.39 

6.20, 

, 6.21C 

5.98' 
. , 

6.27 

6.02 

6.11 

. ,\ ' 

4' 

Ph 

7.16 

-

.( 

7.32c 

7.3 

f 

7.259' 

(CH) 
~ 

4.63 

4.23 

4.20d 

i 1.93
1 

3.08 

1.60 

·2.32 

2.35 

,.. .' ,\ ~. 
. ~ , , 

, ,~pectr~ were reeorded at 60~MBZ in CDClj unl SS no~ otherwise. 

Chemical shif1;.s ~units of 6 ppm.., " 
b' . 

All data are from this ork except wpere indicated. . , 

CReferance 265. 
d ' 
J(H~H) ... 7 Hz. 

eJ {H-H) == 6 Hz. 
f ' 
Not o~served. 

./ 
/~ 

,.. 
l" . . 
," 

9J (H-H) • 8 Hz. ," 

~e spectrum was recorded at 200 MHz: 

.. ... 

" 

• ". 
\ 

1''''' .. 

c' 



'. 

(, 
t 

1 

1 

() 

:-"' t '. 1 ! • • 
~_~ __ ._ .... __ --;--w ... ~ ~ _ ~_i.-____ ..... ~....-~ __ _ 

~,- - _ ..... - .- .. - ... --... -----..... '-... -.~---- 1 

" 

163 .' 

ca. '78%.. Treatment of CP2 TiC12 with .Me2CHSLi (1: 2 stoichiometry) 

Îor 2a hours in THF 
~ 

at room tempe rature gave a ~xture of 
\ 

Cp2TiC12 (.2!. 49% a~ determined by NMR) , 114 (2.!..' 18 %), and 

Cp2,Ti (SCHMe2) 2' (115, ~. 32%) • The complexes 1!! and !li were 

sepa~ated by column chromatography. The isolated yields of 

114 and 115 were 5% and 17%, respèctively. The two products - -t 

ar~ readily distinguishable by the positions and relative 

inten'sities of ·the Cp and CH signàls 'in their lH 

NMR spectra. These appear at ô 6.33 and ô 4.20 for 114 and 

Ô G.ls-and ô 3.65 for 115.' The methyl doublets for'l14 aRd 
~ -

~ occur at ô 1.35 and ô 1.30, respectively (Table 1). The 

reaction between CP2TiC12' Me 3CSH, .a~d Et3N (in a 1:2:2 , 

stoichiometry) w~s sluggish in, refluxing THF. After two days 
1 

the yields of Cp2Ti(Cl)SCMe3 (116) and CP2Ti(SCM_e3)2 (117) 

were ca. 15% and ca. 9%, respectively, as determined by NMR. 
--- - .0;: ~ 

, , 

When Cp2TiC12 was trea~ed with Me 3CSLi (in a 1:2, stoichiomet~y) 

/ 

.in THF at room tempe rature both 116 and 117 were détected by 
, 

TLC. Re(luxing this solution for 13 hours c~used 117 to 

decompose (its characteristic purple TLC spot w~~ot present). 

The 'lB NMR spectrum of thé crude' reaction Py!ductS showed that 

approximately equal amounts of CP2 TiC12 'and 116 were' present., 

No 117 was evident, al~ough five equally intense closely 

spaoed signaIs at ô'6.27 to ô 6'.20 may correspond to sorne of 

its dècomposition prod'ucts. Colttmn 'cnrdmatography removed 

these decomposition products togeth~r with the CP2TiC12 to 

give ~ in 9% yield. The low yield of 116 can be partially 

"4 ___ ~ \ ,>---;-:~ __ ~.~ __ ... t"", _____ __ 

! 
f .' (, 
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,a.ttrïbuted· to its decomposition ,on the deactivated alumina,' 

evident by the ce10ur change from red to yel10w of the 

trailing' edge of the band. The bis(thio1ato) comp1ex !ll was 

fer.med quanti tati vely, as shown by 1a NfiR,' when CP2 TiÇ12 was 

treated with a ~hree-fold excess of ,M~SLi in THF for one 
, , 

hour at room tempe rature (iso1atèd yie1d 64 %) • No mono-

thio1ato compound 116' was detected in the crude reaction 

mixture. Like the zirconium and ha'fnium ana1ogs368 117 can ' 
. -- , 

be sub1imed. The lH NMR signaIs due ta the Cp and Me groups 

<' 

of 116 are slight1y downfield (ô 6.39 and ô 1.60, respectively)', 

fram those fo;r 117 (5 6.20 and ô 1,.52) 1 as expe<?ted265 . (Table l)~. 
The synthetic rou~es 4sed to prepare CP2Ti(SPh)2 (118)282 and 

èp2 Ti(S-4-C6H4Me)2 (~)283 were those'repor~ed in the 

1iterature. 

reacted in 'refluxing toluene for R = Ph to give !1:! (63% yield) 

and at room temperature in toluene for R = S-4-C6H4Me ta give, 

ill (4~% yield). The-c~de reaction product in the synthesis . . 
of 118 showed two Cp signaIs in its NMR ~pectrum: a major one 

at ô 5.98 and a minor one (~. 10% as intense) at 0 6.20. 

These values agree with the reported shifts~65 for !!! anq 

Cp2Ti(Cl)Sjh (Table 1); however, pure CP2Ti(CI)SPh coQld not 
# -

be isolated by chro~to9raphy. The crude reaction product in 

,the synthe sis of 119 gave a lllinor red spot and a major faster

lIlOving purple spot uPon TLC analysis. These colours: and 

relative positions are typical of the mOno (thiolato) (red) and 

bis (thio1ato) (purp1e} derivatives. Two Cp signaIs were seen in 
'" , 

1 , .~ .. , 

l, 
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the NMR spectrum at <5 6.0'2 (major) and ô 6.27 (minor, ca. .--. 30% 

as intense). A'poorly resolved shoulder at Ô 2.32 was present 

on the broad signal due to the Me group at ô 2.37. Col~ 
, ' 

chromatograpby led to decomposition of the red product and , . 

, only 119 was isolated. 
1 ' ' , 

The H NMR spectrum of 119 consisted 

'of an AB quartet centered at ô 7.25, a sharp singlet due to 

~the Cp ligand at 0 6.03, and a broad singlet due tothé Me 
~>. 

group at Ô 2.35 having r,lative intensities ,consistent with 

the formulation as ~ (Table 1) • 

The synthesis of CP?TiIS(CH2)~S] (~) a~rdi~, to 

the method of Sen and Kantak358 was repeated but using CH2C12 
~nseead of CHC13 as solvent. When a solution .. of ~2TiC12 was 

treated with l,2-ethanedithiol (1:1 stoichiometry) and an-
, 

hydrous ammonia in CH2C12 the produet was a light-sensitive 
) , 

malodorous purple solid which decomposed at ~. 125°C. The 

samp1e gave a negative Beilstein Test285 consistent with the 

absence of chloro ligands. The infrared speetrum rèsembled 

that published by Sen and Kantak358 ang .was as follows . 
.. _-----..-.~'111...~ >/ 

-1'''''' ' 
([{Br dise, cm ): 3090 (w, br), 2915 (w, br), 1435 (s,_ br) t 1365 <,w), . , 

~ 

1255 (s, br), 1195 (w), 1175 (m), 1128 (w), 1065 (w), 1025 (s) , 

1015 ·(s), 915 (w) , 843 (s, sh) , 810 (vs) , 727 (w), 692 (w). The NMR 

spectrum tCDCl;, 200 MHz) of the solid consisted of five lines 
, 

of unequal' intensity in the Cp region, the most prominen at 
, 

Ô 6.14 and ô 6.12. A poorly resolved signal cente+ed a ô 3.23 
. , 

was also present. The relative ratio of Cp to CH2 was 
.. 

E!.. 10:4. The CH2 signal for 1,2-èthanedithiol in CDC13 

l' 

, . 

~ 
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appears as a multiplet at ô 1. 69. 372 The mass spectrum showed 

peaks for the ion Cp~TiS2C2H4 +. (at m/z
o 

= 270) and fragment 

ions as weIl as low intensity peaks (ca. 2% of the base peàk ,i 
, " -. ri. -,~ 1 

which corresponded t~ theCP2Ti+· ion) up to at least 400 mass 
. 

iunits~ These spectral data are consistent witj a mixture of 

species of the type (Cp2T~SCH2CH2s)~ere x is un1Qlown. The 

microanalytical data is as follows:' Calcd. for C12H14S2Tl: - . 
C, 53.33'; H, 5.221 S, 23.73; Found: C, 47.56; H, 5.12; S, 22.56; 

, ~ , u. ,. 

, -, 
,Ca,lad: ~or 'C12H14S2 Ti- iCH2C12 : ~, 50.47; H,' 5. (Hi S, 22.00. 

, 1 
CH2:12 was observed ~n the H NMR spectrum. When CP2TiC12' 

was treated wi th a, stoichiometric aJoount of 't:tle, di!i thium 
, l ' 

salt of 1,2-ethane~ithiol in THF (a procedure analogous to 

that of Chaudhari and stone,359). at room temperat~re for e~ght 

hours, the reaction mixture c~anqed in colour from purple to 

deep red. ChronÎatography on Florisil ,!ith toluene/et~er (1,:1) 

as eluen,t gave the product as a purple solide The la NMR 

apectx-um (CDC13 ) consis~ed of broad singlets at ô 6 _ 08 (10. OH) , 

62.93 (4.2H),· and ô 1.27 (l.6H). Only one spot was present 

on a TLC plate in a variety of sol vents. The product: was not 

eJIIamined furtner. 

, Atte~pts to prepare CP2Z~[S(CH2)2S] were unsucc~u~. 
A yellow product was obtained via the dithiol/ammonia routè 

and Y!!. 'the' lithium dithiolate -:ute .. The, l~ NMR spectrum 
1 

(CJ;>C1 3) of the product from the lithium thiolate route 
-

consisted of a singlet at'ô 6.23 (IO.OH) and broad unresolved 

multiplets at ô 3.33 (2.1H) and 6 2.77 (3. 3H). 'Althouqh an 

" 
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, , 

intense peak at m/z = 312 'correspOnding to the cP2zrs2c2H4+· 

ion was observed in the mass spectrum, additiona1 ion c1usters 

~ere ~bserved up ta m/z = 520. The product from the "dithiol/ 

ammOniâ route showed additional NMR signaIs at ô 6.00 and 
"''0 

Ô '3.02. The infrared spectra of the products from each route 

wer~ identiQ&l and similar ta the titanium camp1ex ~ 

'~solated fram the dithiol/ammonia route. Microanalytiçal data 
" "for 'the'produçt ~rom both routes' were similar; the resu1ts for 

the product from the lithiumbthiolate route and from the 

dithiol/ammonia route (in parentheses) are as follows: Found: 
, , 

C, 31.36 (26.l0); H, 3.85 (3.54); S, 16.67 (16.47). These 
""" 1 ... , 

re~ults are not in agreement with the values calculated for' 

the formula CP2zr[S(CH2)2SJ: C, 45.96; H, 4.50; S, 20.45. The 

product was n?t examined further. 

Dropwise addition of a suspension of CP2Ti~1~ in- THF 

• onto solid lithium 1,3-propanedithiolate at room témperature 

gave CP2 TiJS (CH2 ) 3S] (120). The IH NMR spectrl,lm of 120 
, 

consisted of a sharp singlet at ô 6.11 (Cp), ,a triplet at 
• 

~ 3.08 (terminal C~2" p~~t(:msL and a quin tet at "6 1. 93 (central 

~H2 ~rotons} (Table 1). The solid-state infrared spectrum of 

ill. disp1ayed bands typical ~ an n-C5H5 ligand. ~132 , A note

worthy feature of the spectrub was a series of regularly spaced 

'weik bands between 136~ and 1265 cm~1. This band progres-

sion can be attr{buted to CH2 wagging vibrations and are 

characteristic of straight chain a1iphatic compounds. 373 The 

/' " ·r " mas~ spectt'um of 120 conta~ned a molecular ion peak at m/z = 284. 

i 
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A solution molecular wèight determina~tion gave ~ value a,f 2~1 

which compares favourably with the theoretical value of 284. 

When a CH2C12 ,solution of CP2 TiC1
2 

was treat~d dropwise • 

concurrently with CH2C12 solut,ions of 1,3-propanedithiol and 

triethylamine at room temperature for ~. 5 hours folÎbwed by 

reflux for 2 hours the ini'tial red colour of the solution 

became dark green. A deep violet product was isolated which 

consisted of two cyc1opentadieny1-containing complexes as 

determined by 1H NMR. The singlets in the Cp region appeared 

at ô 6.23 and ô 6.11 in the relative ratio of 10.0 to 6.6, 

respective1y. Poor1y r~so~ved multiplets were present in 

the region ô 3.6 to ô 1. 2. 'l'he singlet at ô 6.11 and multiplets 

at ô 3.0S and Q 1.93 were- assigried to 120. The other signaIs 

'l" 361 may be due to 0 ~gomers. ~ttempts to purify the compounds 

by recrystallization or by chromatography wère Wlsuccessful. 

The reaction betw~en. ~P.2 TiC12 aÎld l, 3-propanedi thio1 in the' 

-pre!ence of anuoonia iri CH2C12 at room temperature gave xoostly 

120 as shown by NMR. HQwever, unidentified impurities in the 
<) 

regi~n ô 6.30 to ô 6.12 could not be removed by recrysta1-

lization or by chromatography_ due to d~composition. 

When Cp2 ~rC12 in THF was add,e4 dropwise to a 

.suspension of Li2 [8 (CH2) 38] at .room t~mperature, the mixture • 
/, 

'immediately-became bright(ye1low in colour. A bright ye110w 
. 

~crooiystalline solid .ill was iso1ated which gave a negative 

Beils~ein Test for hali~. 285 The infrared spectruÎn of 121 

was identical to that of lli except for minor shifts in band 
(..:J 
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pOsitions _ However, the lH NMR spectrulJl of 121 was. much more, 

1 complex ehan tnat for 120. Seven signaIs tri the Cp reg~on 

were observed from 0 6.35 to ô 6. 18 wi th the moat intense 

located at ô 6.2.1,... 'A cOIllplex set of overlapping triplets 

occurred in the regïon ô 3.35'to ô'2.50 and a,complex mùltiplet 

was present.between ô 2.15 and ô 1.80. The intensities of the 

Cp, terminal CH2 (ca. ô 3)., and central CH2 (S!. ô 2) sign~ls 
- '-

werè in the ratio 10.0: 5. 0 : 2.8. In the mass spectrwn of 121 

an intense peak (99.1% of the base peak for the Cp2zrSH+ ion) 

corresp'onding ta the ioh CP2zrS2 (CHa) 3 +. was observed at 
. -, 

. m/z = 326. Several peaks of 10w abundance « 1%) were observed 

up ~o at least' m/z = 530. Metastable ion peaks (m·) .were . 

seen for the transitions indicated in eqs. 82 and 83; 
\ .. 

Discussion 

(82 ) 

(à3) 

Q'The yields of the IOOno- and bis (thiolato) complexes 
. ' 

were sharply dependent on the re:.a~tio~ conditions and thi.()l'atè· 
, . 

,~roup.· For example, tqe. yield, of CP2Ti (C1)SCHMe{ (!!!) 
. -

increased from ca. 17% in refluxing toluene ta ca. 78% in - - -
refluxing TH!' w,tien CP2~iC12 was treated with Me2c~SH and Et3N. 

. . 

'l'he bis(thiôlato) der;vative, CP2Ti(SCHMe2);2 (ill>, was obtained 

only Y.!!. the treatment of CP2TiC12 with LiSCHMe2 in THF. The 

. . 

r 

f 
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treatment of CP2 TiC12 with stoichiometric amounts of 

_' l-!e 3CSH/Et 3 N or- LiSCMe 3 in THF gave mixtures of the -IIlQIlO- and 

bis (thiolato) prE>ducts. However, if a large ,excess O.f LiSCMe3 

was used, CP2Ti(SCMe3)2 (117) was formed quantitatively. Only 
1 ~ 

" 

small amoun~s of the mono(thiolato) product CP2Ti(Cl)SR 

(R = CH2Ph, Ph, 4-C6H4Me) were formed in the synthesis of the 

'CP2 Ti (SR) 2 complex via treatment of CP2 TiCl2 with stoichio

mé'tnc amounts -of RSH and Et
3

N in toluene. A marked dependence 

of the yield of the CP2Ti (Cl >'SR on the solvent and R group was 
" 

noted by others in the reaction of CP2TiCl with R2 S
2

• 265 In 

that case, when R = CH2Ph and Ph more of the CP2TiC12 and 

CP2Ti (~R) 2 complexes were obtained relative to the CP2Ti(CI)SR 

clerivative when the solvent was changed fram benzene to THF. 

When R = Me and Et this strong solvent dependence was not 1 

/ 
obsel:'ved. The observation and isolation in' certain cases of / 

both CP2 T i (Cl) SR and CP2 Ti (SR) 2 in the reaction of stoich~o": 
1 

.. " 1 • metric amounts of CP2 TiC12 with RSH/Et3N or L~SR is consisteht 

wi~h stepW'ise replacement of chloride ligands by thiolate 

liga,nds. Partial disproportionation of the 'CP~Ti (Cl) SR / 
, / 

complexes inta CP2TiC12 and,cP2Ti(SR)2 under the reacti~n 

1 

co~ditions cannot be excluded. This has been ~oted265/for, 
C,P2 Ti (~l) (SCH2Ph) Jn 
CP2 Ti (Cl). SR ,(R = Me, 

CDCl3 but in tpis solvent the complexes 
1 

Et; Ph) did not disproportionate .. 265 

are of particular interest insofar as the methylene grou}? has 
. . 

the same numbe~ -of valence electrons as a sulfur atom in. the 
, , 

" J' 

J . 

: 1 . ~~-..... _. __ 'lIIik ____ r--.,'~,. 
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metallacyclopolysulfan~s CP2MSn+2 some' of which are discussed 

in Chapter 6. For the· Group IVB metals sulfur chaina of this 

typè had hi therto bee~ incorporated as chelating ligands only 

. h 1 C . S ( 7'3) 99, 161-167 1 . . 1n t e comp ex P2 T1 5 -.- ~ , Ana ogs conta~n1ng a 

\fo,ur-memb~red Tis; or a five:-membered TiS 4 "~ing h~ve been 

reported;10S however, others have been unable to duplicate 

their syntheses via the treatment of CP2TiC12 with Na 2s3 and 

Na2S4 , 'respectiv~ly, isolating only .TI. instead. 164 The complex 

CP2Ti[S(~1:l2)2S], (1'64) has been repor~ted.358,3S9 Likewise, the 

complexes,CP2M[.g(C~)2SJ (ill.; M:;: Ti, Zr, .MO, W) containing 
• J 

five:"membered MS
2

C2 rings have been isolated. 33S ,J36 

. , . . -

/iH ,..,lh.tH 
CP2Ti, 1 Cp TI 2 

S H 2 'S ..... H2 
,../ 

, l!.l 164 (\ -
As noted in the introduction Chaudhari and ston~359 

i'êpo~~d, that CP2 TiC12 and N~2S2 (CH2 ) 2 reacted in ref1uxinq 

'rHF to give Cp2Ti'[S(CH2)2S] (164) as red crystals which ' 

decomposed at SooC. Despite the absence of solution molecu1ar 

weight data a monomeric cyclic structure was proposed. Sen 

and Kantak358 have also reported this compound, preparing it 

Y!! reaction of CP2TiCl2 with (CH2)2(SH)2 in the'pr~senée of 

NH3. Their product was a violet solid, which decomposed at 

140°C. Total elemental analysis agreed with the formulation 
/ ' 

l' 

1 

1 
1 

.. 
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• 

An apparent mo1eou1ar ion peak was observed 
ft 

in its mass'spec~rum; however, solution m01ecular weight.data 

was not reported. The infrared spectrum of 164 as reported by 

the two groups differ. In particu1ar, Chaudhari and Stone359 

reported bands at 1220 (s) and 765 -(vs) which were not 

mentioned by Sen and Kantak358 a1thou9;h a strong band at 

:~. 1270 cm-1 was present in the iatter's samp1e. Monomeric 

complexes of the type CP2Ti (SR) 2 (R = alky1f do not absorb' 

strong1y below 800 cm-1 283'whi1e 1,2-ethanedithioL absorbs 

at 76'6 (m), 693 (vs, br), and 666 {w) cm-1 in the regian. 374 

, 

T~e comp1ex C~2 Ti [5 (CH2) 35 ] (,lli.> disp1ayed. a' vex.y strong 
" -1 ~ 

absorption at .E!. 810 cm . and weak bands at 755, 728, and 

fi 7 3 cm -1. Howeve,r, strong bands in, this region are charac-' 

teristic of the Ti-O-Ti linkage. The complex (CP2TiCl) 20 

absorbs strongJ.y :at 795 and 720 ,cm -,l, and (CpTiC12 ) 20 absorbs 

strongly at' 760' c~:""l. 375 

When the synthesls of 164 accordinq to the method 
- (> 

, of Sen, and Kan tàk35 8 was repeated' as described ear1ier the 
. . tl 
'product was a purp1e solid which decomposed at ca 125ll.C. - ' 

Its 

infrareq spectrum was simil~r to that reported by those 

authors. 
l' . 

The comp1ex H NMR spectrum displayed fi ve, signaIs 

due to Cp groups which is '~onsisten,t wi th the presence of 
( 

severai components. The microanalytical data cannot 

distinguish ~een {Cp2 Ti [5 (CH2 ) 2~] } ~ where x = l, 2, 3 ••• 

A similar product was isolated from the attempted synthesis 

It seems reasonable to doubt the 
~ 

, . '" 
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, r 
, , 

reports358 , 359~ of mono~~i"c .164. 
'of,.. • -(. _ 

Indeed, Kq~ ~nd Sphmidt361 

reported that under the same éon di tions used to' prepare 
.'" 

complexes of the -type CP2 Ti (SR) 2' CP2 TiCi2, reacted wi th alkane 
'. 

dithiols (CH2) n (SH) 2 (n = 2-4) in the presence of Et3N to give 

light-sensi ti ve ,violet-red oligomers 165 which decompose at 
, - PI. ' 

ca. 200°C. No prominent infrared bands bel~w 800 cm -1 were 

noted. Their low solubi1ities px;ecluded mo1ecu1ar weight 

.dèterminatio~s and the tecording of lH NMR s~ectra. 

'. ' 

.!G.. 
,,1: 2-4 . 
x= 1-5 

The -formation of oligomeric' complexes from other 

transition-met.al. ha1ides and" thiels or dithiols is weIl known. 

.., , ~ 

\.. For exampl.e, trans- (PhCN) 2PdCl2, reacted with sodium dithio1ates 

to gi ve complexes which were assumed te be polymerie having 
, 3 

sulfur bridges (eq. 84). 76 The value of x could not be 

determined because of the insolubi1ity of the ,producta . 
• 

However, treatment of (PPh3) 2PdC12 with 1,2-ethanedithiol in 
. 

the presence of triethy1amine gave the dimeric .~pecies 177 
377 . 

(eq. 85). The presence of a chelating ligand auch as . 

diars [2,-phenyleneb.ics (dimethylarsine)] gave monomeric 178 

1 

1 
( 
1 

. , 

. . 
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[, 
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(eq. 86). 377 

\, 

trans- (PhCN) 2PdC12 +, N~2 [S (CH2 ) nS] 

n = 2, 3 

- /) 

Ph P s~S 
{P-P-tty2 PdCI2 3 'Pd/' 'Pd/" J11. ( 85) 

sQs./" "'-pPh3 
~ 

~_S(CHi2SH 
~ 2Et3N + 2 Et3NHCI 
, ""2 o M, 

·IOrAI'p{CI ©1:AI~,,) JI! 
A./ 'CI A./ 's 
M'2 

~ 

M'2 

6 • 

, " 

TreatlâeJ?t o~ S:!.- (PPh3) 2PtC12 with 1,3-propane-

dithiol in the ~resence ~f Et3N gave (PPh3 )2Pt [S(CH2 ) 38] 

.- containing a eix-~mbered P'tS2C3 ring. It was assumed to 

be ·mon'Qmeric. 378 This compound displayed two methylene 

resonances in its lH NMR spectrum CeDCl3). The central CH
2

' 

signal appeared as· a slightly broadened quintet at ô 2.00 , 

[J (H-.H) =, 7 Hz] while the terminal CH2 protons appeared as 

two 'overlapping triplets at ô 2.94 and 0 2.86 [J(H-H) = 7 B'z, . 

J(P-H) = 60 Hz]! This spectrum ls consistent with the 
, \ 

presencé of a rigid cyclohexane-like Six-meI\tbered PtS2C
3 

ring having axial and equatorial methylene protons (see 

Chapter 7 for a f~ther discussion). It should be noted that 

( 86) 

'-

....... _ ..... l-------~ , .• .,,-=-:"'. -:--~----
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the lH NMR data is also consistent with one or .more species 

of the type [ (PPh3 ) 2Pt5 q{CH2) 351 x' No solution mo1ecular \~ 

weight data was reported. li 

" The' complex CP2 Ti (5 (CH2) 35] (120)" was obtained via 
- . 

treatment of CP2'l'iC.12 wi ~h Li252 (CH2 ) 3 and w~s. shown to be 

monomeric in solution. 'l'he chemical shifts of the methylene 

signaIs in the lH NM.R specttum of 120 'were s-imil4 to thos~ of 

-(PPh3) 2Pt (S (CH2) 35 ] and other -platinum complexes cont~ining 

the -5 (CH2) 35- ligand. 378 The terminal CH2 protons of 120 

appeared as a triplet,ato ô 3.08 [J(H-H) = 6-.3 Hz] and the 
, 1 

central CH2 protons as a quintet at ô 1. 93 [J(H-H) = ,6-.3 Hz] • 

A single sha-rp Cp signal appeared a t ô. 6. Il (Table 1). This 
o 

spectrum .is consistent with a ~ix-membered TiS2C3 ring that is 

rapid1y fÙpping on the NJrlR time sCàle. In this way the axial 

J 

\J 

and equatoria1 interconvert and become mag~etically 
, 1 0 

. equivalent. 'Ï'he va~iable-temperature H NMR study of ,120 

is discussed in Chap~r 7. 

The ana1ogous reaction to gi ve exclusi vely monomeric 

Cp2Zz:[5 (CH2) 3 5 ] (121) was unsuccessful.. Althougp the infrared 
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spectrum of 121 was very similar to that of 120, its IH NMR 

and mass spectra were oomplex and were more consistent with 

the presence of oligomers,~ perhaps containing the monomer as 

a componen t. ' 
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5. THE SYNTHESIS OF 

BIS (n-CYCLOPENTADIENYL)TITANIUM(IV) POLYSULFANES 

Introduction 

IMono- and disu1fides of the type >N-S -N< x ' , where >N 

is an imidyl or a~olyl group were developed as ~ulfur-transfer 
'~ , 

reagents to organie substrates. The related "blocked" reagents 

>NSxR, where >N = phthalimidy1 (~h) Or succ~nimidy1 (Suce), 

R = alkyl or aryl and x :::: l, yor 3 were developed for the 

transfer of -SR, -SSR, or -SSSR groups to organie thiols RISH 

(eq. 87). The 'reaetivity of these thioimides has been 

-

>oNS R + RI SH 
x 

(87) 

aSH + C12-----~.~ Rsel + HCl • (88 ) 

RSCl + >NH + Et3N --... >NSR + Et3NHCl (89) 

(90 ) 

reviewed elseWhere.,261 Most of the studies 379 , have used 

N-alky1thio- or N-arylthiophthalimide reagents probab1y due to , ' 

their ease of synthesis from thiols or 'disulfides via treatment 

of the sulfenyl ehlorides RSCI (eq. 88) with phthalimide 

. (eq. 89).277,278 With reagents of the type Phth-SR (where 

.Phth = phthalimidyl) symmetrieal or unsymmetrieal disulfides 

) 
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have peen prepared in high yielqs from the thiols (eq. 87 

1>',\ ê 1).380-382 where x - Organic hydrodisulfides (RSSH) have been 

d t t , If'd 381 use 0 prepare r1Su 1 es. Benzy1hydrodisulfide reacted 

with Phth-SCH2Ph to give the symmetrical trisulfide in nearly 

quantitative yield (eg. 90).381 An obvious alternati~e route 

to unsymmetrical trisulfides is via the treatment of the 
1 
) 

reagents Phth-SSR383 with a thiol (eq. 87 ~here x = 2).384 

Very few studies have examined the reactivity of 
, 

these transfer reagents towards transition metal complexes. 

Nosco et al. 278 found that Phth-SR (R = Me, Et, Me 2CH, Me 3C, Ph) -- ( 
" 

reacted wi th the thiolato compl~,X [(en) 2fo (SCH2CH2NH2 ) ] (C104 ) 2 

(179) to give complexes with a coordinat~d disulfide group 

(eq. 91). The crystal structure of the ~rChlorate salt of 

-t~e ethylthio cation (R = Et) established the presence of a 
( 

coordinated disulfide .. 278 In this reaction Ph-SR was a source 

+ of RS. The proposed mechanism for the formation of 180 

2+ 

+ 
8'3 

Phth-SR • 

involved nucleophilic attack by the coordinated sulfùr on 

- 278 Phth-SR displacing the Phth anion which forros the BF 3 adduct. . 

.. ' 

! 
1 

J 
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The su1fur atom of 179 has a1so been a1ky1at~d with alky1 

ha1ides to give complexes 181 containing a coordinated thio

ether. 385 

; 

3+ 
H H~ 

2 21 
(, /NH2 

Co 
N/ l "NH 

H2 sJ 
/ 

R 
, c) 

.LW.. 

Lopez 386 investigated the reactions of N-(benzy1-

dithio)phtha1imide and N-(!~9U~ldithio)phthalimide (Phth~SSR) 

with Fe2 (CO)9. When R = PhCH2 , the major products were 

Fe3(CO)9S2 (12% yie1d) and [Fe(CO}3SCH2Ph]2 (3S% yie1d). The 

complexes [Fe(CO} 3SPhth] 2 and :e2(CO)6S2 were obtained in 

trace arnounts. However, when R = ~-butyl the main isolated 
. { . 

, .. ,J: 
, product was !:.-butyldisulfide (23% yield). On1y trace amount~ 

o • ., • .(, 

of the dimer [Fe(CO}3SCMe3]2' Fe2(CO)6(SPh~h) (SCMe 3), and 

Fe2 (CO) 6S2 were isolated. 

Hartgerink's study264 of the reactivities of the 

reagents >N-SR where >N = Succ, Phth and R = CH2Ph, 4-C6H4Me 

towards the tungsten complexes W(CO)SSH- and CpW(CO)3SH (128) 
, 

showed that these reagents were reactive towards organometallic 

hydrosulfides. With W(CO) SSH- only the simple thiolate anion 

W(CO}SSR was iso1ated although there was lH NMR evidence 

1 

1 
j 

j 
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suggesting formation of the desired disulfano produet (eq. 9~). 

W(CO)SSH- + >N-S-4-C
6

H4Me ~ 

>N = Phth, Suce 

CpW(CO)3SH + Phth-SR 

128 

--.. ~ CpW(CO) 3 (S2 R) + 

182 

CpW (CO) 3SR <+ aphthH 

183 (93) 
a 

Incorporation qf a n-cyclopentadienyl moiety seemed 

to increase the stability of the disulfano products. Thus 
-

Phth-SR (R = CH
2

Ph, 4-C
6

H4Me) reacted with CpW(CO)3SH to give 

M CpW(CO) 3 (S2 R) (182) a10ng wit~ CpW(CO) 3SR (183) as a minor by

product (S% yield) (eq. 93). The organometallic disulfanes 
" 

182 were iso1ated as air-stable crysta11ine solids. The, crystal 
, 387 . 

s~ructure of CpW(CO) 3 (S2-4-C6H4Me) (182) showeg a sulfur-
o 

sulfur bond distance of 2.053(4) A with a dihedral angle of 

63.1 0 about this bond. The ana1ogous reactions of 128 with 

Phth-S 2R (R=CH2Ph, 4-C6H4Me) gave CpW(CO) 3 (S2 R) (182) as a 

minor product and a major component which was formulated as 

CpW(CO) 3 (S3 R) (184) on'the basis of 1H N~ spectroscopy. Pure 

samp1es of the latter cou Id not be obtain~d, however. 264 

Complexes 182 and 184 decomposed in solution to give thiolates --- --- , 
CpW(CO)3(SR) (183).264 Complexes 182 were desulfurized by 

PPh3 to give 183. 264 

',-

~ l 
1 
; 
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Lai 325 "has shawn that the cornpounds Phth-S R where 
x 

R = CH
2

Ph, !!.-Pr, J:.-pr, 4-C
i5

H
4
Me and x = l or 2 are also 

reacti ve towards low valent rnetal complexes which do not 

contain the SH group. Thus,. (PPh3)2Pt(C2H4) reacted with 

these reagents ta g~ve the cpmplexes cis-(PPh3)2Pt(SxR) (Phth) 

as air-st;able products in high yields via "oxidati ve-addi tian , - , 

of the S-N bond' (eq. 94). The crystal structure of 

( 94) 

'cis- (PPh
3

) 2Pt (S2CHMe2) (Phth) (lBS) cenfirmed the presence of 

the Pt-S-S-C linkage. 387 A sulfur-sulfur bond distance of 
o 

2.037(4} A and a dihedral angle of 89.5 0 about this bond were 

found. 

It was of great interest te study the reactiens of' 

the reagents >NS R x 

CP2Ti(SH}2 (110). 

would be expected. 

with the bis (hYd,SUlfidO) complex 

New co,exes of the type CP2Ti[Sx+1R)2 

f 
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~esu1ts 

:0' The reacti vi ty of the transfer reagents >N-SR towards 
, < 

CP2 Ti (SH) 2 (110) was strong1.y dependent on the nature of the 

Il gX'oup attached to the sulfur. The r~action between 110 and 

Phth-SCH2 Ph gave a complex mixture of Cp-containing products 

as shown by \ la NMR., A c0l!lp1.ex mixture aiso result:ed 'o/he~ the 
" 

reaction was done at ambient temperature or at-78°C while no 

reaction occurred at -90°C. The bis(thiolato) comp1ex 

trace amblints as shown ,by TLC. , 
l The H NMR spectrum was 

consisten t wi th the presence of 'a mixture of po~ysul f.tdes of 

. . 388 389 
the type. (PhCH2)2S; (x = 2, 3,4). ' Attempts at 

separating the products by'colurnn chromatography on silica gel 

or deactivated alwnina or by 0 fractional crYstallization were 

u~uc·~~ssful. In sharp contrast to this, the bis (thiolato) 

complex 176 is easily piepared by -the literature methods 

(Chapter 4). 

A rapid reaction occurred between 110 and Phth

SCHMe
2 

at QOC. Only 'one product was detected by TLC. The 

complex CP2 Ti (S2CHMe2) 2 (122) along wi th a smail amount of 

unreacted Phth-SCHMe 2 was isolat~d. The lH NMR spectrum 

(Table 2) of 122 showed only one Cp resonance. The CH pJ;oton 

was observed as a septet and t~e CH3 protons appeared as a 

doublet. In benzene-d6 a simple set of signa1.s were observed 

13 for the three types of protons. The proton decoup1ed C NMR 

spectrum of 122 in benzene-d6 consisted of three sharp lines 

/ 
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TABLE 2 

The 1H NMR Spectra of the Complexes Cp2Ti(S2CHMe2.L2 (122), Cp2Ti(SR) (S~ 
[R Ph (123), 4-C~Mt:!. (1"24) ], Their 'Bis (thio1ato) Ana1ogs, and Isopropy1 Po1ysulfides a 

Compound 

, 
Cp2Ti (SCHMe2 )2 

. c 
Cp2Ti(S2CHMe2)2 

Cp2Ti (SPh)2 

Cp2Ti (SPh) (S3Ph ) 

Cp2Ti~S-4-C6H4Me)2 

Cp Ti(S-4-C H Me)-
2 6 4 

(S3-4-C6H4Me) 

'(Me CH) sCie 
2 2 

(Me
2

CH) sCie 
2 2 

(Me CH) S c,e 
223 

(Me
2

CH) S c,e,i 
,24 

9: 

6.15 

6.21 

S •. 8S
e 

5.98 

6.08 

6.07 

6.12 

~ 

Ph 

7.3 

("1 ~, 
~,"':7-" 2 -!i- ~l! 

7.379 

7 .• S09 

7.429 ,h 
7.S79 ,h 

1 

3.6S
b 

3.06
d 

--
CH 

3.21e ,f 

~ 

2.76 

2.76 

3.00 

3:01 

:-::::::-~ 

6.8 

6.8 

6.8 

6.8 

___ CH_~~ __ 

1.30
b 

1.~8d 

1. 3Se If. 
\ 

\ 

2.33 

2.33 

1.14 6.8 

1.14 /6.8 

1.16 6.8 

1.13 6.8 
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Footnotes to Table 2 

-a1n CDC1
3 

at 60 ~z except where noted otherwise. Chemical shifts 

in units of Ô ppm. 
b 

J(H-H) = 6 Hz. 
Cspectrum reoorded at 200 MHz. 
d 
J(H-H) = J Hz. 

e -
In C

6
D

6
. 

f J(H-H) 6.7 Hz. 

gLow field half of AB quartet. 

hHigh field half of AB quartet not observable (see text). ~ 
iTentatively assigned from the lH NMR spectrum of'theôcruae reaction 

product from the reaction of BZ-S
2

-BZ with Me
2

CHSH (see text). 
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,rnethylsilane corresp0Il:din,g to the Cp, .CH, and CH 3 carbon 

1 13 atoms, respectivel-Y. The H and 'C NMR spectra are, then, 
.... . , 

consistent with the ,symmetrical formulation CP2Ti (S2 CHMe 2) 2' 
, 

The solid-state infrared spectrum of 122 ïs quite similar to 
" , 

. that of the bis (thiolato) complex 115 being dominated by bands . ---
- " 0, • 332 

pharacteristic of the Cp ligand. (see Chapter 4). It is 

interesting tp' note that the C-H stretching bands for the Cp 
/' 

ligands in 122 are ~. 35 cm -1 to lower frequency of those 

fC?+' 115. A very weak rlolecular ion peak (M+:" m/z = 328, 0.2 %) 
~ 

was seen in the mass spectrum of 122. The hig~lest rnass 

fragment showing appreciable stability, as irnplied by a ~ 

significant abundance (21'%), corresponded to the ion 

CP2 TiS
2

CHMe 2 + (m/z = 285). f The appearance of the ion
o 

CHMe2 + 

as the base peak is consistent wi th facile S-C bond cleavage 

under the conditions of the experirnent. In comparison, this 

ion appeared in only 11% relative abundance in the spectrum of 

CP2Ti(SCHMe2)2 (115). Peaks corresponding to polysulfide ions 

+. 
(Me2CH)2Sx were observed in the spectrum of both 115 (x = 1 

and 2) and 122 (x = 1-4). 

When CP2Ti(SH)2 (110) "'and Phth-SCMe 3 were reacted in 

al: 2 stoichiometry at O°C, no irnmediate reaction occurred. 

After stirring for 37 hours at 0 0 to 10 OC no 110 remained as 

shown by TLC and l~ NMR, but- significant aroc>unts of Phth-SCMe
3 

were present. Examination of the solution by TLC indicated 

tl that a major purple product and a minor blue product ~e,re 
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present. The lH NMR spectrum of the crude p~oduct was con-

sistent wi th the presence o'f severa1 Cp-contai!1ing cornpounds. 

~ unidentified signal due to a CMe3 group appeared slight1y 
, 

upfie1d .from tha t of Phth-SCMe3 . Fractional crystalliza tion 

failed to separate the organornetallic components; however, 

about.35% of unreacted Phth-SCMe 3 was recovered. When 110 was 

treated wi th, Phth-SCMe3 in al: 1 stoichiornetry at a 0'(; and 

stirred for 17 hours at room temperature the reaction rnix~ure 

consisted of essential1y starting materials as shown by IH NMR 

and TLC. After refluxing for three days no 110 was present. 

Filtration rèmoved a srnal1 amount of a red insoluble product 
" 

l 

whose sOlid,-state infrared spectrum was similar to that of ' 

(CP2ZrS)2 (112). The CS2 e:xtract of the crude product ... 
contained mostly Phth-SCMe

3 
con,taminated with a small amount 

of phthalimide. A complex set of weak si.gnals in the region 

Ô 6.4 to 0 6.2 may correspond to Cp protons from unknown 

"Ko··pf260 . l' . compounds. has prev~ously noted that -lQ. el~mnates 

H2S in refluxing benzene to forro oligomers having Ti-S-Ti 
" 

bonds. 

The reaction of 110 wi th Succ-SPh a t 0 Oc was rapide 
1 . 

The H NMR spectrum of the crude product gave three peaks in 

the Cp region at ô 6.33, <5 6.20, and <5 6.07 in the ratio 1:3:11, , 

respectively. Recrystallization gave the major product 123 as 

air-stable smal1 purpl'e crysta1s suitable for X-ray crystal-

lography. The complex decomposes in solution above a oc. The 

IH NMR spectrum of 123 is given in Table 2. The solid-state 
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infrared spectrum of 123 (Fig. 3) is very sirnilar to that- of 

CP2Ti(SPh)2 (lIB, Fig. 4)'. The most notable difference is the 

presence of a sharp ban9 at 743 cm- 1 for 118 while for 123 
'l. 

two equally intense sharp bands at '748 and 738 cm-1 are obser,\Ted. 
\ \ \ 

Monosubsti tuted phenyl rings typically d.i~play strong infra'red 

bands at 780 to 730 cm -1 which correspond to a C-H bending 

vibration. 373 The p~:sition of this ban~ ·~s quite sensitive 
• 1 • 

to the nature of the! subsh tuent. Thus the presence of two , , , 
band~ is consistent,! w i th the unsymmetrical structure of 123 

(Fig. S) determined by X-ray methods by Dr. P. Bird of. 

Concordia University, Montreal, details of which are presented 

later. Complex 123 did not show a rnolecular ion peak in i ts 

mass spectrum (70 eV). The heaviest ion corresponded to the 

ion CP2TiS2Ph2+e (m/z = 396). The mass spectrurn indicated the 

presence of a srnall amount of CP2 TiS S (7.1). Howeyer, this 

was not detected in the IH NMR spectrurn of 123 and may 

therefore result from decornposition in the spectrometer. 

Compounds 110 and Phth-S-4-C
6
,H

4
Me reacted immediately 

at 0 oC in THF. The CS 2 extract of the crude reaction product 

consisted aÎ two major products, a purple one (124) and a 

colourless one as shown by TLC •. No elemental sulfur or 

4-methylphenyl disulfide was detected by TLC. _ The lH NMR 

spectrurn of recrystallized 124 is gi ven in Table 2. Un

identified peaks appeared at cS 7.07 (broad multiplet) and 

ô 6.17 (broad pühglet). The p-(ak at ô 7.07 is thought to 
~9j 

obscure the high-field portion of the AB quartet expected 

. , 
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Perspective dra~ing of Cp2Ti (SPh) (S3Ph) (123). 
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for 124. 
) 

The impurit~es could not be removed comp1ete1y by 

addition aI recrysta11izations. No CP2Ti(S-4-C6H4Me)2 (119) 

was observed among the crude reaction products. The solid-

state infrared spectra of 119 and 124 were quite similar. 

Overlapping of cyc1opentadieny1 and ary1 ring C-H bending 

-1 bands at ca. 800 cm prec1uded an examinatiow-for splitting 

of the bands due to the latter as had been done for C(!2 i(SxPh)2 

(x = l, 3) above. The most intense peaks in the e1e ron-
j + 

impact mass spectrum of 124 can be attributed to thet-i~s R , 
+ +. RS , and RS2R where R = C7H7• The most intense meta1-

+" containing fragment corresponded to CP2Ti (m/z = 178, 35.2%). 

No mo1ecu1ar ion peak was observed; the highest mass fragment 

observed corresponded to the ion CP2TiS2R2+· (m/z = 424). 

Peaks due to the ions CP2TiSs+· and RSxR+
o 

(x = 0-4) were also 

detected. It is not known if these compounds formed during 

ana1ysis or if th~_were present as trace impurities in 124. 

The presence of minor impuriiies may account for the slightly 

low carbon and sulfur microana1yses obtained for 124. On the 

basis of the estab1ished structure of 123 a similar unsym-

metrica1 structure is proposed for 124. 

An attempted synthesis of CP2Ti(S3-4-C6H4Me)2 via 
t 

treatment of CP2Ti(SH)2 (110) with Phth-S2-4-C6H4Me was un-

successfu1. The reaction, carried out in THF at -78°C, 

slowly became purple in colour. The rate of colour change 

was qua1itatively slower than that for the reaction of 110 

with Phth-S-4-C6H4Me. Once 110 had been consumed, as shown 
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by TLC, the re'action solution was warmed to 0 oC and the solvent 

,removed in vacuo. The crude reaction products did not contain 

any 119 or 124 as shown by IH NMR. This spectrum displayed 

the following signaIs: several broad peaks were present in 

r~gion ë 7.8 to ô 6.8 (C6H4), sing1ets of approximately equa1 

intensity at ê 6.20, ô 6.18, and ô 6.03 (Cp) and a broad 

unsymmetrica1 singlet at ë 2.33 (CH3). A poorly resolved 

multiplet at ô 7.07 matched an impurity peak found in the 

spectrum of }24 but remains unidentified. The product mixture 

could not be separated by fractional crystallization. Column 

chromatography eluted only a mixture of 4-methylphenyl poly

sulfides identified by IH NMR, Cp2TiSS (21) identified by 

IH NMR and TLC, and su~fur identified by melting point and TLC. 

The po1ysulfano complexes CP2Ti(SCHMe2)2 (122) and 

CP2Ti(SR) (S3R) [R = Ph (123), 4-C6H4Me' (124)] were more heat

and air-sensitive than their bis (dithiolato) ana10gs Cp2Ti(SR)2 

[R = CHMe2 (115), Ph (118), 4-C6H4Me (119)]. F.orp example, 122 

could be handled in air briefly but prolonged exposure caused 

decomposition ta an orange sticky solide The melting points 

of the two types of complexes differed with the bis (thiolato) 

complex always having the much higher value as follows-!-

R = CHMe2 , 144-146 oC (115) and 7,6-78 oC (122) 1 R = Ph, 194-196 oC 

(118) and 131-132°C (123); R = 4-C6H4Me, 198.5-199.5°C (119) 

and l08-1l0 oC (124). The complexes 122, ~, and 124 decompose 

above ooC in polar and aromatic sol vents whereas their analogs 

115, 118, and 119 are stable at this temperature. --

" ,; 
" 

, 
-1 
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The decomposition of 122 and 123 in solution under 

nitrogen at roorn tempe rature w9s examined. A deep purple 

solution of 122 in C6D6 was allowed to stand under nitrogen 

for several days. A yellow product precipitated during this 

time. Filtration in air gave a pale yellow solution the lH NMR 

spectrum of which was consistent with the presence of a 

mixture of isopropyl polysulfides (Tab1e 2). Peaks attributed to 

the tetrasulfide do~nated the spectr~m. A weak signal due to 

Cp protons appeared at a 6.29 but its source is unknown. The 

major soluble decomposition product of 122 is tentatively 

identified as (Me2CH)2S4. Pure isopropyl tetrasulfide was 

not available. However, reaction.of 2-methylpropylthiol 

with N,N'-dithiobisbenzimidazole in refluxing benzene for,20.5 

hours under nitrogen gave a crude product consisting of a 

mixture of polysulfides as shown by the lH NMR and mass 

spectra. Decomposition occurr~on recrystallization; • 

however, the major lH NMR sign~of the crude product are 

tentatively assigned to the tetrasulfide (Table 2). 

A solution of 123 in CH2C12/hexanes was allowed ~o 
~ 

decompose at room temperature under nitrogen and the products 
~ 

were analyzed by TLC oand lH NMR. The following were identified: 
~ 

'. CP2 TiS 5 (]1), PhSxPh (x not established), traces of CP2 Ti (SPh) 2' 

(118), and an unidentified brown-yellow residue. The IH NMR 

spectrum of a CDCl3 solution of this residue consisted of a 

broad signal from a 7 to a 6. No phenyl signaIs were present 

below ô 7. The solid-state infrared spectrum showed'broad 

\ , 

i 

1 
J 

1 

i 
1 
1 
t 

1 



- 19"3 

bands at ca. 3110 (w), 1445 (m), 1010 (m), 8500 (s), and 

790 (vs) cm- l characteristic of the n-CSHS ring 332 in addition 

to a broad band which extended from 710 to 610 cm- l and centered 

at 6S0 cm~l. Complexes containing a Ti-Q-Ti linkage typically 

display very strong 'absorption bands in the region 800 to~ 

700 cm- l • 37S The a~alogous Ti-S-Ti group should absorb at a 

lower frequency. _ 

!he thermal decomposition of CP2Ti(SCH2Ph)2 (176) 

contrasts with the decomposition of the titanapolysulfane 

complexes reported above. When a solution of 176 in THF was 

heated at ca. 40°C under a nitrogen atmosphere for seven days 

a small a.mJunt of a red insoluble product formed. The la NMR 

spectrum (CnCI3) of the soluble portion identified the pres

ence of mostly 176 and a trace of (PhCH2)2S2. The ratio of 

the are as of the CH2 peaks of 176 (8 4.22) to that of 

(PhCH2)2S2 (8 3.S8) was five to one. The solvent was evapo

rated and replaced with chloroform. The solution was refluxed 

under nitrogen for o~e week until none of 176 was present as 

indicated by TLC. The red solution was removed by syringe 

from a mixture of yellow and red insoluble solids. These 

solids displayed broad infrared absorption bands consistent 

wi~h the presence of Cp and CH2Ph groups. A strong, positive 

Beilstein Test28S Lmplied 'the incorporation of chloride in 

, the insoluble solids. The CHC13"'7s01uble fracti'on contained 

CP2TiC12 (traces), Phca2SH, and (PhCH2)2S2 as shown by IH NMR. 

At most only traces of (PhCH2)2Sx (x = 1, 3, 4, 5, .•• ) were 
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present., Workup by column chro~atography on silica gel gave 

(PhCH2)2S2 in 11% of the' t~eoretical maximum which was iden

tified by melting point, TLC, and IH NMR. 

Discussion 
, 

" 

The complex CP2 Ti (SH) 2 (110) reacted with "blocked" 

sulfur-transfer reagents of the 'type >N-SR to give either a 

symmetrica1 product CP2Ti(S2R)2 or an unsymmetrical one 

CP2Ti(SR) (S3R) depending on R. Thus 110 and Phth-SCHMe2 

reacted to give CP2Ti(S2CHMe2)2 (122) while 110 and >N-SR 

gave CP2Ti(SR) (S3R) where R = C6HS (123) and 4-C6H4Me (124). 

Complex 110 also reacted with Phth-S2-4-C6H4Me but several . 

products formed which could not be separated. 

/ 

The IH NMR chemical shift of protons on carbon atoms 

adjacent to the terminal sulfur atoms in a sulfur chain of 

an organic polysul~.!fte is particularly 'sensi ti ve to the length " 

of the chain. For example, in the molecules Me2S
X

,388 

'(PhCH2) 2Sx' 388, 389 and (Me2CH) 2Sx (Table 2) these signaIs 

shift ta lower field with increasing chain length, although the 

difference in chemical shift of consecutive mernbers of the 

series diminishes as x increases. The methyl signaIs of 

(Me2CH)2Sx and (Me3C)2Sx388 are less sensitive to chain length. 

Thus the unsymmetrical isomer of 122, CP2Ti(SCHMe2) (S3 CHMe2), 

should have two clearly resolved signaIs for each of the 

methine and methyl groups whi1e the symmetrical species should 

have only one set of signaIs. The two possible isomers of 122 

. , 
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should be distLnguishable by 13c NMR as weIl. The proton 

decoupled 
13 ' 

C NMR spect.;-um of 122 showed three lines for the 

Cp, CH, and CH3 carbon atoms at ô 113.17, ê 42.31, and 
c -c 

Ôc 23.14, respectively. For organic sulfides of the ~ype 

R2CHSR the 13c NMR chemical shift for ~e methine proton is 

found between 55 and 65 ppm. 390 The compound ('Me2CH) 2S2 

displays signaIs at 41.14 ppm corresponding to the CH protons 
( 
ànd,at 22.60 ppm due to the CH3 protons. 391 The I H and 13c NMR 

specfora of 122 are consistent with a syrnrnetrical structure. 

The pair of iridium(II!) complexes trans-IrC12-

(SxC6FS) (CO) (PPh 3 )2 (186, x ~ l, 2) has been reported. The 

thiolato complex (x = 1) displayed bands in the infrared 

spectrum at 2065 -1 corresponding to a CO stretch and at cm 

315' and 305 -1 392 The corresponding cm for the Ir-Cl stretch. 

bands for the disulfano complex (x = 2) appeared at 2052, 314, 

and 275 -1 393 cm These,data indicate an increase of electron 

density at the iridium as the SC6FS ligand is replaced by' 
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A plausible mechanism25S ,264 for the reaction of 

CP2Ti(SH)2 (110) with·the transfer reagents Phth;SR to give 

symmetrical products involves stepwisr replacement of metal

coordinated hydrosulfido protons with SR groups (Scheme 3). 
J 

Schema 4 outlines an alternative, but less likely, mechanism 

whereby the initial step ls protonation of the transfer 

reagerit. It is not known if either or both mechanisms are 

operating in this particular system. 

Scheme 3 Scheme 4 
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j 

• X-ray crysta110graphy revea1ed that 123 was the un- " 

symmetrica1 comp1ex CP2Ti(SPh) (S3Ph). This is the first meta1 
1 n 

trisu1fane comp1ex of the type MSSSR (see the end of this 

chapter for detai1s of the structure). Since 122 appears to 
1 

be sy~etr1ca1 a comment on the mechanistic irnp1~cations is 

appropriate. Scheme 5 indicates how the "half-substituted" 

j. 

t\. 

Scheme 5' 

+ >N-SPh 
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CP2T1,S ~ + 
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123 
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species 187 could intramolecularly eliminate thiophenol to 

give the side-on bonded oisulfane,complex CP2TiS2. There 

are many transition metal complexes that contain a n2-s2 

ligand and include the very similar compound CP2MOS2 (20).59 

Nucleophilic attack by the thiophen~late anion could generate 

the unsymmetrical anion 188 which would attack a second 

molecule of >NSPh to give 123. This mechanism accounts for 

the formation of an unsymmetrical product but the proposed 

intermediate CP2TiS2 could also be present during the for

mation of symme~rical species. The crucial step is attack 

by RS- on CP2TiS2. Attack at the metal leads to 123; however, 

attack at the sulfur could lead to the symmetrical product 

CP2Ti(S2Ph)2 . (Scheme 6). Such mechanisms, it shoyld be noted, 

ar~. speculative at present. 

Scheme 6 

. ,.S-SPh S Ph 
Cp TI --'. C r./ 2 + 2 \. ~\ P2 1 " se 's Ph 

\ ) H@ 2 
\ r-
~S-N< 

'----, 

J 

The fa il ure to "isôl'ate complexes from the reaction of 
\ 

f' 110 with'Phth~SCMe3 is'consistent with the reduced reactivity 

of Phth-SCMe3 relative to other N-alkylthiophthalimides as 
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" noted by others. 394,395 AIt t If 'd genera rou e 0 su enaIru. es 

RSNR' RU is via treatment of alkyl or aryl thiophthalimides 

'th t lk 1 l' b'f t' 1 ' ( 9~) 394,395 Wl. IOOS a y, eye J.e or J. une J.ona anunes eq. ;) . 

The reactions genera1ly take place at room tempe rature or at 

~-SR+ 
o 

+~NH 
o 

( 95) 

reflux in benzene to give the products in high yield. However, 

.. Phth-SCMe
3 

and pi,perazine failed to react in boi1ing benzene 

(2l hours). In the higher boiling solvent N,N-dimethyl

formamide (DMF) the desired product 189 was iso1ated in only 
395 ' 22% yield (eg. 96). The low reaetivity of Phth-SCMe 3 was 

ascribed to ~e steric bu1k of the !-butyl group which was 
,.) AI 

felt ta hinder nuc1eophilie attack by the piperazine nitrogen 

atom on the phthalimidyl' sulfur atom. 395 Sterie hindrance 

may also account for the reduced reactivity of CP2Ti(SH)i 
" 

(110) with Phth-S~3. It is interesting ta ·note, however, 

that a two sulfur chain either reduees the sterie dernands 

OMF 

no reaction 

(96 ) 
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or weakens the N-S bonds since Phth-S2CMe3 reacted with 

piperazine to give the expected product in 87% yield 

39b (eg. 97). 

The studies on the decomposition of complexes of 

th.e type CP2Ti(SxR)2 (x = l, 2) indicate that under the 

appropria te conditions tney may b~have as sources of organic 

polysulfides RS R (y = 2, 3, 4, •.• ) with the compound where 
y 

y = 2x predominating. It has been reported that solid 

CP2V(SPh)2 heated in vacuo at ca. 100°C evolves the disulfide 

397 The fate of the vanadium was not reported. 

The X-Ray Crystal Structure of CP2Ti(SPh) (S3Ph) (123, Fig .• 5) 

The crystal structure of ~23 was solved by N. Ansari 

and Dr. P. Bird of Concordia ,university, Montreal. The 

numbering scheme for the atoms of CP2Ti(SPh)2 (118)3~nd 

123 are shown in Figs. 6 and 7, respectively. Table 3 lists 

397 important molecular parameters for 118 and 123. BQth 118 
. 

and 123 havè the familiar "bent "'sandwich" structure with a 

distorted tetrahedral arrangement of the ligands about the 
, 

metal. Replacement of one SPh group in 118 by a SSSPh moi~ty 

-causes minor changes in the bond lengths and angles in the 

o 

( 97) 

il , 
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Figure 6. '. C Ti (SPh) 2 (liS). bels for P2 Atorn la 

BJQJ '@JO'@J LYI(\ I\".··.sl\ Cil' C21 
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R2 C3'l4 '/~~ 
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Figure 7. 
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C Ti (SPh) (S3P labels for P2 Atom , h) (123). 
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Ti-SI 

Ti-52 

avg. 

Ti-Rl 

Ti-R2 
avg. 

SI-Cl 

52-C7 

Sl"'S2 

" 

r 
-, -

J) 

TABLE 3- • 

Se1ect~d Bc;md Distances, Non-bonding Distances, Bond Angles 7- -and 
Dihedral Angles for CP2~i(SPh)~ (118)397 apd SP

2
Ti(SPh) (S3Ph) (123) 

\ ,/ •• , r' ° 
Boh~ Distances (A) 

• 
Bond Angles (0) 

• 

,,-... 
'- ! ....... 

'\ 
11Ë~ 118 123 -

\ 

\ ill. \ 
~ 

2.395(8) 

2.424(8)' 

2.410 

2.067 

2:072 

2.070 

1. 78 

1.77 

Ti-;;,Sl" - 2.439(3) 

Ti-54 2.38~(3) 

avg. 

avg. 

Sl-S2 

S2-83 ' 

53-C21 

54-CIl 

° 

2.410 

2 r03'6 

2.049 

2-.043 

2.053(3) 

2.011(3) 

1.755(7) 

1. 759 (6) 

Non-Bonding Distances (A) 

• 3.673 Sl"'S4 3.64r (1) 

Sl-Ti-52 

Rl-Ti-R2 

Ti-52-C7 

Ti-SI-Cl 

51-Ti-Rl 

Sl-Ti-R2 

S2-Ti-Rl . 
S2-Ti-R2 

. 

99.3 (3) '-

132.4° 

112.9 

115.4 ~ 

10L8 

108.7 

108.3 

, 101.9 

Sl-Ti-S4 

'" Ti-54-CIl 

~-'. 

'''' 

Ti-51-S2 

S4-Ti-Rl 

S4-Ti-R2 

51-52-53 

52-53-C2l 

Dihedra1 Angles (0) 

TiSlS2/SlS2S3 

515253/S2S3C21 

98.3(1) 

132.55(4) 

114.5(2) 

115.5(1) 

99'.34 (5) 

109.64(5) 

110.88(6) 

101. 36 (4) . 
109.3(1) 

106.8(3) 

70.44(8) 

78.98(8) 

l'MSlh*'' Jî!t:H't'~"l!I iIjM"._' ,.=_,_ ... _,-._~,.~~"",_ .... -·,_", .... 'tlz " ..... "...-------
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immediate coordination sphere of the'metal atome The average 

'ri- Cp distance in 123 and in 118 is similar. The unique 

° Ti-SPh distance is sicrnificant1y shorter in 123 12.381(3) Al' 
"'01 -

than in 118 I2.4l0(3) Al. ~he difference in the Ti-S bond 

lengths observed in 123 is probab1y not entirely due to its 

unsymmetrica1 structure sinee simi1ar asymmetry was observed 

397 in "118 and in CP2 V,(SPh) 2. Whereas the Rl-Ti-~ angles 

are nearly ident'ical (123, 132.6°; 118, 132.4°) there is a 

greater difference in the S-Ti-S angles I123, 98.3(1)°; ~, 

99.3(3}O].' There is a distinct ti1ting o:f ring R2 for 123 

that is not observed for 118. The longest and shorte~t Ti-C 

bond distances in the molecu1e are found to R2: Ti-C2 = 
° 0 0 

2.346(7) A, Ti-C4 = 2.385(6) A, and Ti-CS = 2.374(7) A. 

Molecular modéls suggest that a steric interaction between a 

lone pair on 52 and the C4-H and C5-H bonds may., be a cause 

of this distortion. 

The most unusua1 and important feature of 123 is 

the S3 chain. Very few inorganic complexes containing a 

M-SxR linkage where x ~ 2 have been studied crysta11o

graphica11y. Two examples are CpW(CO)3(S2-4-C6H4Me ) (182)387 

and cis-(Ph3P)2Pt(Phth) (S2CHMe2) (185).387, Comp1ex 123 is 

the first comp1ex bearing a M-S 3R linkage to be iso1ated and 

characterized crystallographically. Sorne useful comparisons 

can, he made with the structures of the dimers [CpFe(CO)2J2(~-S3) 

(!!}102 and {{MeCP)2Ti(~-S3)]2 (46)103 which contain 

bridging S3 ~hains and with the organic trisul:fides perchloro-
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Me 

. ~o" ~ ,\dl 
. /. F 

W 52 
C ~ -;\,Si""'''' 

o C 'C 
o 0 

Ph3 P" /'PPh3 
> Pt /" N SI 

o ~~.,.CHM~~ " 
iI/t 

'\ 

dimethy1trisu1fide (190)398 and 3,3'-trithiobis{2,4-pentanedione) 

(!!h)399 (Table 4). 

CI C-S-.-CCI 
3 ~ 3 

\ 

The average s-s bond 1engths in 44 and 46 are 

. longer than the average found for 123. The marked difference 
" 

in the two S-S bond distances in 123 (Table 3) was not 

observed for 44 or 46 or the organic trisulfides. The 

variation in comp1ex 123 is presumably a consequence of the, )---

different substituents terminating the 53 chain. It is 

int.eresti~g to note that the Sl-S2 bond length in 182 
, 0 

[2.053(4) Al is identical ta the S1-52 bond 1ength in ~. 
o 

Simi1ar1y, the S2-C distance in 182 [1.756(9) A] is the sarne 
o 

as the S3-C2l distance in 123 [1.755(7) A]. It is somewhat 

;1 ., 
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TABLE 4 

o 

/ 
/ 

/ 

Comparisons of Average Bond Distances (A), Bond Angles (0), 

and Dihedral Angl~s (0) of 123 wi th Those of Other compoun'as 

Containing a Non-Chelating Trisulfide Linkage 

s-s 22§. xs-ss a 

.li. 2.032 109.3 70.4 

44 b 2.042 111. 43 77 .5 

46 'c 2.056 109.07 64.6 

190 d 2.035 106.0 e 

191 f 2.060 108.0 73.6 

• a X stands for Ti 1 Fe, or C terminating the S 3 chain. 

bRef. 102. 

cRef • 103. 

dRef • 398. 
e 

Not reported. 
f 
Ref. 399. 

\ 

{ 

f 
1 
1 

1 
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surprising that the 52-53 distance is much shorter than the 

51-S2 distance in 123 which imp1ies it might be stronger. 

For polysu1fides having mre than two sulfur atoms he1iea1 

(polymerie) sulfur shoui~ probably be used as the reference 

compound for the bond length, bond angle, and dihedra1 

24 ° angle. In this species the values are 2.066 A, 106°, and 
: 

85 3 ° t" 1 25 . • , respec ~ve y. The dihedral angle about the 5l-S2 

and 52-53 bonds in 123 are similar at 78.98(8)° and 70.44(8)°, 

respective1y. Sma11er 555 bond angles and 55-55 dihedral 

angles tend to lengthen S-5 bonds. 22 However, the angle of 

109.3 (1) ° in 123 is simi1ar to those found in the organo-
...... 

metallie complexes ~ I111.43(9)O] and ~ II09.07(6)O] and 

the organic trisulfides 19Q (106.0°) and 191 (108.0°). Thus 

the shortening of the 52-53 bond relative to the 51-52 bond 

in 123 remains unexplained. The \imi1arity in 555 bond angles 

also extends ta the dihedral angles X5-55 (X = 5 or metal 

atom): 123, 70.4°; 44, 17.5°; 46, 62.7° and 66.6°; and 191, 

73.6 0
• 
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6. THE SYNTHESIS OF METALLACYCLOPOLY

SULFANES AND -SELENANES 

Introduction 

Re1ative1y few inorganic complexes are 

which incorporate rings of the type MS or MSe x x 

x > 2. prior to this work only complexes of the 

CP2TiE5 where E = S (73) and Se (107) had been firrn1y 

characterized for the Group IVB metals. The complexes 

CP2TiS3 and CP2TiS4 have been reported
l05 

but others
164 

-were unab1e ta duplicate their synthesis. The structure 

of CP2TiS5 (21' consists of a chair-shaped six-mernbered 

TiS
S 

ring. 166,167 Complexes of ather metals con taining 

MS rings were cited in the General Introduction acco~ding x .. 
ta the length of the polysulfur chain. These complexes 

are rei terated 'briefly below according to transition Metal 

group. 

Group VB species are restr,icted ta the paramag

netic complexes CP2VSS (80)167,171 and cP2vseS',17l An 

X Il h · t d 167 f th f 1 d -ray crysta ograp l.C s u y 0 e ormer revea e a 

chair-like VSs ring analogous to that found for 'CP2TiSs.166,167 

Fo~ Group VIB the species CP2MS 4 where M = Mo (58) and W 

(59) and their selenium ana10gs 105 and 106, respectively, 

have been reported. The salt (Et4N)2[MOS(S4)2] (54) is 
-

also known. 128 
The X-ray crystal structures of 54,128 

58,133 and 59 136 revealed nonplanar MS 4 rings. For the 

r, 

\ 
! 

0 .. 
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158 iron group the species [FeSS(~-S)]2 (70), [FeSS(~-S)2-

MS2 ]2- (21)' where 11 = Mo, W, and OS2SS(S3CNEt2) (S2CNEt2)3 

(72)160 are known. A RhS
4 

four-membered ring is thought 

, 130 
- to be present in [(MeSCp) RhS 4 ] 2 (j.!-CO) (57) but MSS 

67 rings are found in the complexes Cp Rh (PPh
3

) 55 (34) and 

174 CpCo(PMe 3)S5 (81). The X-ray crystal structure of 81 

revea1ed a COSS ring in a chair conformation wi th the Cp 

ligand in the axial position. 174 The species (NH
4

) 3 [M (SS) 3] 

where M = Rh
lS7 and Ir99 have been ~eported but are not 

( 

crysta1lographica1ly characterized. Both five-me.mbered 

MS 4 and six-membered MSS rings are known for the nickel 

group metals. For Ni (II) and Pd (II) only complexes wi th 

the chelating phosphine 1,2-bis(diphenylphosphino)ethane,dppe, 

. 100 125 have been reported, name1y (dppe)N~S4 and (dppe}PdS 4 • 

For Pt (II), complexes wi th simple or che1ating phosphines 

are known: L
2

PtS
4 

whelie L = PPh
3

, 100,125-127 P (4-C6H41-1e)3100 

100 125 . 2-
or L2 = dppe.' Salts of the ~on Pt(SS)3 (~) have 

10 13 been prepared 1 and characterized by X-ray crysta11og-

raphy1l,12 and variable temperature 19Spt NMR. l4 Two PtSs 

2-

-



! 
\ .. 
, 
i • 
l 

~ . 
t . 

\ 

..:. 209 

2-rings are thought. to be present in salts of the Pt (Ss) 2 

ion (68) .12 

Reactions with Sulfur-Transfer Reagents 

Reactions of organometallic cornpounds wi th 

elemental sulfur have sometimes produced new and unex-' 

pected products. Abstraction of two sulfur atoms frorri 

cycIooctasulfur is weIl known •. Nurnerous exarnples exist, 

and a tyPtcaI reaction is the formaI oxidati ve addi tion " 

. 50 51 
of S2 to [Ir(dppe)2Cl] to g~ve [Ir(dppe)2S2]CI (1:2). ' 

. Several exarnples of reactions of cycIopentadienyl rnetal 

complexes with elemental sulfur have been reported. 

Schunn et al. 400 treated [CpFe (CO) 2] 2 and CpV(CO) 4 with 

S8 to give (CpFeS)4 (192) and (CP2V2SS)n (n not estab

Iished), respe~tively. The structure of the MeCp anaIog, 

(MeCp) 2 V 25 5 (!2l), as revealed by X-ray crystallography 

is shown below. 401 McAlister et al. 102 found that' under 

, 
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'rnilder conditions [CpFe(CO)2]2 reacted wit~ Sa to give 

ICpFe (CO) 2] 2 (f,I-S3) (~). They suggested that this compound 

was a probable :i,nterrnediate in the formation of 192 under 

more vigorous conditions. Irradiation of solutions of 

sulfur and [(RCp)Fe(CO)2]2 (R = H, Me) has given several 

products depending on the reaction conditions. The prod-

ucts inc1ude [(RCp)Fe(CO)2]2SS' [(RCp)FeS2]2' and (RCP)2-

Fe
2 

(CO) (52) 2 (194) .102,121 The oi1y nature of the first 

compound has prevented a crystal structure determination. 
Q 

The cornp1ex [(MeCp)Mo (CO) 3] 2 reacted with sulfur to give 

\ [(MeCp)MoS (]J-S) ] 2 (195) in very 10w yield whose structure 

~ 299 ,as revealed by X-ray crystallography. Simi1arly, 
j 

(Mes Cp) Mo (CO) 3H gave the analogous complex [(MeSCp) MoS-

o 299 
(lI-S)]2 in addition to [(Me SCp)MoSS12 (196). In toluene 

<\Ls'S~\~ 
~~7M\? 

J 

1 

l 
1 
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at 45°C, [(MeSCp)Cr(CO)2]2 reacted with sulfur to give 

(MeSCp)2cr2SS Cl) as the on1y isolable product. This 

complex contains three kinds of su~fur ligands including 

the novel nl_(~-S,5) ligand. 39 The rnolybdenum and tungsten 

7 

ana10gs [(MeSCp) M (CO) 2] 2 (M = Mo, W), ,however, reacted 

with su1fur under the sarne conditions to give isomeric 

complexes of the type (!-1e SCp) 2M2S4 and (MeSCp) 2W2 (CO) 2-

(~-5) 25 (197).402 The X-ray structures of 197 and 

(MeSCP)2M02 (~-S2). (~-S) 2 (198) were determined. 

There are a few examples where sulfur appears 

Q te provide four or even fi ve su1fur atam chains. For 

example, the dihydrides CP2MH2 (M =, Mo, W) react wi th 

sulfur ta give CP2MS4 and H2S as the products. 132 Simi-
'. 

1arly, the complexes ML 4 (M = Pt, L = PPh 3 or L2 = dppe ~ 

.' 

1 

1 
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M = Pd, L
2 

= dppe) oxidatively add su1fur to give the 
'" 125 species 'L

2
MS

4 
and H2S. Transfer of five SUrfur atoms 

from S8 occurred under photolysis165 with CP2TiR2 (R = 
167 · Me, CH2 Ph) or thermally with CP2Ti (CO) 2 to give 

CP2TiS5 (li). The complexes Cp Rh (PPh 3)2 67 or CpCo(CQ)

(PMe}) 174 react with elementa1 sulfur to give' CPRh(PP~ 
<.!~) and CpCo (PMe

3
) 8

5 
(81), respectively, which were 

mentioned previously. 

The synthesis and reactivity of compounds 

capable of selectively transferring one or more sulfur 

atoms to appropriate substrates is an area of continuing 

interest to both inorganic and organic chemists. Ele-

mental sulfur may be considered as a sulfur-transfer 

reagent, but i t tends to donate sulfur atoms in an un-

predictable way (vide supra). Modern reagents often are 

403 more predictable. For example, Keck et al. examined 

the reactivity of bis (diorganothiophosphoryl)disulfanes 

[R2P (8) ] 2S2 towards various inorganic complexes. In 

these cases the disulfane is reduced to the che1ating 

di thiophosphinate, ion R
2

PS2 whi1e the metal, center ls 

oxidized. For example, the reaction of Ni(CO)4 with 

[Et2P (S) ] 2S2 gave (Et2PS
2

) 2Ni. 404 The disulfanes 

[R2P (S) ] 282 have also been useél in the synthesis of 

(199) and 
-) 

[WS(R2PS2)]2(~-S)2 (200) from MO(CO)6 and W(CO)6' re-

403 spectively. In each case the reagent's _ [R2P (S) ] 252 

\ 

\ 
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+ 

oxidized M(O) to M(IV) (M = Mo, W) as well as acted as 

monosulfur-transfer agents, to~ing sulfur to form the 

403 monosulfane [R2P(S)]2S' 

Episulfides have been useful for the synthesis 

301 of some complexes. Beek et al. found that Mn (CO) SH 

reacted with propylene sulfide to give the dimeric SH-

bridged complex [Mn(CO)4(~-SH)]2 (136) (eq. 50). 'Formation 

S 
2Mn (CO) SH + 2 y=' '<Me 

[Mn (CO) 4 (~-SH) ] 2 + 2CO + 2 :::===«Me 

136 

of 136 is consistent with the transfer of a single sulfur 
~ 

atorn via insertion into the Mn-H bond. 30l The analogous 

reaction of CpW (CO) 3H wi th the sarne episulfide gave mono-

: 296 
merif 'CpW (CO) 3SH although the degree of success of 

( 50) 
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, , 

this reaction appears to be sensitive to the expecirnental 

d " 264 con ~t~ons. 

Another elass of organic sulfur-transfer rea-

gents is those derived from imides or azoles. Severa1 

sulfur-transfer reagents of the type >N-S -N< where >N is x 

succinimidyl (Suce, 201),258,277 benzimidazolyl (Bz, 202),258 

phthalimidyl (Phth, 203),276-278 and x = 1 or 2 have been 

prepared. These reagents are reactive towards cornpounds 

258 of the type RXH where X = 0, S, NR, or NH. In many 

cases the reagents >N-S -N< selectively' transfer one x 

(x = 1) or two (x = 2) sulfur atoms to a substrate. The 

general reaetion with thiols is depieted in eq. 30. For 

2RSH + >N-S -N< 
\ x 

x= l, 2 

example, the reagents BZ-Sx -~z (x = 1, 2) react wi th 

, PhCH2SH to give the trisulfide (PhCH2) 283 and the tetra

sulfide (Ph~H2) 2S4 in near quantitative yield when x = 1 

and 2, respeetive1y.258 The application of these organic 

(30 ) 
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, 
surfùr-transfer reagents towards the complexes CP2M (SH) 2 

[M = Ti (!!Q.), Zr (111)] are described in this chapter. 

A1kali meta1 salts of"the type M2
1E (E = S, , x 

Se; x = 4, 5) are inorganic sulfur-transfer reagents of 

sorne utili ty. They have been used ta prep'are complexes 

such as CP2TiES [E = S (11),99,161-165 Se (107) 163], 

CP
2
ME

4 
[M = Mo, E = S. (58),59,131-133 Se, (105) i 134 M = 

134-136 134 , , 
W, E = S (59), Se. (106) ] 1 salts of the dlanlons 

2- 10-14 157 99 , 
M(5

5
) 3 [M = Pt (~), Rh, Ir], and the specles 

100 L
2

MS
4 

[M = Pt, L = PPh
3

; M = Ni, Pd, L
2 

= dppe] from 

the appropriate dich1oro precursors. Recently Gladysz 

et al. found that anhydrous solutions of Li2Ex could be 

prepared in situ via reduction of sulfur
262 

or selÉmium263 

" with ~iEt3BH (eq. 32). Subseq\l~nt reaction with alkali 

h l 'd d d' 1f'd 262 d l 'd 263 a 1 es RX gave rnono- an lSU l es an se enl es 

in high yie1d (eq. 33). The ,hyçl~ide reagent can also be 

( 

E:= S, Se 
x'= 1,2 

Li
2

E + 2RX , x --~~ RE R + 2LiX x 

used to cleave organic disulfides, RSSR (R = PhCH2, Me) 

to form lithiwn rnercaptides RS - Li + !!!. situ (eq. 98". 

Subsequent treatment with electrophiles R'X (RI = alky1, 

(32) 

(33) 
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acyl, alkenyl) gave the. unsymmetrical sulfides, RSR' 

(eq~ 99)~262 McAlister et al. 102 prepared the po1y-

2RS - Li +. + ~ R ' X ~--I"~ 2RSR' + 2LiX .. 

, 
sulfur-bridged dimers [CpFe(CO)2]2(~-Sx) (x ~ 1-4) via 

~ -
reaction of Li2Sx prepared in situ with CpFe (CO) 2Br. A 

1 

study of the reactivity of reagents of this type towards 
, 

the eubstrates CP2MC12' (MeSCp) 2MC12 (M = Ti, Zr, Hf), 
• 1 

(MeSCp)CpTiCl2 , (RCP)2TiC12 (R = Me, SiMe 3), and CH2CP2-

TiÇ12 ta give~QQWP1exes containing MSS and MS 3 rings is 
\ 

described in this chapter. 
r 

J Resqlts 

(A) Synthe tic Aspects 
, 

The reactions of the complexes CP2M(SH)2 [M = 
Ti (110), Zr (Ill)], CP2MC12' (MesCp)2MC12 (M = Ti, Zr, 

Hf), {MeSCp)CpTiC12, {RCp)2TiC12 (R = Me, SiMe 3 ) , and 

CH2CP2TiC12 with various sulfur-transfer reagents are 

summarized in Table S. An a~thentic samp1e ai CP2 TiSs 
• 0 

(73) was prepared according ta a literature procedure 
163 using CP2 TiC12 and excess (NH4) 2S5. The complex 

, 

cP2Tises ,(~07) was first prepared via treatment of 
163 

Cp2TiC!2 wi~ Na2SeS', Samples .of these compounds 

, 

(98 ) 

(99 ) 
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~ 
TABLE 5 

,.. 
Preparations and Yields of MetaIlacyclopolysulfanes and -selenanes 

. 
Yield of 

Time (hrs)a 
(RCp) 2MEs 

Reag'ents Solvent (\) b 

t CP2Ti (SH) ~ c S8 CH
2

C1
2 

1.25d 4s
e 

l 
J 

0.2s
f f Bz-S-Bz toluene 47 , 

} 
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aThe reactions were done at room temperature for the indicated time 

un1ess specified otherwise. 

bBased on the 1imiting reagent; ~ ~_S, Se. 

cThe stoichiome:ry of CP2M(SH)~ to the sulfur-transfer reaqent was 

1: 1 unless not~~otherwise. -

dThe reaction was do ne at reflux. 

eprepared according to ref. 163. 

fThe reaction was done at DOC. 

gThe co~lex [Cp2Ti(~-S3)]2 was iso1ated in ca. 
h ' 

The reaction was done at 48°C. 

(' 

1% yield. 

i The yie1d of [CP2Ti(~-S3))2 was estimated at ca. 4% by IH NMR. 

jThe reaction was started at DOC and allowed to warm to room temperature. 

kThe yie1d of the crude product was much higher. The reduced yie1d i9 

thought to be due to the high 901ubility of this comp1ex in orqanic 

s91vents. 

1The product was (MeSCp)2MS3' 

mThe stoichiometry of Cp2Z~(Sl-tt2 to BZ-S2-BZ was 1:1.5 .. 
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-prepared by the routes indicated in the Table had colours, 

melting points, and spectral data (lH NMR, infrared) in 

agrQement with the published data. i63 The complexes were 

further characterized by mass spectrometry and elemental 

analysis •• Several of the reactions cited in the Table 

merit further comment. The reaction of CP2Ti(SH)2 (110) 

with Bz-S-Bz gave 73 as the major product. An additional, 

intensely blue, product, identified as [CP2Ti(~-S3)]2 (4S) 

by comparison of its colour, lH NMR, and electronic spectra 

with published data,103 was also iso1ated but in much lower 

yield (~. 1% from the room tempe rature reaction). Several , 

less intense peaks in the region 0 6.0 to 0 6.8 in the lH 

NMR spectrum of the crude product corresponding to as yet 

unidentified products were also observed. The reaction of' 

CP2zr(SH)2 (Ill) with B'Z-S2-BZ in a 1:1.5 stoichiometry and 

with Phth-S2-Phth in a 1:1 stoichiometry gave cP2ZrsS (75) 

in 18% and 6% yt~l.ds, respectively. Sulfur, as weIl as 

benzimidazole and~thalimide, were addi tionall y isola ted 

and identified by '~LC'~d mass spectral analysis. The 

yields of 75 are much lower than the yieids of 73 from 
q' -

the corresponding reactions of CP2Ti(SH)2 (110). A much 

better yield of ~ was obtained via the treatment of 

CP2TiC12 with Li2SS • The reaction of the complexes CP2MC12 

with Li2SS is a general route to the species CP2MSS' and 

is the only route at'present ta the complex where M = Hf. 

The reactions :i~ lithium polysulfides gave variable 
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results as indicated in the Table. When a red solution 
l 

of CP2TiC12 wa~ added to an equimolar amount of Li 2S2' 
li 

the reaction mixture becarne brown in colour. After 23 
\l!J 

hours the lH NMR spéctrum of the slightly soluble brown 

crude product consisted of a comp1ex set of signaIs cor-

responding to Cp protons in the range ô 6.6 to 0 5.9 and 

a complex pattern for aliphatic protons in the range ô 2.0 

to ô 0.5. Th~ infrared spectrum contained bands in the 

region 2980 cm- l to 2840 cm-1 indicative of aliphatic 
" ~ ,- --.. ... u~".!"-

C-H stretching vibrations in addition to broad bands at 

3100, 1440, 1100, 1015, and 800 cm- l typical of the Cp 

ligand. 332 A sma11 amount of 73 was detected by TLC. A 

Bei1stein Test for ha1ide285 was negative. The products 

were not exarnined further. If a large excess of su1fur -2 used to prepare a Li2Sx solution, the subsequent 

r action with CP2TiC12 was much c1eaner. Thus when 

CP2TiC12 reacted with a solution of Li2Sx where x was' 

forma11y 16 in the stoichiometry 1:0.5, the reaction 

became deep red in ~lour. After stirring for 31.5 ho urs 

1 the H NMR spectrum of the crude product showed that on1y 

~73 was present in addition to the unreacted CP2TiC12' 
o 

Unreacted su1fur was detected by TLC ana1ysis. 

The turquoise comp1ex (CP2ZrS)2 (112) was ob

tained as a by-product in the synthesis of CP2Zr(SH)2 

(!!!) (Chapter 3). Therefore an attempt was made to 
r> 

prepare 112 via treatment.of cP2zrC12 with Li2S ~enerated 
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in si tu. When a 2.S molar excess of Li
2

S was used the 

reaction solution became a golden colour. Complex 7S 

appeared to be the major product as determined by IH NMR 

although it coula not be isolated from the oily crude 

product. The golden colour is consistent with the ab-

sence of significant amounts of 112. 

High thermal stabilities of the solid complexes . 
CP2MSS are reflected by the melting point of CP2TiSS (73) 

at 196-198°C and decomposition points of ca. l6S-170°C 

for CP2ZrSS (75) and ISO-IS5°C for CP2HfSS (~). AlI 

three complexes are air-stable in the solid state. How-
" o 

ever, the air-sensitivity of solutions of 75 and ~ con

trasts with the air-stability of solutions of the titanium 

analog 73. The close similarity of the infra~ed spectrum 

and'mass spectral fragmentation pattern of 73, 75, and 76 

(vide infra), microanalytical, and solution ~olecular 

, 

~eight determinations (for ~) supported their formulations 

as metallacyclohexasulfanes. The structures of 73,166,167 

7S,40S and 76 40S established by x~ra~ crystallography con

sist 0' a six-membered MSS ring in a chair conformation 

(see Chapter 7). 

The complexes (RCp) 2"TiCl2 (R = Me, SiMe3) and 

(MeSCp) CpTiC12 reacted with Li2 S
S 

which was prepared in 

situ to give the corresponding products having six-memoered 

TiSS rings in good yield. The reaction,of CH2CP2TiC12 
. 

with Li2SS was studied under several conditions. The 



{ 

f. 
" 

- 222 

best yield of the red complex CH2CP2TiSS (79) was 9%, 

achieved by starting the reaction at ooC and allowing the 

reaction to war:m to room ternperature. Stirring was con-

tinued for three days. A very small arnount'of a red 

complex 79A was also i~olated. The yield o~~ was lower 

(3%) when the reactants were allowed to stir at room 

temperature for two days. When a mixture of CH2CP2TiCl2 
9' 

and Li 2SS was refluxed for one hour only a trace of 79 

was detected by TLC. As the heating was continued for 

an additional six hours another complex, 79A, as detected 

by TLC, decreased in concentration relative to a non-

mobile brown spot. ,~ulfur was aiso detected. Neither 

79 nor 79A could be isolated by chromatography. Complex 

79A was too involatile to be characterized by mass spec-

trornetry. Insufficient sample precluded ebernentai anal-

yses. The "corn~ound did, however, show a positive sodium 
l fusion test for sulfure Its H NMR spectrurn (CDC1 3) con-

sisted of two very broad overlapping peaks of unequal 

intensity extending from 0 6.6 to 0 5.4, a sharp singlet 

at ô 5.29 (possibly due ta CH2C12) and several very b~ 
''\ 

unresolved signaIs in the region ô 4.0 to ô 0.6. The ' 

starting material CH2CP2TiC12 was prepared according to 
268 the literature procedure but could not be purified by 

, the reported conditions because of decomposition. Hence 

an impurity in this reagent cannot be excluded ~s a pre-

cursor to 79A. 
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The reagents CP2MC12 (M = Ti, Zr, Hf) reacted 

with Li2SeS' prepared in situ, to give the species CP2MSeS 

[M = Ti (107), Zr (~), Hf (109)] i~ moderate yields. 

Complex 107 could be recrystallized as purple crystals 

and 108 as orange flakes. The orange hafnium species 109 

decomposed somewhat if the crude product was recrystallized. 

Recrystallizat~QP.of 109 from THF at room temperature and 

in subdued light led to the formation of a small amount of 

an unidentified black solid. Refrigeration at -20°C gave 

small ruby red rhombohedral crystals which decomposed at 

40-45°C. THF was detected in the IH NMR spectrum of this 

compound. The solubility of these crystals decreased after 

prolonged storage at -20°C in vacuo possibly due to decom-

position. The titanium complex 107 is monomeric in solu-

tion 163 and 108 and 109 are assumed to be similarly mono-

meric. 

Hf (49)] were prepared via treatment of the metallocene 

dichlorides with Li2SS (M = Ti, Zr) and Li 2S3 (M = Hf) • 

They were characterized by their spectra (lH NMR, infrared, 

mass) , microanalyses, and for 47 and ~ by solution molec

ular weight determinations. These complexes are high-

melting (47, 149-152°Ci ~, l82-185°Ci 49, l69-173°C) and 

are air-stable as solids and in solution. 
\ 
The latter 

1 

behaviour is in contrast to the air-sensitivity of solu-

The X-ray crysta~ 
• 
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structure of 47 104 was determined by Dr. P. Bird of 
'f? 

Concordia University, Montreal and is described in Chapter 

7. The hafnium complex (MeSCp)2HfS3 (~) was more diffi

cult to isolate th an its titanium and zirconium congeners. 

When a solution of {MeSCp)2HfC12 and Li2S3 was refluxed 

for four hours, several products were detected by lH NMR. 

Recrystallization gave the major product, ~, as a bright 

o~ange solid in 9% yield. The use of milder conditions 

did not improve the yield of 49. The reaction between 

(MesCp)2HfC12 and an equimolar arnount of Li 2S3 at ambient 

temperature was still incomplete after one day. Arter 

refluxing for 2.5 hours no (MeScp)2HfCl2 remained by lH 

NMR. The NMR (CDC1 3) spectrum of the crude product con

sisted of a major singlet at 0 1.92 due to 49 in addition 

. to at least two other signaIs about half as intense at 

slightly higher field. Efforts to separate these products 

by recrystallization failed. Sulfur was detected by TLC. 

Stirring equimolar quantities of (MeSCp)2HfC12 and Li2SS 

for 1.5 hours followed by refluxing for 3.2S hours resulted 

in an orange solution. The crude product was isolated as 

a golden solid whose lH NMR spectrum consisted of the 

singlet at 0 1.92 due to ~ along with minor singlets at 

slightly higher and lower field. Complex ~ could not be 

isolated free of sulfur, however. Attempted purification 

by column chromatography (Florisil) led to decomposition. 

Since Li2SS solutions were used predominantly 

1 
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for the synthesis of the metallacyclopolysulfanes cited 

2-in Table 5 the polysulfide species S present in solution x 

were of interest. That the Li2SS solutions did not, in 

fact, only contain the pentasulfide species was suggested 

by a control reaction with an organic substrate. A Li 2S5 
solution was treated dropwise with a THF solution of 

,PhCH2Cl. After stirring for four hours at room temperature 

the volatile cornponents were removed in vacuo. The 1H 

NMR spectrurn of the oily resique was consistent with a 
1 

mixture of benzyl polysulfides, (PhCH2)2Sx (x = 2-5). The 

CH2 signaIs were easily distinguished for various x and 

are diagnostic for x since a progressive downfield shift 

of the signal with increasing sulfur content occurs. 388 ,389 

For a CC14 solution these signaIs were found (literature 

values 389 in parentheses) at <5 3.51 (x = 2, 8 3.51), 0 3.95 

(x = 3, ô 3.94), é 4.07 (x = ,4, ô 4.04), and ô 4.12 (x = 5, 

Ô 4.14). The relative amounts of the (PhCH2 )Sx species was 

established by integration ta be 2.6:1.4:1.0:4.6 for x = 

2:3:4:5. Thus the pentasu1fide was 48% of the product .. 
mixture. 

(B) IH NMR Spectra 

The lH NMR sp~ctra of the complexes described 
':> 

above are co11ected in Table 7 (Chapter 7). The room tem-

perature (20° to 30°C) spectra are summarized below. The 

chemical shifts found for CP2TiSS (1l) and CP2TiSeS (107) 

) 
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agreed with the published data.163 ,406 Of special note is the 

presenêe of tWQ equally intense singlets which correspond 

< to protons of Cp groups located in axial and equatorial 

positions (see Chapter 7 for a further discussion). The 

isoleptic zirconium and hafnium complexes each gave only 

a single peak. The titanium complexes containing singly-

substituted Cp rings, namely (MeCp)'2 TiSS (l!), (Me 3SiCp) 2-

TiSS (77), and CH2CP2TiSS (79), showed two sets of peaks 

corresponding to protons ofaxially and equatorially CSH4 

. rings and for 74 and 77 two peaks each for the protons of 

the substituent Me and SiMe 3 , respectively. Those com

plexes containing the MeSCp ligand showed only a single 

peak for (MeSCp)2MS3 [M, = Ti (47), Zr (~), Hf (49)] and, 

(MeSCp)CpTiSS (~) i the latter compound additionally gave 

a singlet for the protons of the Cp group. The variable 

1 temperature H NMR spectra of the co~plexes listed in 

Table 7 (Chapter 7) are discussed in Chapter 7. 

(C) Infrared Spectra 

The metallacyclopolysulfanes and metallacyclohexa- ~-

selenanes containing the n-CsHs ligand had infrared spectra 
332 dominated by bands characteristic of this group and 

resembled the spectra of their dichloro precursors. Thus 

the spectra of the complexes CP2MSS and CP2MSeS CM = Ti, 

Zr, Hf) w~re similar. The complex (MeCp)2TiSS (l!) is 

distinguished from CP2TiSS (21) by the aprearance of new 

l 

\ 

. 
1 .. 
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c 

, ... /" ' ~, 

• 

- 227 -

-1 bands at ca. 1490 (m) cm probably due to a CH3 de-

formation mode 407 and very weak bands in the 3000 to 

2850 cm-1 region due to aliphatic CH stretching modes. 

" ~ ; ," 1 1 ~, .... : )11 j""~ • , , 

The spectrum of (Me 3SiCp) 2TiSS' (!.2) is marked 

ular by bands at 1244 (s), 1173 (m), 895 Cs), 

cm -1. ' The most characteristic absorption for 

in partic-

and 748 (s) 

the Si-Me 

grouping is an intense band in the region 1240 

cm-1 due ta the symmetric CH
3 

deformation. 408 

ta 

In 

1280 

addition 

two intense bands near 845 and 760 cm-1 are typical of 

the -SiMe
3 

group in inorganic complexes and correspond to 

th CH k~ , d S' Ch' , b ' 408 he e - 3 roc 1ng an 1- stretc 1ng V1 rat1ons. T 

spectra of CH2ÇP2TiS5 (79) and the by-product 79A were 

quite different.\ Genera11y, the 
\ 

whereas those for 79A were braad '--
The most significant differences 

bands for ~ were ,sharp 

and poor1y resolve~ 
occurred with the i~ 

tensities of bands in the regions 3120 to 2850 cm-1 and 

-1 775 to 650 cm . For~, three sharp peaks at 3085 (m), 

2945 (m), and 2855 (vw) cm-l were present, whi1e for 

79A four broad peaks occurred at 3110 (w), 2950 Cm), 

2925 (m), and 2850 (w) cm-1. Those bands above 3000 

-1 cm are due to C-H stretching modes in the CSH4 rings. 

Those at ca. 294S cm-1 are likely due to asymmetric 

C-H stretching modes and those at ca. 2850 cm-1 due to 

t , C H t h' d f h CH ' 409 symme r1C - s retc 1ng mo es 0 t è - - m01ety. ,2 

Strong sharp bands at 758 and 662 cm-1 for 79 were 

seen whereas only very weak 'broad absorptions at 730 

, 
1 

1 

, ' 

. 



, 
i 

l 
" 

." 

(', 

.. 

- 228 -
p 

fJ 

'-~ 
and 668 -1 observed for 79A. Strong b.ands at cm were 

760 and 658 -1 are observed for CH2CP2TiC12· 
268 The cm 

\ 

,i~fared spectrum of (MeSCp)CpTiSS (78) exhibited bands 
332 410 . 

expected for the n-c5HS and n-MeSCP 1J.gand 1 in 
-1 particu1ar strong bands at 1374 and 1020 cm '. Like the 

series CP2MSS' the complexes (MesCp»)MS 3 (M = Ti, Zr, Hf) 

displayed very simi1ar infrared spectra. Six main bands 

appeared at '(approximate1y) 2900 (vs), 1485 (s), 1430 (s), 

137S (vs), lOIS (5), and 800 (m) cm-1 An intense band at 

1380 to 1370 cm- l and weaker ones at ca. 1440 and 1020 cm-1 

410 are characteristic of n-MeSCp transition meta1 complexes. 

(0) Mass Spectra ' (~ 
(i) The Meta11acyc1ohexasulfanes CP2MSt;~4 

(M = Ti, Zr; Hf), (RCp) 2TiSS (R = Me~, 

SiMe 3), CH2CP2TiSS' and (MesCp)CpTiS s 
The listing of peaks with their relative abun-

dances from the electron impact (70 eV) flpectra of the 

title complexes is given in the Experimental section., 

Molecular ions (M+o) were observed for aIl of fhe title 

cornpounds except (Me3SiCp}2TiSS (77). For the complexes 

CP2MSS [M = Ti (21), Zr (7S), Hf (76)] the peaks'corre-
+. +-sponding ta the M and the CP2MS4 ions were weak. The 

series of ions CPnMSm (n = 2, m = O-S; n = l, rn = 0-3) 

were observed for M = ,Ti and Zr. The six naturally occur-

ring hafnium isotopes prevented reso1ution of rnany of the 

" t< .. 

j.i 
j 

1 
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ion clusters in these series. For CP2HfSS (75) additional \ 

low irltensity (~ ca. 10%) peaks were observed at m/z values 

greater than that for the rnolecular ion. Eaéh of the ion 

clusters had peak patterns consistent with more than one 

hafnium atorn being present. The clusters can bel tentatively 

identified as fragment ions derived from the molecu1ar ion 
+. 

(CP2HfS) 2 ' ,observed at m/z = 682 (7.2 %), via loss of one 

or two CSHS radicals. Peaks corresponding to metastable 

ions, m*, consistent with this postulate were not observed, 

however. In both the titanium and zircon~urn compounds 

metastable ion peaks were observed for the transitions 

+. +. +. +. + + 
CP2MS5 ~ CP2MS3 1 CP2MS3 + CP2MS ,C~2MS2 ~ CP2M , 

+0 +. 
and CpMS3 + CpMS i in the hafnium analog the transition 

+. +. 
CP2HfSS + CP2HfS3 was similarly established (Table 6). 

• This corresponds to loss of 52" The intensity of the mo-
j 

l 1 ' +. 1 • ecu ar ~on M re....'!2atl. ve +" to that of the fragment ion M -S2 

followed the order Ti »Zr > Hf. with respect to loss of 

S2 from the molecular ion, the stability of the M+
o 

ions 
J 411 

rnay also follow this order. Metastable ion peaks in the 

spectra of (Me 3SiCp)ZTiSS (77) and CH2CP2TiSS (79) aiso 

indicated losses of neutral 52. Thus for 22, lQsses of S2 
9 

from the fragments (Me3Sjcp)2TiS3+o and (Me3~iCP)2TiS2+ 

was observed. The absence' of a molecular io~'~eak precluded 

observation of a rnetastable peak corresponding to the loss 
IL...... 

However, this was observed for 2!. For this 

complex p~aks corresponding to the complete series of ions 

f 

1 

( 

j 

1 , 
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Metastab1e Peaks, m*, Observed for Lossès of ~2 and se

2 

m/z -+ m/z 

Compound Transition Cp2TiSS Cp2zrsS Cp2HfSS 

+- +- -

Cp2M5S Cp2MSS -+ ~2MS3 338 -+ 274 380 -+ 316 470 -+ 406 

Cp2MS3 
+-

-+ Cp MS 
2 

+-
274 -+ 210 316 -+ 2S2 406 -+ 342 

+ + 
242 -+ 178 284 -+ 220 374 -+ alO ' ' Cp2MS2 -+ Cp M 

2 

CpMS + + ? 
-+ CpMS 209 -+ 145 251 -+ 187 341 -+ 277 

3 

m/z -+ m/z ni*' 

(Me3SiCp)2TiS5 (Me 3SiCp)2TiS3 
+-

-+ (Me
3
SiCp)2TiS+- 418 -+ 354 299.8 

(Me3s~Cp) 2TiS2~ -+ (Me
3
SiCp)2Ti+ 386 -+ 322 268.6 

CH2Cp2TiS5 CH2Cp2TiSS 
+- . +-

-+ CH2Cp2Tl.S 3 350"'+- 286 233.7 

+- +-
CH2Cp2:i~3 -+ ~2Cp2TiS 286 -+ 222 172.3 

Cp2TiseS Cp2TiSeS 
+-

Cp2Tise3 
+-

574 -+ 416 301.5 -+ 

Cp2Tise3 
+- +-

416 -+ 258 160.0 -+ Cp2TiSe 

a - • From electron impact (70 eV) mass spectra. 
b () 

Not observed. 

... 

~ 

• 
Ct 

,/ 

" 
. 
i 

n 1 

1 
a ~ 

1 , ... 
1 

1 
m* 

C};l2TiSS Cp2Z:t'SS Cp2HfSS 
.. 

222.1 262.8 350.7.. 

160.9 201.0 b Q 

-,,130.9 170.4 b 

100.6 139.3 b 
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CH2CP2TiSn and TiSn (n = ~-s) were observed although the 

peaks for n = 4 were of low intensity. In the mass spec-

trurn of Cp(MeSCp)Ti5S (78) peaks correspondïng to the 

series of ions Cp(MèSCp)TiSn and CpTiSn (n = O-S) were 

obs~rved, altho~gh the peaks for n = 4, S were less than 

'3% of the base peak w~ich corresponded to cp (MeSCp)TiS2+· 
, 

In the series (MeSCp}Ti5n (n = O-S) only the peak for the 

n = 3 ion was clearly distinguishable from the overlappinq 

cluster of peaks due to Cp (MeSCp) Ti5 ions. The peak -'fàr o n 

n = 3 was the most abundant ion after the base peak, at 

88.7%, Interestingly, mètastable peaks corresponding ta 

lasses of 52 molecules were not observed. 

Thus the observation of metastable 
. 

consistent with a stepwise elimination of S2 
malecular ion (Table 6). ,This has also been observed in' 

the mass spectrum ot cP2MOS4 (58) where the tr~nsitions 
,+. +. +- +. 

CP2MOS4 + CP2MoS2 and CP2MOS2 - + ~P2MO were ob-
412 296 served. Beek et al. reported the ,appearance of a 

, + • 
met~stable peak f~r the ~ragmentation CP2M02S4 + 

+. 
,CP2M0252 + 52 in the mass, spectrum of 204. The stabil,ity 

()---

204 
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of thé S2 molecule24 may account for its e1imination as a 

neutra1 fragmént. 

(ii) The Metal1acyc1o~etrasu1fanes (XeSCp) 2M53 

(M = Ti, Zr, Hf) 

Mo1ecular ion peaks were observed in the mass 

spectraof thecompl~xes (Me5Cp)2M53 [M= Ti (47), Zr (48), 

Hf -(49)]. The intensity of the molecular ion relative to 
, +. 

that of· the ion M -S2 followed the order Ti < Zr
l 

< Hf, 

which is opposite to that observed for the analogs CP2M5S. 

Metastable ion peaks confirming the 1055 of neutral 52 as 

observed for the compeun~s CP2MSS were not observed for 47 

and 48, however. The mass spectrum of 49 was not examined 

for metastable peaks. In the hafnium cQ;x i2. the molec

u1ar ion peak was aIse the base peak. Al thO\9h the in

tensti.ties of the molecular ion pe~ks for CP2Ti,SS (-?3) and 

(Mescp)2Ti53 (!Z.) were very simi1ar (24.2% and 25.2%, 

respectively) this was not true for the zirconi~m and 

hafnium analog~. The molecular ion peaks for-the ions 

- +. 
(Mes Cp) 2M53 (M = Zr, -Hf) were much more i,ntense relative 

+. 
to those for the ions CP2M5S (92.5% vs •. 6.3% for M = Zr, 

100.0% vs. 10.8% for M = Hf) • 

• 

\ " 
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(iii) The Metallacyclohexaselenanes CP2MSeS 

(M = Ti, Zr, Hf) 

The title rnetal1acyclohexaselenanes showed weak 

molecular ion peaks in their electron impact (70 eV) mass 

spectra having abundances 2.4% (Ti), 1.5% (Zr), and 1.9% 

+ (Hf). The cP2MSe4 fragment ion peaks were ~ither very 

weak (Ti, Zr) or not observed (Hf). \~ .. Most of the other 

fragment ions were observed. Overall, the mass spectra 
c: 

of CP2 zrseS (!Q!) and cP2HfSeS (109) are very similar. 

In each case the two rnost intense peaks correspond to the 

+. +. 
ions CP2MSe which were the base peaks and CP2MSe3 

(M = Zr, Hf). In the compounds CP2MSS (M = Zr, Hf) the 

+. + 
ions CP2MS3 and CpMS 3 were the Most abundant. However, 

~or CP2TiSeS (107) the ion CP2Ti+ gave the/base pea~. 

In the spectrum of CP2TiSS (73) the base peak corresponded 

to the ion CP2 TiS3 +. , but the peak for the ion CP2 Ti + was 

quitê intense nevertheless (77.6%). Metastable ion peaks 

were observed with certainty only for 107. Just as 10s8 

of S2 was observed for the su1fur ana10g 73, peaks cor~e

sponding to metastable ions for the 10s8 of neutral Se2 
. 

were observed for 107 (Table 6). 

(E) Desulfurization Reactions of Metallacyclopoly

sulfanes 

': 
The~cornplex CP2TiSS (21) reacted with PPh 3 to 

give a srnal1 amount of a blue complex 45 in addition ta 

/ 
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mostly unreacted 73 as determined by IH NMR. Complex 4S 
-r-

was later identified as [CP2Ti(~~3)]2 by comparison of 
'1 /J 

its H NMR spectrum and prope;ties to that reported by 

Rauchfuss et al. l03 Under similar conditions cP2zrsS (75) 

was found to rapidly desuliurize in the presence of tri-

phenylphosphine in THF'solution at room temperature but 

the products obtained absorbed strongly in the infrared 

in the region 800 te 700 cm- l consistent with the presence 

of Zr-O-Zr bridges. 161 ,339 When one equivalent of PPh
3 

was used IS::h3 was isolated in 34% yield. 

IRauChfuss et al. found that CP2TiES where E = S 

and ~e (107) act as chalcogen-transfer reagents toward 
. 292 

[Ir(dppe)2]Cl to give [Ir(dppe)2E2]Cl (eq. 100) • 

. CP2TiES + [Ir(dppe)2]Cl 

73 E = S 
1Q7 E = Se 

--... [Ir(dppe) 2E2]CL 

12 E = S 
13 E = Se 

(100) 

However, when (MeCp)2TiSS (74) was treated with [Ir(dppe)2]Cl 

the complex [(MeCp)2Ti(~-S2)]2 (169) was isolated. 2.92 

Desu1furization of 74 with P(~-~u)3 in ref1u~ing CH2C12 

gave red 169 in 28% yie1d (eq. 1~r).292 In sharp contrast, 

2(MeCp)2TiSS + 6PBU3 

74 

--... [ (MeCp) 2Ti ().l-S2) ] 2 + 6SPBU3 

169 

\ 

... 

(101) 
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CP2 TiSS (73) an<:1 (f.1eCp) 2 TiS 5 (74) reacted wi th PPh3 under 

similar conqitions to give the blue complexes [CP2Ti(~-S3)]2 

(45) and [(MeCp)2Ti(~-S3)]2 (46l, respectively (eq. 102).103 

Complex 46 has been characterized crystallographicall,Y. ~03 

--'.~ [ (RCp) 2 Ti (~-S3) ] 2 + 4SPP~3 

45 (R = H) 
46 (R = Me) 

1 
~n a H NMR tube experiment, no reaction see~d 

to occur between (MeSCp)2TiS3 (47) and two molar equiva1ents 

tof PPh3 in CDC1 3 at room temperature. After heating at 50°C 
1 

for one hour signaIs due to SPPh 3 , PPh 3 , il (at ê 1.83) 

and a new singlet at a 1. 93 were present. A shoulder at 

(102) 

o 1.97 and minor peaks at 0 2.07 and cS 1. 87 were just dis- ) 

cernable. Heating for two additional hours caused the peaksr 
~~ "'-""'--

at 0 2.07, 0 1.97, 0 1.93, and 0 1.87 to double in intensity 
<P 

relative to the peak for 47. Triphenylphosphine was still 

present. After 19 hours a cornplex set of signaIs in the 

region cS 2.2 to 0 1. 7 wis present. Chromatography (Florisil) 

failed to separate the r~action produots. The zirconium 

complex (MeSCp)2ZrS3 (48) qualitatively appeared to be 

desulfurized by PPh3 faster than 47. In this case a complex 

mixture of products was detected by IH NMR. These desul-

furization reactions were not repeated on a preparative 

scale. 

, .. \ 
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Discussion 

(A) The Reactions of CP2M.{SH) 2 (M = Ti, Zr) wi th 

Sulfu~ and wi th Reagents of the Type >N-Sx~ 

Thè complexes CP2Ti{SH)2 (110), CP2MO(SH)2 (130), 

and (PPh3)2Pt{SH)2 are known to react with elemental sulfure 

The number of sul fur atoms incorporated into the organo-

rnetallic framework varies, however. In the titanium case 

163 CP2TiS5 (73) is the product. For molybdenum and plati-

num, CP2MoS4 (58)59 and (PPh 3 )2PtS 4 (~)127 were isolated. 

Hydrogen sulfide was evolved as a by-product. Extension 

of this reaction to CP2Zr(5H) 2 (Ill) gave the new complex 

CP2zrs5 (75) in low yield. Samuel and Giannotti 165 reported 
\ 

that 73 could be prepared in good yield via phot"olysis of 

CP2TiR2 (R = CH3 , CH2Ph) in the presence of elemental sul

fur. When R = CH2 Ph the hexasulfide (PhCH2 ) 256 was isolated 

as an organic product. The analogous reaction of CP2ZrMe2 

gave a yellow product which desulfurized during recrystal

lization or sublimation. The reported lH NMR spectruIJl is 

consistent wi th the absence of methyl groups in the product 

displaying only a single peak at 0 6.38 corresponding to Cp 

165 . 
protons. . This ç.hernical shift does not agree with that 

found here for 75 (6 6.20) and so the identity of the pho-

tolysis product r~rnains. in doubt. 
, 

Elernental sul fur also has been reported to react 

with the dihydrides CP2MH2 (M = ~ -,w) to give CP2MS4 and 

H
2

S as the reaction products (eq. 103). 'l'wo rnechanisms 

... -- ---....... - -_ ........ -' . - --- -

t 

i 
l 

l' 
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-----:.. CP2MS 4 + H2S 

58 M= Mo 
59 M=W 

132 were proposed: 1) insertion of atomic sulfur into the 
, 

M-H bond ta give known ep2M(SH) 2 which cou1d t~en continu~ 

to react with sulfur to forro CP2MS4 with H2 s_elimination59 

(Scheme 7-); 2) nucleophilic attack by the dihydride to 

open the Sa ring and forro a 'hydrido, polysulfano inter

mediate 205. Cyclization with expulsion of excess sulfur 

< (103) 

The latter mechanism 

Scheme 7 

Scheme 8 

can also be invok~d to explain the isolation of CP2TiSS' 

(73) and CP2 zrsS <1.3'> from the bis (hydrosul fido) pre-

\ 
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cursors 110 and Ill, respecti vely. 

The formation of a smaller MS ring in the x 
CP2MSx complexes when M = Mo or W has been attributed to 

a repulsive interaction between the two paired metal d 

electrons and the electrons in the M-S bonds. 132 
An ESR 

study of the paramagnetic CP2 VS
5 

(80) demonstrated that 

the unpaired electron is located in a molecular orbital 

whose, main component is in the MS 2 plane but with only a 

small amount of electron densi ty located wi thin the S-M-S 
• 173 

bond angle. Increasing electronic repulsions as the 
~, 

number of d electrons increase compresses the SMS angle 
\ 

wi th the resu1t that there may be less strain in a five-

membered ring than in the eorresponding six-mernbered 

ring. 132 Thus the X-ray crystal structures revea1ed 

that the S-M-S bond angle decreased from 94.59 (4) ° to 

89.3(1)° to 88.2(2)° for the series CP2TiS5 (73),166 

CP2 VSs (~), 167 and CP2MOS 4 (58),133 respecti vely, as 

the number of d eleet.rons increased from 0 to 2, re spec-

ti vely. Comparing only second row complexes, the change 

in this angle is even '~reater since the angle for Cp2ZrS5 

(75) 405 is 97.77(3)° (see Table 9, Chapter 7). 

T~e reacti vi ty of imide and aZ~le sulfur-trans-

. fer reagents towards organic substrates bearing an SH 

ligand' varies. For exarnple, the di thiophthalimide and 

-suecinirnide reagents (Phth-S2-Phth and Suee-S2-Suce, 

respectively) reacted with two equiva1ents of benzyl 
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mercaptan to gi ve mixtures of the POl~ulfides (PhCH2 ) 2Sx 

wh~re x = 1-4. On the other hand the azole reagents 

>N-S -N< [>N = imidazo1e, benzimidazole (Bz), 1,2,4-x 
triazole, and 1,2,3-benzotriazole] were more selective 

and gave tpe appropriate tri- and tetrasulfides when x = 
l or 2, respectively (eq. 104).258 In contrast, azo1e 

.. 

'sulfur-transfer reagents reacted with the dithio1s 

HS(CH ) SH ( 2 8) t ' l' , d t 258,413 2 n n = - 0 glve 0 l.gomerl.c pro uc s. 
n 

Yet a, cP -dimercapto-2-xy1ene reacted with Bz-S-Bz to gi ve 

the monomeric cyc1ic trisu1 fide 2,3, 4-benzotri thiepin 

(206) in high yle1d (eq. 105).413 

OCSSHH + ©(,\ Bz"':'S-Bz ---1..... S 
, / , s 

+ ,2 BzH 

complexes of the type CP2M(SH) 2 may 'be regarded 

as organometa1lic ana10gs of dithiols. Thus i t was thought 

that treatment of CP2M (SH) 2 with a reagent such as >N-S-N< 

might give the species CP2MS3 while treatment with >N-S2-N< 

could gi ve CP2MS 4. Wi th the phthalimidy1 and benzimid

azoly1 reagents, CP2Ti(SH)2 (110) and CP2Zr(SH)2 (Ill) 

, ' 

(104) 

(lOS) 
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gave the complexes CP2MSS' however. With 110 an additional 

product, [CP2Ti(jl-S3)]2 (45), was isolated. ~e can assUIœ 

th~t a mechanism sirnilar te that proposed for the reactions 

of organic thiols RSH with the reagents >N-S -N< is opera-x 

tive. For these reactions the proposed rnechanism involves 

an initial protenation of the nitrogen when >N is an azolyl , 

group (Scheme 9) but an initial nucleophilic displacement 

of the imide anion when >N is an imidyl group (Scheme 10).258 

Scherne 9 

Scheme 10 

RS""':"H 

(.1 

" 
:,.b' 

- : 



~: 
, 
( 
" 
t 

1< 

(~ 
f 
( 

, 
, -

l, • 

, , 

- 241 -

Repea~ing the steps would give the 

possible parti~l mechanism for the reaction of CP2M(SH)2 

wi th >N-S-N< is shown in Scherne 11. Initial displacernent 

of the >NH gives rise to 207 which can react in one 

of three ways. Intramolecular elimination of >NH, or 

reaction with another molecule of >N-S-N< to give 208 

followed by intramolecular el~rnination of >N-S-N<, gi ves 

the intermediate 209. Dimerization of 209 ta 210 fol-

• lowed by elirnination of oligomeric (CP2MS ) n could then 

give CP2MSS as the final product. The mechanisrn whereoy 

this dimerization-elimination is achieved is not readily 

apparent. Alternatively, intermolecular elimination of 

>NH from two molecules of 207 could give dimer 210. It 

is impossible to estimate at this time how accurately 

Scheme 14 depicts the reaction. Compounds of the type 

207, 208, or 209 have not been isolated. However, Lai 325 

has prepared the complexes ~-(PPh3)2Pt(Phth) (SxPhth) 

(2l0A) where x = 1 or 2 which contain a t>t-Sx -N< linkage. 

/ 
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Scheme il 
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" '~ 
The complex {MeScp)2TiS3 (47)104 is an example of an 

ana10g to 209. The complex [CP2Ti()J-S3)]2 (4S) analogous 

to 210 has been isolated by Rauchfuss et al. 103 via 

desulfurization of CP2 TiSS (21) and was detected by lH 

NMR in the reactions of 110 with >N-S -N< when >N = benz-
x 

imidazo1y1 and x = 1 or 2, and iso1ated in low yie1d for 

the case where x = 1. The X-ray crystal structure of 

[(MeCp) 2Ti ()J-S3) ] 2 consists of a °crad1e-sha~ed eight

\membered Ti2S6 ring.
103 

Dimer 45 was found by this author 

ta be unstab1e in CDC1 3 solution and to chromatography 

on Florisil, reverting part1y to 73. The tendency of 

49 to give 73 and an insoluble residue upon heating in 

103 benzene was also noted by Rauchfuss. A potential 

product of the reaction of CP2M(SH)2 with >N-S-N< is the 
. \~ 

syinmetrical1y substituted' ç::omplex CP2M(S2N<)2, (208) l:hf~ 

none was iso1ated during the workup of the reaction. 
r 

There is no literature precedent for this sort of com-

" p1ex but the compound CP2Ti (S2R) 2 where R = CHMe2 (122) . 

i8 reported here (Chapter 5) . 
.' 

An analogous mechanism can be deriv~d for the 

reaction 0 f CP2M (SH) 2 with the di s u1fur-trans fer re agents 

>N-S
2

-N< (Scherne l2). The number ~f 'J:5'otential reaction 

pathways that could accourit for' the formation of ,the 

products 73 and 45 is greater than for the reactiçm.~ with 

the monosulfur-transfer reagents >N-S-N<. Most of the 

intermëdiat~s shown (i.e., 209, 211-214) have not been 

. , 
",r 
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! 
G, , . 

" Scheme 12 

q 

~/SI.S-S-t+( >N-S-S-N< /S-S-S-N< 
~èp2"',' 4 _ >NH CP2M, -_-..1_-..... 

S-S-S-N< SH . 

...m.. 

. ':>~;~<J 
CP2MS5 

'\ 
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isolated. A key intermediate CP2MS4 (213) although un-

known for Mc= Ti, has been prepar~d and characterized by 

X-ray crystallography for M = Mo 133 and w. 136 Further

more, CP2MoS4 (58) and CP2WS4 (59) have been isolated 

from the reactions of CP2M(SH)2 (M = Mo, W) with >N-S-N< 

(>N = phthalimidy!).4l2. Desulfurization of intermediate 

213 to give the trisulfane 209 may occur. Loss of sulfur 

is common and has been established for alkyl polysulfides 
l~? 414 

such as Me2S 4. Thermal decomposition of Me 2s4 at 80 0 e 

in vacuo in the absence of light gave Me2sx (x = 3, 4, 5, 

6). lritramolecular elimination of >N-S-N< from inter-

mediate 212 could lead directly to CP2MSS. At the present 

time these mechanisms are speculative. ~ better under

standing of the mechanism(s) will require additional 

efforts ta synthesize the rnany potential intermediates. 

The isolation of 1ess abundant intermediates in 

the synthesis of CP2zrS5 (75) from CP2 Zr(SH)2 (Ill) and 

>N-S -N< poses greater experimental difficulties. Solux 
" tians of 75 are extrernely air-sensitive. In spite of 

rigorous precautions, crystalline reaction products often 

showed'absorption bands in the infrared characteristic of 

the Zr-Q-Zr linkage. 16l ,339 Extreme sensitivity ta air 

or moisture is a feature of other zirconium complexes of 
, 371 415 

the type ep2Z~(SR)2. ' The inability ta isolate new 

complexes of the type [CP2zr(~-Sy)12 analogous~to 210 

might be due in part ta the sensitivity of 75 towards air. 
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However, the complexes (HèSCp) 2zrs3 (48) and (MeScp}2HfS3 

(49) which are analogs to 209 have been prepared as air

stable compounds. 

(B) The Reactions of Metallocene Dichlorides with 
il 

Li
2

S and Li
2

se --x -x 
/' 

The metallocene dichloridès (RCP)2MC12 (R = H, 

M = Ti, Zr, Hf; R = Me, SiMe3 , M = Ti), CH2CP2TiC12' and 

(MeSCp)CpTiCl2 reacted with lithium polysulfide solutions 

to give products containing the six-rnembefed MSS ring. 

Likewise, the complexes Cp2MC12 (M = Ti, Zr, Hf) reacted 

with Li2SeS solutions to give the species ·CP2MseS. The 

complexes (MeSCp)2MC12 gave products having a four-rnembered 

MS 3 ring. It is important to note that regardless of the 

conditions or polysu1fur anion used only these products 

were isolated. For examp1e, under sirnilar reaction con-

ditions CP2TiC12 and (MeSCp) 2TiC12 react with Li2SS solu
I!. 

tions to give CP2TiSS (73) and (MeSCp)2TiS3 (47), respec-

tively. Kopf has noted a similar selectivity in the 

reactions of CP2TiC12 with sodium po1ysulfid~~ Na2Sx 
(x = 2~7)164 and in the treatment of CP2Ti(SH)2 (110) with 

suÙeny1 ch10rides ~2 (x = 1-3) in the presence of 

pyridine,106 giving only CP2~iSS (22) .. It should bé 
.f 

pointed out, however, that the high selectivity with 

respect to the ME ring size shown in the above complexes x , 

is not alway~ the case when E is changed from sulfur or 
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selenium to some'other atom or group. Thus, the complexes 

(RCp)2MC12 (M = Ti, Zr, Hf) teact with alkali metal poly

methylene, polysilane, polypliosphine, and polyarsine salts 

to give metallacycles of different sizes. For exarnple, 

CP2TiC12 reacts with Li2 (CH2)x (x = 3-S) to give the corre

sponding complexes CP2Ti(CH2)x which decompose in solution 
416 417 below room temperature. ' Perrnethylation of the 

cyclopentadienyl rings does not improve the thermal ,sta-

bilities. Solutions of (MeSCp)2Ti(CH2)4 are stable at 
417 41~ -40°C but decompose slo~+y at O°C. Bercaw et al. 

have prepared the thermally stable zirconacyclopentane 

compLex (MeSCp)2Zr(CH2}4 by oxidative addition of ethylene 

to the zirconium(II) complex [(MeScp}2zrN2]2N2. The anal

ogous cornplex CP2Zr(CH2)4 has been prepared in situ and 
417 decomposes in solution below room temperature. The 

compl"ex CP2TiC12 reacts with Li2 (SiPh2}4 tp give CP2Ti-

( S . Ph) h . h t' f . ' mb dT' S . . 419 1 2 4 w 1C con a1ns a 1ve-me ere 1 14 r1ng. 

Several metallacyclopolyphosphines of the type CP2M(PR}3 

(M = Ti, Zr, Hf; R = Me, Et, ~-Bu, Phi M' = Li, Na, Ki 

n = 2-S) have been prepared according to eq. 106. 420 ,421 

1 

R 
/,P, 

CP2M~ /PR 
P 
R 

. 
+ 2M'C1 i- (PR)n-3 

' .. ! 
J; 

, 

l 

(106) 
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The 3lp NMR spectra of several of the M2 ' (PR)n reagents 

were consistent with a single species being present in 

1 t · 421 so u 1.on. Regardless of the chain length only the 

triphosphonato-pl" p
3 deri vati ves CP2M (PR) 3 were isolated. 

The complexes ar~ stereochemically non-rigid in solution 

and have bent MP3 rings (see Chapter 7). Kopf and 

.. 422 f . . '.. f' d Gorges ound a s1.m1.lar react1.vl.ty 0 CP2Tl.C12 towar s 

dipotassium poly(organoarsanes), K2 (ASEt)x. The only 

isolated product was CP2Ti(AsEt)3 whether x = 2 or 5 

(eq.l07). A cyclic molecule containing a four-membered 

TiAs 3 ring was proposed. 

- -(AsEt) 5 5 

+ 2K2 (ASEt)2 

Et 
As 

Cp Ti/ 'AsEt + 2KCl 
, 2 'As/ 

Et 

~he constitution of the lithiùm polysulfide 
\ 

solutions used to obtain the metallacyclopolysulfanes 

1 

(107) 
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reported here is important with respect to the MSx ring 

262 size "selected" by these complexes. Gladysz et al. 

nave noted that the reactions of alkylating agents with 

Li 2S and Li2S2 prepared in situ gave only the organic 

sulfides and disulfides, respectively. Analogous reac-

tions with the similarly prepared Li2Se and Li2Se2 reagents 

gave the selenides and diselenides, respectively.263 The 

products from the reaction of a Li2S3 solution with Ph2CHBr 

or PhCH2Br were consistent with disproportionation of Li 2S3 

to Li2Sx (x = 2-5) prior to reaction. 262 A similar dis

proportionation may occur for Li2SS in solution. Although 

polysulfides (PhCH2)2Sx where x > S were not observed in 

the control reaction with PhCH2Cl traces cannot be ruled 

out. Long chain polysulfides are known to be thermally 

sensitive; a low pressure distillation of Ph2S4 or ~h2SS 

gave only Ph2S2 in the distillate. 423 Thus desulfuriza

tion of Li2SS or disproportiona,tion of this reagent into 

species containing longer and shorter sul fur chains cannot 

be excluded. The factors governing the ME ring size x 

(E = S, Se) "selected" by metallocene dichlorides in 

their reactions with the above lithium polysulfides are 

not weIl understood. It would appear that the nature of 

the metal and its ligands is more important than the type 

,of sulfur-transf~r reagent used. The complexes CP2MCl2 

and (Mescp)2MCl2 seem predisposed to forro only MSS and 

MS 3 rings, respectively, for M = Ti, Zr, and Hf. 
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7 • VARIABLE TEMPERATURE lH NMR STUDIES 

Introduction 
. 

Dynamic nuclear magnetic resonance spectrospopy 

(DNMR) can often be used to study conformational changes 

having activation energies of ca. 25 to 105 kJ mo!-1.424 

The simplest case involves the coalescence of two equally 

intense singlets, corresponding to two conformers of equal 

populations, into a single 1ine as the exchange rate between 
1 

conformers~increases with temperature. That temperature 

at which~the minimum between the two coalescing signaIs has 

just disappeared is defined as the coalescence temperature, 

Tc • 424 If the s~paration between the two signaIs in thè 

low-temperature 'limi ting spectrum :i,.s !::. (Hz), then the rate . 
constant kc for the exchange at ·the coalescence tempe rature 

T is given by eq. 108. When k ald T (in degrees Kelvin) ,p, c~~ c 

are substituted into the Eyring equation (eq. 10~) and the 
. -1 -1 

values inserted for the gas constant R (8.3143 J K mol ), 
, -24 -1 

the Boltzmann constant k (13.8062 x 10 J K ), and Planck' s 

constant ~ (662.6196 x 10-36 Js), the free énergy of activa

tion for the process at the coalescenèe temperature, !::.Gf, 

is given by eq. 110. To obtain accurate values for ~Gf, 

k = c 

;" 

(108) 

(109) 

."\ 

-J 

/ 
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6Hf, and 65+, ~ complete line-shape and statistical anal

ysis is required. Rate constants k' are determined at 

various temperatures by computer fitting observed spectra 

with calculated spectra. A linear plot of ln(k'/T) versus 

liT gives a line whose slope is - 6Hf/R• The value of 6Gf 

is obtained from eq. 109. To determine the activation 

energy for the process, E , an Arrhenius plot of ln k' 
a 

versus liT is prepared. The slope of the straight line 

is then -E /R. ~ a ;~ ,d 

A value of 6G+ determined by the coalescence 

~mperature method is usually within' ±O'. 8 kJ mol-lof the ' 

1 f d b l , hI' 425 va ue oun y lne-s ape ana ys~s. Equations 108, 109, 

and 110 can also be applied ta the coalescence of mutually 

uncoupled first-order multiplets. In this case T is 
c 

regarded as the temperature of maximum broadening of ~he 

signalfl.42S An estimate of 6G+,in this case is typically' 

, th' + 4 2 kJ 1-1 f hl' h 1 42 5 
W1 ln - . mo 0 t e lne-s ape va ue. 

The variable temperature IH NMR spectrum of 

163 CP2TiSS (73) has been studied by Kepf et al. and by 

Abel et a1. 406 The low-temperature limiting spectrum at 

30°C in toluene-dS solution cansisted of two sharp equally 

intense singlets separated by 0.10 ppm. As the solution 

was warmed' the two singlets co'alesced (T = 88.0 OC) and c 

h d ' t '1 l' 406 Th 1 h s arpene ln 0 a slng e lne. ese spectra canges 

(110) 

, 
j 

1 
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are consistent with a ring-flipping process. The solid-

----c::state structure of 21. consist:S o!achair-shaped six

membered TiSS ring. This renders the axial and equatorial 

Cp ligands (CPa and Cp , respectively) magnetically in-e ( 

equivalent.' Consequen,tly, separate single lines are 

observed for the protons of each type of ring. Based on 

the numerous studies 426 on °cycloheXanes and pentamethylene 
> 406 
heterocycles of the type (CH2)SX, Abel et al. suggested 

that the upfield signal should be assigned to Cp. Upon 
a 

warming, the rate of TiS
S 

ring flipping increases. In the 

fast limit a time-averaged single resonance, rnidway bet-

ween the slow limit singlets, is observed for the Cp 

t Ab l , l' hl' 406 h pro ons. e s ~nes ape ana ys~s over ~. e tempera-

tu:r.e range 30° ta 120°C gave the following activation 

, l1r /s~s....--:s , cP·/Y ..... no----s __ 1 
~ 

parameters :, 

,..1 + 
mo~ , LlH298 

Ea = 69.1 ±"2.3 kJ mOl-l, LlG~98 = 76.3 ± 4.2 -kJ 

= 66.2 ± 2.3 kJ mOl-l, and tlS~98 = -33.9 ± 6.4 

JK-lmol-1• Substituting a slow lirnit value 406 of t::. = 

406 10.0 Hz at 30°C and a coalescence ternperature of B8.00C 

(361.2 K) into equations 108 and 110 leads to an estimate of 

~ 
,;lJ 

J 
1 

1 

i 
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( 
6Gf = 79.7 kJ rnol- l at the coalescence ternperature. It 

- - - - ---- ----------------------

( , 

1 

was of inte'rest therefore to study the variable ternpera-

1 ture H NMR spectra of the new metallacyclopolysulfanes 

prepared here. Thus_the complexes CP2MES 

Hf and E = S, Se, and (MesCP)2MS~where M 
'~;) 

were investigated. 

~sults 

where 

= Ti, 

M = Zr, 

zr, Hf 

The IH DNMR experiment~ reported here were con.

ducted on a Varian XL-200 spectrorneter except for those 

studies of the complexes CP2MSS (M = Zr, Hf) which were 

done on a Bruker WH-90. Probe temperatures were read 

from the instrurnent's meter which had previously been 

calibrated with rnethanol and ethylene, glycol. Th~se 

temperatures are considered accurate to ±O.S K. The 

reported coalescenc~ ternp~tUr~s were ~stirnated visually 

from the recorded spectra and aie thought to be within 
o 

±3 K of their true values. This was taken into account 

in the estimation of error limits for the calculated 6G+ 

values. 

(A) Metallacyclohexasulfanes and Ce2Ti[S(CH2L3~ . 
l Unlike the room temperature H NMR spectrum of 

CP2TiS5 (73), the corresponding spectra for the zirconium) 
f~f> 

and hafnium analogs consisted of onLy one sharp singlet. 
" 

Cooling the samples, though, resultedPin a collapse of 

., 
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the signal and eventual sharpening into two singlets of 

equal intensity (Table 7). The calculated 6G+ values were 

-1 -1 48.6 ± 0.6 kJ mol for cP2zrs5 (75) and 5S.0 ± 0.7 kJ mol 

for CP2HfSS (~) (Table 7). 

The IH NMR spectrurn of (MeCp)~TiS5 (l!) consisted 

of two singlets of equal intensity corresponding to the 

methyl protons and four triplets (of which two overlapped) 

due to the CSH4 protons (Table 7, Fig. 8). The separation 

of the signaIs was found to be greatest in toluene-dS• De

coup1ing experiments established that the two outer triplets 

were coupled as were the two inner triplets. To estimate 

6Gf it was necessary to monitor the coalescence of resolved 

signaIs corresponding to axially and equatorially oriented 

protons. Thus, two sets of signaIs fitted this criterion, 

'~amely the two higher field triplets and the methyl sin

glets. The latter were monitored because of the ease of 

establishing the coalescence tempe rature of two singlets 

compared with that of two, coalescing triplets. A value 

of 75.6 ± 0.6 kJ mo1-1 was calculated for 6G+ (Taille' 7) . 

The IH NMR spectrurn of (1-1e 3SiCp) 2TiSS (77) also 

consisted of four triplets (of which two overlapped) for 

the CSH4 protons in addition to two singlets of equa1 in

tensity for the Me protons (Table 7, Fig. 9). Decoupling 

-experiments showed that the outer pair of triplets were 

coupled as were the inner pair. Coalescence of the methyl 

. d f -1 
< s1nglets was followe and a value 0 78. S ± 0.7 kJ mol 

i< 

--------------~---

( 

l , 
J 

i 
j 

l 



!11"!DLIjtlJI 4!r~"M"~.~"I""~«---""t" .......................... ;~ ;.~f_ ~ ..... ~t'M;'tr~"~""~~"''"''';:!~~~''~~~~~'~<o:"~~'''''':~--j;"''-·- ' ......... , ~ ~_ 

r· 

.]11 Ü ' ta ll1urw,Wt=tp!tna%>,.,riW II --- S" 
_ 1 ·.,. .. .to.AI ... ' .. d -Mprct l' '" 

,..... 
t 

.... 

_ --.. .. ~\""1II"i!"~~~~~~......,AT'J.~-'""""""""~"""'_>-.J._ ......... .,.....-_ • ."......" ... ~_~_~r __ ....... .., y--"" ,,,..,.-. "-~!!:fnlii"' '" ....... J;q~ 

c-'1 
If , 

~~~"'~~ ........ ~~ .......... -:.-.i:II ..... ~ ... -.. ,. ,t'~';;d~ $ ..::; ... .:;ç;._ 
.... 't,:~f>"'..:i:~' 



l.. Or " 

"" 

"Ju - cont',d 
1 

Coinpound Solvent ' ~ 

(MeCp)2TiS5~ To1ue ne-d
S 

19 

(Me 3SiCp)2TiSS To1uene-dS 20 

.:9>, 

CH2Cp2TiSS 
P To1uene-da -7 

r 

Me2SiCp2TiS5 CS ' 
2 35 0 

Me2GeCp2TiS5 
1 

CS
2 35 

1 

.. 
• P.'WÎII"'t'àii lIiU"tili''!;I'èiffl'e .. _' 'dml*'O h .. , l, '0*_ 'hM>... "in " 

fs.!!s 

S.S7e 

6.20
e 

7.07e 

5.53e 

6.17
e 

- 6.97e 

r 

\ 

.." 

fs!!4 
5.32

i 

-S.4S
i 

S.59
i 

';.62 i 

, ' 

S.7S
k 

5. 77k ~ 

6;04
k 

6.09
k 

4.22
q 

4.61Q 

6.26Q 

6iSOQ 

,-.,. 

'''J'I~~~''''_~J __ ''''''''''.wo.-._A.~~ ... lf>.-''_W ""~ .... -n!,.->-~~_ .. -... "', . 

~ 
1.65 

1.97 

0.08 

0.21 

0.77 

.~ 

0.93 

~~ 

6,b 

64.1 

31.6
1 

27.2n 

5.S1 

9.7
n 

79.5 

48.0 

, 
0- • 

'Î' C 
-c-

94.S 

"'97 

"'94, 

51.5 

41.4 -

... 

~ 

'6,~+ c 

7So6±0~6j 

78.2 ± a:6m 

7S.7 ± O~ 7m 

avg. 78.5 ± 0.7 

S2.7 ± 0.7° 

81.2 ± 0.7° 

avg. 82.0 ± 0.7 

67.9 ± O. 7
r 

, s 
65.0 ± 0.7 

avg. 66t~5 ± 0.'7 
( 

t 
1 . 

t 

N 
VI 
0'\ 

:;:~~itRéet't" 
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TABLE 7 cont"d 
,~ 

0 

4G+ C Compound Sol.vent Temp. '~ Ss~ CH3 
!lb 'l"c 

~--_._~ -c--

(MéSCp) CpTiSS 
To1uene-d

S
' 21 5.62 1.64 u 

CD2C12 21 5.92 2.02 

" 
2-

50.5 ± 1. 3~ i.l 
Pt(SS).3 CD

3
0D t" 

CJ:?2TiseS. Toluene-dS 21 ~.O.,6 32~.9 
~ >90 >'76.5 

œ~ 
5.2~ 

35 5.92e 
J 41, . 

6.34
e 

IV 1 
r Ut 

-.J 

Cp2zrseS CD
2

C12 -74 6.36 45.9 -29.4 49.9±O.7 - -,'" 

.. 6.59 ... 20 6.23 " 

Cp2HfseS CD2C12 -29 6.16 .. :z3~ 9. 17._ 8 61.6 ±O.:']c 

6.29 
. , 

21 6.19 

Cp2Ti [SCCH2}3S] w 
" • 'ù4x CD

2
C1

2 
21 6.09 <-120', ~34 

1· 

~ 
Il> 

.. 
• ,," 

'\ ' . 
,0 , <:' 
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TABLE 7 cont'd" 

"'-

Compound Solvent Temp. f.s!!s Es!!.t CH3 
IJ.b T c IJ.GfC 

i -0-

CD2C12/CFC13 (1:1) 
.. 

P-17Y 
'. (MesCp) 2TiS3 -90, "'1.76 -80 te -85 40.6 ±0.9 

t> 

"'1.83 (sh)' 

CDCl3 35 1.83e 

(MeSCp)2ZrS 3 CD
2

C1
2

/CFC1
3 

(1:1) -100 1.80 1S.6
z 

-87.2 39.3 ± 0;7 

1.88 
• 1~87e .. CDCl

3 
35 

(MesCp) 2HfS 3 CD2Cl2/CFCl
3 

(1 :1,> :-80. 1.87 ~l4A <-130 <30 

CDCl
3 

35 1. 92
e 

. 

/' . 
, 

aAll data is from this work except where indicated. Spectra were recorded at 200 MHz unless ,indicated otherwise • 
..\ 

Chemical shifts are in units of 0 ppm. AlI temperatures are in degrees Celsius. 

'b~(H~> is the separation ofaxially- and equatorially-oriented groups. 
c f -1 . IJ.G (kJ mol ) was calculated at the coalescence temperature, T (OC). The errer 1imits ref1ect an experimenta1 

c 
unce rtai nt Y of ±3°C in the estimation of T • 

,dThe chemical shifts, a~ from a study done :t 100 MHz by ref. 406. The ~G+ was ca'lculated using data report,ed in 
.. 1 1 1 

this reference. .-
e 
The spectrum was recorded at 60 MHz. 

. f 1 
._ The spectrun. was recorded at 360 MHz by ref. 292. ~e probe tempe rature was not reported. A variable temperature 

study was'not done. 
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~" ~ 
Thè spectrum was recorded at 220 MHz by rer. 103. The ~G+ was not measured. 

. h.rbe ' 
variable temperature NMR study was done at 90 MHz .. , 

i : 
J(H-H) = 2.6 Hz. '" 

j6G+ calculated from the coalescence of singlets due to the methyl groups. 
k' ~ 
J(~H) = 2.4 Hz. 

~~-~~e value of 6 corresponds to that observed at -51.0oC. 

m~G+ calculated from the coalescence of singlets due ta the trimethylsilyl groups. 
n 

The value of 6 corresponds to that observed at 19.3~C. 

o~G+ calculated from the coalescence of the triplets at Ù 6.04 and Ù 6.09. 

~ 
tt_~ .• 

~- . 

~ 

pô (CH2 ) = 2.43 at ~7.IDC. The spectrum at 90 DC consisted of a triplet at Ô 6.42 [J(H-H) = 2~3 HZ], an unresalved 

peak at Ù 4.64, and a sharp singlet at 0 2.69. 

qJ(H-H) = 2.5 Hz. 

r b.G + calculated from the cozüescenc'e of the high-field pair of triplets at 0 4.22 and ô 4. 61. ~ 
sL\b= calculated from the coalescence of the law-field p~ir of triplets at Ô 6.26 and 0 6.50. 

-- rv 
U1 1 
\0 

t 
The spectrum was reported by ref. 169. 

l ' + 
The compound gave a t~perature dependent H NMR sp~ctrum but no fiG value 

was reported. 
u . 

No line-shape changes were observed from -lOloC ta 124°C. 
V 195 

From a Pt NMR ,study conducted by ref. 14. 
w -Ô(CH2 ) = 1.82 and 3.06 each having J(H-H) = 6.3 Hz. 

XHalf-height wldth of the single~\COrresponding to the Cp protons at -120°C. 

YEstimated from the -90 DC spectrum. 

ZAt -l05°e. 

AHalf-height width of the signal corresponding to the methy1 protons at ~130oC·. 
t:' 
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Figure S. Partial lH NMR spectrum of 

(Me~r 2TiSS (2!) in tOluene-dS' 
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Figure 9. Partial IH NMR spectrum of 
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was calculated. The pair of triplets at' ô 6.04 and cS 6.09 

was moni tored as a check on this value' and gave bodf = 

-1 9= 82. O,± 0.7 kJ mol . The values for boG calculated using 

data from the 19. 3°C spectrum were not significantly 

different from those calculated using data from the -5l.D oC 

spectrum (Table 7). The estimate of boG=f from .:the coàles-

cing triplets is higher than that determined from the' 

42S co.1escing singlets and is probably less accurate. 

Ab 1 l 406 d . . e ~~. report~ a, temperature varlatlon 

in the chernical shifts of the signaIs of CP2TiSS (73) in 

- toluene-dS ' From 25° to 45°C the two singlets moved 
! 

~part by 0.075 Hz/oC. A similar temperature sensitivity 

was found for (MeCp)2TiS5 <]i) and (Me3SiCp)2TiS5 (77) in 
,~ 

this solvent. For li, increasing the temperature from 

19° to 50°C caused the triplets at <5 5.32 and cS 5.45 to 

move closer by ca. 0.16 Hz/oC. For 7.2, in the range from 

0° to S5°C the triplets at cS 6.04 and cS 6.09 moved stead-

ily apart by ca. 0.09 Hz/oC. The singlets due to the 

methyl protons for 2! and 75 moved closer by ~. 0.06 Hz! 

OC over the indicated tempe rature ranges. The origin of 

these variations in separation is not known. 

The methylene-bridged complex CH2CP2 TiSS (79) 

was studied over the temperature range -7.1° to 90 0 e. 

The slow-limiting spectrum at -7.l o C ~onsisted of four. 

sharp triplets due to the CSH4' protons and a sharp singlet 

due to the CH2 bridge protons (Fig. 10, Table 7). As the 
" 
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Figure 10. 1 Variable ternperature H NMR spectra of 
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sample temperature was raised the two low-field and the 

two high-field pairs of triple~s coalesced. At higher 
~ 

temperatures the broad signaIs sharpened. Thus, two 

estimates of L'ldf were possible. The data from the low

field pair gi ves 'flG=I= = 65. a ± o. 7 kJ mol- l and the high-

=1= -1 field pair gives fiG = 67.9 ± 0.7 kJ, mol . The average 

value for L'lGf is 66.5 ± O. 7 kJ mol-1 (Table 7). 

The DNMR study of (MesCp)CpTiSs (78) was in

teresting. In CD2C1 2 and toluene-da no changes occurred 

in the spectrurn over the temperature range -IOP ta 124°C 

save for a slight broadening of the signaIs at the lowest 

temperatures (Table 7). 

A similar lack of line-shape changes was observed 

(120) • -. T~e room tempe rature spectxum 

consisted of a sharp singlet due to the Cp protons, a 

triplet due to the terminal CH2 protons, and a quintet due 

ta the central CH2 protons (Table 7)"\ The Cp singlet re

mained sharp down to·-120°C but the CH2 triplet and quintet 

were poor1y resolved below -GOoC. At -120°C the ha1f-

height width of the Cp signal was ca. 4 Hz. Assuming that 

the axial and equatorial Cp groups would be distinguishable 

in the conformationally rigid molecule one must conclude 

that 'tiS2C3 ring reversaI is fast at -120oC. Thus assuming 

Tc < -120°C and t, = 4 Hz, t-Gf can be estimated to he 1ess 
-1 ' f' 

than 34 kJ mol' (Table 7) • 

, 
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1 
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(B) Metallacyclohexaselenanes 
, 

Like its sulfur analog ~, cP2Tise5 (107) had 

a room tempe rature spectrum consisting of two equally in

tense singlets (Table 7). Variable temperature NMR studies 

were harnpered by decomposition at elevated temperatures. 

By 90 oC in toluene-da sorne broadening of the signals was 

evident. The complex decomposes at lower temperatures i,n 

DMSO-d6 and DMF. If Tc is estimated to be greater than 

90°C then b.G+ must be greater than 76.5 kJ mol-1 (Table 7). 

The DNMR studies were done for cP2zrSeS (108) and" 

CP2~fSeS (109). At 20°C the Cp protons of 108 appear as 

a sharp singlet while the sing1et for 109 is somewhat 

broadened. At lower temperatures two equal1y intense 

.. sign~ls were observed. Minor unidentified broad signaIs 

. ' 

in the spectrum of 10a at ô 6.19 and ô 6.29 sharpened 
./ 

with decreas~ni temperatur:e. A slight asymmetry at the 

base of the peak for 109 resol ved into 'two minor peaks 

of unequa1 intensity at 0. '6.34 and ° 6.37 at -29 oC. Tge 0 

origin of these peaks is ~known. The calculated values 

of b.G=!= are ·49.9 ± 0.7 kJ mol-1 for 108 and 61.6 ± 0.7 kJ 

'mol- l for 109 (Table 7) • 

(C) Metallacyclotetrasulfanes 

The complexes (MeSCp)2MS3 [M = Ti (!l), Zr (48), 

Hf,(49)] exhibit a sharp singlet for the methyl groups at 

room temperature (Table 7'). For the titanium and zirconium 

i 
! 

, 1 , 
l 

<' \ 
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1 

complexes the peak broadened as the tempe rature was lowered. 

At about -80 o e the signal appeared as a symmetrical broad 

singlet. Below this tempe rature the signal becarne un-

symmetrical (Fig. ll~. Between -85 ° and -llO°C the spectrum 

consists of tw'O overlapping singlets of unequal inten-

sity. Further cooling caused the ov~rlapping signaIs to 

broaden and becorne less intense. However, by -120 oe the 

--- peaks appeared to be sharpening. At very low temperature 

(-1300C) several broad peaks appear in the spectrum of 

47. A value of t.G=f = 40.6 ± 0.9 kJ mol- l was calculated 

for 47 (Table 7). The spectra of (MeSCp):2zrS3 (~) (Fig. 

12) were better resolved than these of 47. At -IOO°C two 

singlets were p,resent (Tabl~ i). Thè signal at lower 

field became more intense below the coalescen,ce tempera-

ture. At -125°C the higher field signal was barely re

solved as a sheulder of thel lower field peak. The s.pec-
"-

trum had net sharpened' appreciably by -l~O°C. The t.G=f 

was ca1culated to be 39.3 ±0.7 kJ mol-1 (Table 7). 

The spectrurn of (Mes Cp) 2HfS3 (.!2.> in the range 

-110° to -130 oe showed a broad sing1et with a half-height " 

width of 10 Hz at -llO'oe and about 14 Hz at -).30 oC. 

,Assurning a coalescence ternperature of < -l30°C and a 

value of t. < 14 Hz, t.G=f is estimated te be less than 

30 kJ mol-1 (Table 7). 

,-
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{' Figure 12. Variable te'rnperature IH NMR spectra of 

.CMe,SCp)2ZrS3 (48) in CD2C12 /CFC1 3 ,(1:1) • 
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.. 
'Discussion 

The room tèmperature IH NMR spectra of the 

complexes CP2MES where M = Ti, Zr, Hf and E = S, 5e con-

sisted Of)two singlets of equal intensi ty when M = 

only one singlet when M = Zr or Hf in both series. 

Ti but 

At 

low temperatures each of the compounds gave two equa11y 

intense singlets. The magnitude of the signal separation 

followed the order Ti > Zr> Hf with the largest being 

0.27 ppm for E = 5 and 0.42 ppm for 1:: = Se when M = Ti 

(Table 7). For cornparison, the chemical shift difference 

between the axial and equatorial 

is 0.4 ta 0.5 ppm 426 but is 1. 79 

solution. 179 

The crystal stru~tures 

, 

protons of cyclohexanes 

prm for CH25 S in CS2 

\ ' 

0::) the complexes CP2M5~ 
(see the end of this chapter and fig. 13) showed that 

the average M-Cp distance followed the order Ti < Hf < Zr. 

R~lative differences in the size or shape of the MES ring 

rnight attenùate the magnitude of the signal separation, ~. , 
The crystal structures indicated that the ,MSS' ring size 

as measured by the M to 53 dis~ance (Table 9) followe~ 

the order Zr < Hf < Ti. The flattening o~ the MSS ring as 
"-

rne~sured by the two dihedral angLes between the planes 

defined by 5l-Ti-5S and 51-S2-84-5S, and 51-52-84-85 and 

82-S3,-84 (Fig. 13 and Table 9) increased in the order 

Zr < Hf < Ti also. The Cp-M-Cp angle followed this order 

too. Thus in the crystal1ine complexes CP2M8S' the most 
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pucke;ed MSS ring i6 also the shorte6t and has the smallest 

Cp-M-Cp angle. However, the "differences in the parameters '1':> 

, 

for the three complexes is qui te small so that the o~rall 

shape~ of the M?S 'rings are very similar. It is not re~dily 

apparent from the crystal structurés" then, why IJ. follows 

- the order Ti > Zr > Hf. It should be remernb~red, however, 

that the distances in the crystal structures ~ay not neces-

sarily correspond to those found in solution. In this 

regard it is worth noting that the pentamethylene hetero-

cy~:J,es, (CH2 ) SX, for which the degree of flattening in 

solution can be accurately measured, often have solid-state 

structures with dihedral angles differing by 1° to 2° from 

, 426 
Jthe solution values. 

In analogy with the averaging of axial and equa-

427 torial' protons of cyclohexanes, and pentarnethylene heterd-

cycles 426 the variable temperature lH NMR spectra of the 

complexes CP2MES are consistent with MES ring.flipping.
406 

In this way the axially- and equatorially.!..disposed Cp groups 

interconvert. The barriers follow the ordet Ti > Hf > Zr for 
,. , 

E :::; S and ,for E = Se. Replacement of sul fur by seleni um 

in the zirconium and hafnium complexes causes a slight in-

crease in the barrier to ring rev~rsal. The ·barrier for 

CP2 TiSeS (107) is probably great'e~ than that for CP2 TiSS 

but it could not be measured because of decomposition. 

.. 163 
Kopf et al. have reported that 107 decornposes at ele-

The coalescence 

! 

" 

'1 

" 

. 
" 
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h d b . . f' d 163 temperature was reac e ut 1t was not speCl 1e • 

Riddell et al.
14 

recently studied the stereo

chemical non-rigidity of the Pt(S5)3
2- ion (~) usin? 

variable temperature 195pt Nf·1R. They eoncJ:uded that 

the dynamic process, presumed to be inversion of one 

+ -1 PtSs chair, had a t.G273 of 50.5 ± 1. 3 k,J mol • This 

barrier is close to those found for CP2MSS (M = Zr, Hf) 

but much lower than that for M = Ti (Table 7). 

The factors underlying the differenees in ft,t;=f 

for ring reversaI are not readily \ apparent. The mag

nitude of the barrièr reflects the energy of the tran-

sition state with respect to the ground state. The 

transi tion state is less stable relative to the chair 

conformat~on because of an interplay ;f~orsional forces, 

l b d · t' d bd" . 426 ang e- en lng s raln, an non- on lng 1nteract~ons.. 

The torsional barriers are often considered to be the 

most important factor in pentamethylene heteroeycles 

{21S). 426 F l th AG+ d . k or examp e, e Ll ecreases as r1ng pue er-

ing increases in the series tetrahydropyran (43.1 kJ mol- l ), 

thiane (39.3 kJ mol- l ), selenane (34.7 kJ mol-I ), and 

tellurane (30.5 kJ rnol- l ). This has been attributed to 

a, dominance of torsional s'trains of the C-E bonds over 

1 b d · t' 426 ang e en lng s ralns. It is interesting to note,-

however, that the ring inversion barriérs in a similar 

series of CH 2-E-CH 2 brid~ed peri-naphthalenes (216) 

f Il d h . d 428 Th h h 1 o owe t e OppOSl te tren . e CH2-nap t a ene-CH2 

/ 

l, 
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_ E=O,S,Se,Te 

~ A 

215 216 

'~ gr~u?ing main tains a nearly rigid geometry. Thus ring 

flipping will occur via a plana+; or nearly planar tran-
C' 

si tion stat:e. ,The C-E bond lengths" ring puckering; and 

,anJle 'strain 'during ring flipping _ increase in the order 

o < S < se~e. However, as the C-E bond lengthens the 

"" torsional inte,racti0ns decrease. Thus the two ~ffects 
• 

would predit:t diffe:;:-~rit orders in 6G=f for ring reversaI. 

The obser~d' order is compatible with angle strain domi
rJ 

428 nating over torsional strain in these cases. 
! 

The mean M-S bond lengths in the complexes 
CI 

CP~MS5 increased in 'the order Ti < Hf <: Zr and the S-M-S 
... 

<, 

bond angle il!creased in the S3.me order (Table 9). Similar 

sulfur-sulfur bond lengths and angles were found in the 
, 

three complexes. The "sarne trends in molecular parameters, 

are expected for' the selenium analogs cP2MseS. By analogy 

wi th tpe peri-naphthalenes discussed above, the E-M-E 

angle strain in the. complex~s Cp2M.E
S 

may increase in the 

order M = Ti < Hf < Zr for a given E as the \PiZ~ of the _ 

metal heterop.tom increases. This should lead to" an in

crease in 6G=f in that order; the reverse order is observed 
,r' 

experimentally (Table 7). 

, 
',,., .,/ 
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The tOfsional barriers of M-E bonds have not been 

reported and the observed trend in lIG+ (Ti> Hf > Zr) may 
( 

reflect their relative values. The M-E and E-E bonds are 

19nger for E = ~e than for E = Sand this should reduce 

.the torsional barriers and the steric interactio~s of the 

chalcogen leme pairs in the se lenanes • wi th the metal. , 
remaining constant, these torsional barriers argue for 

lower ring reversaI barriets when I;! = Se than when E = S, 
. 95 

,the reverse of what was observed.' Abel et al. deter-

mined the b~riiers t; the bridge -' r~versal process in 

several [3] -ferrocenophanes '( 41) including when E = S and 

Se, The torsional barrier r ,~ 
about the Se-Se bond was cal-

cula ted to be 5.8 kJ mol 
-1 

less ·than that for the 8-''8 

t}-: Fe EE 
; : ~ 
'4,.' ~E 

- ...... #' 

bond-.
95 

The values of 1I.Gf. for bridge reversaI were 80. il ± 

-1 " ( l 
.... 0.2 kJ mol for E = S and.67.2 ± 0.1 kJ mol- for E = Se. 

It was. of interest ta study ,the effect of sub

stituted Cp rings on the MS ring size and on the energy 
x 

barrier to ring reversaI. The ~etallacyclopoly-sulfanes 
, 

containing the moieties (RCp) 2Ti where R = Me and Me 3Si, 

èH2CP2Ti, and (MeSCp)CpTi aIl had Ti85 rings. On the 

other hand the complexes bearing the (MeSCp) 2M group 

F ! 
, > 

L , 
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(~Ti, 'Z;,~ ~f) contained MS
3 

rings. 

The methyl and trimethylsilyl groups have 
, 

different electronic effects on cyclopentadienyl rings 

to which they are bonded. The latter group has a de-
2l 

shielding effect (;ln the C
S

H
4 

protons 

(Me
3

Sicp)'2MC1 2 (M:::o Ti, ~!t:r;:, Hf). 266 
'\ \ -~. 

in tHe complexes 

Thi s effect has 
~ , 

(':1:1) effect involving been é}ttribut1ed to a mèsomeric 
r 

silicon 3d orbi taIs dominating an"'inductive (+I) effect. 266 , 

In CD<?13 the chemical shift of tite CSHS protons of CP2 TiC12 

is 8 6.55 (s) while the CSH4 signaIs of (Me3SiCp)2TiC12 

appear as pt0 triple'ts at 8 6.57 and ô 6.79 having J (H-H) = 

2.4 Hz. The Me substituent, however, has a shielding 

effect. Thus the C5H4 protons of (MeCp) 2 TiCl2 appear as 
\ 

triPle[at 0 6. 30 and 8 6.39 with .:r (H-H) = 2.6 Hz. In 

(MeCp) 2 .. ~ the triplet at higher field has been as-
(l' • 

. d 429 
s~gne ta the protons ct to the methyl substi tuent. In 

(Me
3

7>iCp) 2 TiCl2 it is assumed that the CI. protons' resonate 

to lower field since the degree of electron withdrawal 

from the C
S

H4 ring is assumed to diminish with distance 

from the SiMe
3 

substituent. In support of this proposaI, 

the CI. protons of substituted ferrocenes (RCp) 2Fe in which 

R is an electron-donating group appear at higher field 

th an ~"the t3 on~s. When R is an electron wi thdrawing sub-.. 
sti tuent the Ct protons resonate at lower field. 430 

In analogy with the assignment in (MeCp) 2TiC12 

the two triplets at highest field in the spectrum of 

\ 

i 

/ 



r 

( 

( 

( 

- 275 -

, 
(MeCp) 2 TiS

5 
- (2i) are assigned ~ to the protons Ct. to the Me 

group (Fig. 8, Table 7). The 

showed that the inner pair of 

decoupling ~xP~irnents 

triplets cOfr'es'ponqed to 

C
S

H
4 

protons of one ring and the outer pair to protons 

of the other ring. Since the rnidpoint of the outer set 

of triplets is at higher fie'id th an that for the inner 

" 
pair 1 the outer set is assigned to thé axial ligand, 

(MeCp) 1 and the inner set to the equatorial ligand, , a 

(MeCp) ~ u Sirnilarly, the highest-field methyl single~ iS(" 

assigned to the axial ring, Me . 
'a 

The rnethyl resonance to higher field in the 

spectrum of (Me 3SiCp) 2TiSS (J.2) is assigned to the, axial 

group in keeping wi th the assignment for CP2 TiSS (73) and 

(MeCp) 2 TiS
S 

(li)·, The centers of the" triplet pairs (inner 

and outer 1 Fig. 9) differ only rn,arginally in chernical 

shift (O. 01 ppm) wi th the inner pair to higher fi-eld. 

Thus 1 the inne_r tr~plets are tentati vely assigned to the 

axial Me 3SiCp group. Assurning that the ring protoI)s Ct. 

ta th~ Me~Si group resonate àt lower field than the (3 
, 

. 

o one,7 (vide supra), the following a,ignments (ax ... = axial, 

eq. = equatorial) are tentatively; ~de: Ct. proto?s, 
, 

,. cS 6.04 (ax.), 0 6.09 (eq.) and (3 'rotons, 0 5.77 (ax.) , 

1 cS 5.75 (eq.) (Table 7). According,to this a~alysis, the, . 
inner and outer pairs of triplets for 74 and 77 have 

opposite axial and equatorial assignrnents. It should be 

noted, however, that the assigp,rnent ,of these peaks is not 

.' 

- -f 
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crucial for an evaluation of the DNMR study. "" 

The AG+ values found for 74 and 77 are similar 

to those found for CP2TiSS (73) at the cO,alescence temper
L 

ature (Table 7)' and for CH2 8
S 

(calculated to be 72.8 kJ 

-1 431, -1 179 
mol, exper1.me~tally > 60.0 kJ mol ). The ;::al-

~ulated L'.G+ for ring reversaI for 8
6 

is much higher at 

125,.1 kJ mOl;-l. 431 

The IH NMR spectrum of ,(MeSCp)CpTiS
S 

(78) was 

unchanged from -1010 ta 124 oC (Table 7). This is consist-
, 

~nt with two possibilities" .namely that the molecule is 

," locked in one conformation over this temperature range 

or that the, TiS
S 

ring is flipping rapidly on the NMR time 

scale even at -101°C. The high barriers found for the 

other complexes containing Ti8
S 

rings argue against the 

la tter possibili ty. Thus the molecule appears to be fixed 

in a chair c.pnfor~ation. The data, however, cannot assign 

the position of either ring with respect to being axial or 

equatorial. The X-ray crystal structure of Cp(PMe 3 )Co8S 

'(81)" revealed the Cp group in the axial position.1 7S The 
- 'j 

cone angle of the Cp ligand is ~_ 1~6 0 while that for 

PMe 3 is 118 0
•
432 Thus the more sterically demanding 

• 
ligand occupies the axial position. The tendency of 78 

to crystallize as very thin plates from a variety of 

sol vents has thus far ,prevented an X-ray crystallographic 

study. 
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A few complexes containing bridged n-cyclopenta-

-
dienyl ligands of the types (CH

2
) x ln-C

S
H4 ) 2 (x = l, 2, 3) 

or R2lv!(n-CSH4)2 (M = Si, ... Ge, R = Me) are known. The 
\. 

crystal structures of (CH
2

) xCp~TiC12 (x = 1,433 2","434 3 435) 
. \ 

showed that the rnethyle.ne-bridged complex was highly strained. 

l 
1he H NMR .?pectra of the . . 433 d' . 

ansa-t~tanocene er~ vat~ves 

. 
(CH2 )'xCP2 TiX2 (x = l, 2, 3; X = Cl, Me, CO) in CDC1 3 or Ct)D6 

solutions aIl display an A2 B2 spin pattern for the Cp protons 

., f dt' l 433 h l' d . cons~st~ng 0 two pseu o~ r~p ets. T e 80 ~ -state mo-

lecular :str~ctures of the (CH2 ) x -bridged complexes revealed 

. that the a' posi tiohs of each ring .were different as were 
~ 

the Q 't" 433-435 
1-' pos~ ~ons. . 

... "\ . . 
The spectra were cons~stent w~th 

a 

, P CI /: .,\ 
CI 

a rapid back-and-forth twJ..sting motion of the C
S

H
4 

groups 

such that the two 0. positions in each ring became equiva":" 

lent and sirnilarly for the S positions. To interéonvert 

the mirror images of (CH2) 3CP2TiCl2 both CSH4 ring twist

ing as weIl as reversaI of the six-mèmbered (CH2) 3CP2 Ti 

oring are necessary. 433 Thus, the two pseudo-triplets 
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correspond to the rnagneticall:y inequi valent Ct pr~s and 

f3 protons of bÇ>th ,rings. 

The !llagnitude of the separation of these two 

triple,ts for complexes 'with the sarne bridge length is very 
. 

sensi tive to t:he other ligands present such as Cl, Me, or 
)1 1 433 13 .' 

co.) Smith, et al. concludegl., and C NMR data support 

the notion, that the magnitude was due to the degree of 

shif~ing, of 1f-electron densi ty from the sterically crowded 
\ . .. ' 

bridgeheads towards the S posi tians. In the spectra of 
" 

(CH2 ) xCP2 TiX2 433 (x = 1-3, X =:: Cl, Me, CO) and Me2MCP2 TiX2 

(M= Si, Ge; X2 = C12 , 5sd69 the lH NMR chemical shift of 

the high-fie1d multiplet was most depepdent on the nature 

of X. On this basis, and in keeping wi th the electron 

pOlarizat,ion model described above.-t, the high-field multi-

plet was as signed to the S protons. 0 

.. d 169 d Kopf an Kahl found that the compoun s 

Me2MCP2 Ti5 5 (217) where M c::: 'Si and Ge, prepared in low 

l 
yield f,rom the dichlorides and aqueous (NH 4 ) 25

S
' gave H 

o 

NMR spectra wherein the signaIs for the axial and equato-

rial positions of only the S protons were resolved at ca. 
1 --

..... \ 
ô S. 5 and ~. ô 6.2, respecti vely (Table 7). The large 

chemical shift difference between the axial f3 and equato-

rial f3 protons (O. 6 ppm) was primari ly ascribed to the 

bending back of the C
S

H4 "rings; the electronic effect of 

th . 'ub' h h b' 436 l e Me2S~ s st~ tuent was t oug t to e m~nor. Reso u-

tion of the axial and equator~al f3 protons is consistent 

'~ --

./ 
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J 

with stereochemica1 rigidity on' the NMR time sca1e at room 

temperature. 

?-,he DNMR study, of CH2CP2TiSS (79) was. consist~nt 

with rapid TiS
S 

ring flipping above room tempera"trure. An 

+ . -1 average value of IJG = 66.5 ±' 0 • 7 kJ mol was found (Table 

7). On the basis of previous ass~gnments the signals in 

the limi ting spectrum at -7.1 0 C are assigned as follows: 

8 <r6;SO (a, equatorial), ô 6.26 (a, axial), 0 4.61 (B, 

equatorial), ô 4.22 (B, axial) (Table 7, Fig. 10). 

Thus, "tying-back" the Cp rings in CP2TiSS (73) 

with a bridging rnethylene group signi:j:icantly lowers the 

energy barrier for ?iSS ring reversa1 as compared ,to that 

for CP2 TiSS' There are probab1y several factors respon

sible for this lowering but it is difficu1t to state which 

are the most important. Tying-back the rings should de-

crease the extent of non-bonded interactions between the 

cyclopentadienyl rings and the sulfur atorns •. Ring-carbon 

to sulfur distances shorter than the van der Waals dis. \ 
o 437 . ';-..... _. 

tance o.f 3.40 A have been observed in the~-~ay crystal, 

- - --- --~-
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struètures ~f CP2TiSS (73),166,167 CP2VSS (~),167 and 

17S Cp(PMe 3 )CoSS (81). There is a much 

,angle in CH2CP2TiC12 (121°)433 than in 

This results in an increase of the CI-Ti;Cl angle in 
,.

-----,CH2CP2Tf12 (97.2° vs. 94.S0). Attempts ~t"growing.single " 
~) 

crys;tals of CH2CP2 TiSS suitable for X"'ray crysta.!logI;:aphic h 

purposes have been unsuccessful to date. It is not certain 

wh~t 'effect tying-back the Cp rings would have on the 

structure, of the TiSS ri~ and.how it might lead ta the 

lowering of the barrier for ring flipping. , 

Thus the introduction of a Me or SiMe 3 group 

l' into the Cp }:'ings of CP2 TiS
S 

(.!i> only slightl,y lowers 

.. the barrier té TiSS ring réversal. However, tyinç-baèk 

the Cp rings with a C~2 bridge. lowers the barrier by ~. 

~ i3 kJ mol-l,. The DNMR st:,udy of CP2 Ti [S (CH2 ) 3S] (120) led 

to an estimate oi 6Gf less than 34 kJ mOl-l, a barrier 
-1 1 • 

over'45 kJ mol lower than that for 73 (Table 7). It 

is usef~l to compar~.cP2~i[S(C~~>3S] to platinum complexes 

. whîch contain the sarne ligand. For .the complexes L2Pt-

[5 (CH2 ) 3S] .. where L = PPh 3 and L2 "" dppe a slight~y broad

ened quintet fql:'" the'~centraI CH2 protons and a pair of 
c li' 

overlapping, triplets for the terminal CH2 proton~ were 

observeà. 378 This is consistent with the presence of" 

q PtS2~3 rings waich are în rigid chair conformations, 

giving rise tq axial. and equatorial orientations for the 
(:;? 

protons. It is reasonable to 'expect that CP2Ti[S(CH2)3S] 
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would display a spectrum in which the signaIs for the 

protons Qf the axial and equatorial Cp ligands were 

resolved if it was rigide The observation of only one 

triplet and one quintet for the CH2 protons and one 

singlet for the Cp ligands down to -l20oC is in accord 
n 

with rapi? TiS2C3 ring reversaI occurring above tais 

temperature. Thus, decreasing the sul~r content of the 

.. TiS 5 ring by replacing the cèntral S 3 chain wi th three 

CH2 groups lowers the barrier dramatically. However, it 

,is not clear wby the titanium complex differs so radi-

cally from the platinum complexe 

~ c Decrea&ing the sulfur'content of rings of the 

type (CH2)xS6_x where x = 0 t~ 5 or of the X3 bridge in 

the previously described [3]ferrocenophanes also lowered 

. the ~G+ for ring reversaI (Table 8). The llG+ values for 

(CH2 ) S6 containing progressively longer chains of 
x -x 

sulfur atoms have been established (Table 8). The in-

creasing flexibility of the rings with decreasing sulfur 

content was attributed to the lower torsional barrier 

about C-S bonds compared to that for S-S bonds (ca. 29 to 

50 1 -1 . . h' . f' d' ) 443 kJ mo in al~p at~c d~sul ~ es . The barriers to 

bridge reversaI for S3cP2Fe, S2CH2cP2Fe, and S(CH2)2cP2Fe 

decreased' in the order listed. It was proposed that this 

trend is probably due to the much higher torsional barrier 

of the S-S bond (assumed here to be 29.0 kJ mol-l)94 

relative to the C-C (15.5 kJ mol-l) and C-S bonds (8.9 ~J 

,., l' 

~ 

,1 r , 
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TABLE 8 

~G+ Values for Ring ReversaI in some 

syclic Polysulfides and (3]Ferrocenophanes 

(CH2) 6 

S (CH2) 5 

S2 (CH2 ) 4 

S3(CH2)3 

S4(CH2)2 

SSCH2 

S6 

55.2e 

61.S
f 

[3]Ferrocenophanes of the Type Sx(CH2l3_xqp2!! 

C d AG' a,h ompoun LI 

(CH2 ) 3Cp2 Fe 

S(CH2)2CP2Fe 

S2(CH2)CP2Fe 

S3Cp2Fe 

40.4 

34.6 

47.2 

80.1 

a 1n units of kJ mo1-
1 measurèd experimentally by the co~lescence 

~ 

tempe rature method unless otherwise stated. 
b ' Ref. 439. 

cRef • 440. 

dRef • 441. 

eRef • 442. 

fTheoretical value. Ref: 431. 

gRef. 179. Theoretical value 72.8 kJ mol-l, ref. 431. 

hAG~v~œ. cal~lated by lin •• hçe -17f~~~ ... 

. 
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1 
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i 
î 

l 
~ , 1 • 



( 
.' 

f 

- 283 -

mol- l ) in these complexes. 94 

The Complexes (MeSCp')2MS3 (M = Ti, Zr, Hf) 

In the ti t'le complexes and in the complexes 

CP2MSS two dynamic processes can be envisioned, one 

involving MS
x 

ring reversaI and the other involving Cs 

ring rotation. The DNMR studies of these complexes were 

consistent with the former process occurring at higher 

energy than the latter. Only for the perrnethylated com-

plexes at very low temperatures was there evidence for. 

a slowing down of the Cs ring rotation. 

1 
The H NMR spectra of the complexes (MeScp)2MS3 

show a single line at room temperature. This did not 
, 

change for the hafnium species 4$- down to -130°C, but two 

peaks appear?d at low temperatures for the titanium and 

zirconium complexes il and ~, respective~y {Figures Il 

and 12). The two peaks were unequal in intensity and 

poorly resolved for il at -90°C but were of nearly equal 

intensity and resolved for 48 at -95°C. Further cooling 

caused these peaks to eollapse possibly due to the slowing 

of Cs ring rotation. 

In the regime where MS 3 ring flipping is slow 

the pseudoaxial and -equatorial MeSCp rings should appear 

as two singlets of equal intensity~ provided that free 

rotation of the MeSCp rings still oeeurs. The crystal 

structure of (MeScp)2TiS3 (47) (Figures 14 and 15) indicated 

1 
1 , 
• 
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1 
~ 

a possible steric interaction between the central sulfur 

atom 82 and the pseudoaxial MeS~p group R2. This would 

h~nder the rotation of the axial ring more than the equa-

torial one. In both il and- ~ the peak to higher field 

bfoadens most rapidly with a concurrent reduction in 

intensity. The onset of broadening of the signaIs due to 

the slowing down of Cs ring rotation should occur at a 

higher tempe rature for the axial ring than for the equa

torial one. On this basis the peak~igher field is 

, ~ ... ,.. . 

once again assigned to the pseudoaxial MeSCp ligand. While 

the barriers to MS 3 ring reversaI in these complexes are 

similar (Table 7) the degree of steric hindrance to Cs 

ring rotation appears to be different. For 47 the broad-

ening of the upfield . °1 sl..gna occurs at a much )1igher tem-

perature than for 48. This observation is consistent 

W'ith the greater congestion anticipated for the titanium 

complex because of shorter MeSCp-M distances expected for 

M= Ti compared to M = Zr or Hf. Thus ,the barrier to 

. 
~ -

l. 
l 

! 
--' 
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rotation should be highest for the titanium complexe The 

ease of rotation of the two rings also depends on their 

methyl-methyl interactions. The X-ray crystal structure 

of (Me5Cp)2TiCI2 revealed severely crowded Me5Cp ligands. 444 

l Nevertheless, the H NMR spectrum of this complex remained 

as one sharp singlet down to -50°C consistent with "free" 
,... 

rotation, with the He 5Cp rings interlocked, as in meshed 

444 gears. The lack of spectral changes for the comple~ 

(Me5Cp)2HfS3 (49) is consistent with either a planar HfS 3 

ring, which is considered unlikely, or with a barrier ~o 
.,. 

ring reversaI less than 30 kJ mol-1 (Table 7). 
, 

The sort of steric interactions discussed above 

were propo~ed in complexes of the type CP2M(PR)3 where M = 
421 . l 

Ti, Zr, Hf and R = alkyl or aryle The1r H NMR spectra 

cortsisted of two~broad triplets corresponding to the 

pseudoaxial and pseud~equatorial CSHS ligands, CPa and CPe' 

fespectively. It was assumed that 3(P-H) would be laTger 

for Cp than for~p. Thus the one weIl resolved triplet e a t 

was assigned to Cp and the unresolved one tc-Cp. The e a 

l 
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separation as' weIl as the relative positions of these 
1 

signaIs varied with the substj. tuent, me,tal, and tempera-
. 

ture. The temperature dependence of the magnitude of 

the separation was attrib ~ed to a variation in the fold-

angle (defi?ed as th~ di edral angle between the planes 

PA-M-PA and PA-PB-PA) tween the extremes 218 and 219.
421 

The magnitude of the s paration was thought to be dependent 

upon the degree of interaction between the Cp rings and 

the phosphorus atom lone pairs. Based on these assurnp-

tions, limi ting structure 218 was assumed to prevail for,. 

R = Ph. Here the unresolved triplet corresponding to Cp a 

appeared upfield from that for Cp. This is consistent, e 

with the'presumed greater interaction of CPa with PB com-

pared to that QI CPe with the two PA atoms. When R = 

t-Bu the MP
3 

ring was thought to be flattened as in 219 
'-

such that the interactions would be greatly decreased. 

Now the positions of the signaIs were reversed such that 

the signal for the Cp protons appeared downfield from the 
a 

resolved triplet for the Cp pr.otons. It was felt that" e 

this was due to a greater reduction in the CPa-PB inter-

action compared with the CPe-PA interactions. 

According to the above model the signal for the 

pseudoaxial ring in the complexes (MeSCp)2MS3 should also 

appear at higher field than the pseudoequatorial ring. 

The more rapid broadening of the higher field peak ob-

1 
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consistent with this model as well. 

Many compounds with four-rnembered rings bend in 

order to relieve torsional strain at the expense of a small 

f l d f . 445 amount 0 ang e e ormat~on. The fold angle and barrier 

to ring reversal for cyclobutane are 30 ± 6 0 ..-and ca. 5.9 kJ 

-1 . 446 mol ,respect~vely. Replacement of a CH 2 group by an 

L2M moiety can profoundly affect the angle. Titanacyclo

butanes of the type CP2Ti[CH2CRR'CH2] are thought to be 

planar in solution but easily distorted. Theoretical 

studies have indicated that a similar structure is expected 
• ~ 447 

for the zirconium and hafnium analogs. The X-ray crystal 

structures of the titanium complexes for which R = t-Bu, 

R' = Hi R = Ph, R' = Hi and R = R' = CH3 revealed nearly 

planar metallacyclic rings. 4l6 Few measurements of the 

barrier ~o MC3 ring re~ersal have been reported. The com

plexes L2Pd[CHRC(O)CHR] (220, L = PPh3 , ASPh 3 , bipYi R = 

CO ) h h · hl k d . 448 h' . bl 2Me ave ~g y puc ere MC 3 r~ngs. T e~r var~a e-

temperature lH NMR spectra were consistent with PdC3 ring 

reversal through a planar structure.· As the puckering 
l ", 

angle ~ increased from 51.3° (L = bipy) to 52.7 0 (L = AS~P3) 
to 54.0° (L = PPh3 ) 6G+ increased from 40.4 to 44.4 to 

-1 50.9 kJ mol ,respectively. The non-planarity of the PtC3 

ring and short Pd-C{O) distances were thought to indicate 

an allylic contribution to the bonding as shown in 221. 

A structure in which an n-S3 group rota tes about 

the axis bonding it ta the metal is also consistent with 



l, • 

> 
}. 

- 2-88 -

/ 

J 

oe 
H C/ 
';C-j 

R "; 

w..F 
R 

the DNMR data for the complexes (MeSCp)2M83' Ttte limi ting 

structure is formally an adduct of neutral 8
3 

with 

2-
(MeSCp)ZM(II) or of the dianion 8 3 with (MeSCp)ZM(IV). 

4\, ~~s 

.~..--:,-\/ s~I 

In these cases three equal_ sulfur-su1fur distances might 

be expected. The observed distances in (MeSCp)2Ti83 (47) 

(Figure 14, Table 10) are unequal. An intermediate struc

ture might involve (MeSCp)2M{III) and an 8 3- ligand. 

Derivatives of titanium{II) and titanium(III) are generally 
\ 

paramagnetic :\.." -..The sharp signaIs seen for the IH NMR spec-

trum of 47 favour the formulation as a titanium(IV) deriv
'. 

t " 449 a 1. ve. 

\' 
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The X-ray crystal structurel~ of (Me5Cp)2TiS3 
o 

(il) revealed a Ti-S (central) distance of 2.768(3) A 

° while the other Ti-s bond distances were 2.409(2) A and 

° 2.417(3) A (Table 10). The Ti-S (central) distance is 

shorter than if the ring were planar in which case a 

° distance of about 3.0 A would be expected. Hence, a weak 

bonding interaction betw~n the titanium and the central 

sulfur atorn cannot be ruled out. A transannular tnter-

action has alsoPbeen implicated for the dithiolene com-

pl~ 149. 

solution. 

This mole cule is conformationally flexible in 
1 ,;) 

A variable temperature H NMR study was con-

sistent with a process involving folding of the TiS2C2 

ring across the S···· Saxi 5 via a planar transition 

state. 450 The ~G+ for this process was 61.9 kJ mol- l . 450 

J~i~s;f B( 
.:..-

~iÇ::r 
---;>' , 

~ S . J 

149 

The X-ray crystal structure revealed a non-planar TiS2C2 

five-membered ring, with a fo1d angle of 46.1°,451 re-

markably similar to the fold angle of 49° found in 

(MeScp)2TiS3 (il) .104 Lauher and Hoffmann 337 found that 

a bent geometry was essential for a sta~ilizing interaction 

{ 
1 
1 
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via donation from a donor orbital of the S2C2H2 ligand 

to an empty acceptor orbital of the CP2Ti fragment. Thus, 

one can envision a similar donation from the central sulfur 

to the ~etal in th'e complexes (Me 5Cp) 2MS3. 

Titanium(III) complexes of the/,type CP2Ti{rr-

452 
allyl) have been prepared. The X-ray crystal struc-

ture of the n-I,2-dimethylallyl complex revealed an un-

symmetrically bonded C5Hg ligand with the Ti-C (central) 
o 

distance of 2.43 A being greater ,than the Ti-C (terminal) 
Or'. 

distances of 2.35 A. The rr-allyl moiety made an angle of 

56 0 with the line joining the center of'the ligand with 

the metal atom. 453 It' 't t' t t th t th lS ln eres lng 0 no e a e 

bis(allyl) complex cP2zr(c3HS)2 contains one a-ally1 a~d 

one rr-allyl ligand such that an l8-electron zirconium (IV) 

, , h' d 4S4 - . f Id' specles lS ac leve . Donatlon 0 e ectron enslty 

from the central sulfur atom to the metal in the complexes 

(Mescp)2MS3 could be a mechanism whereby an 18-electron 

M(IV) complex results. The barrler to rotation of rr-allyl 

ligands have been measured. For example, the complex 

CpMo(CO) 2 (n-C3
H

S
) has an activation energy, for this pro-

-1 455 ' 
cess of 51.5 kJ mol. Thus, the variable-temperature 

l ' . 
H NMR results of the complexes (MeSCp) 2MS3, are aiso com-

'patible with rotation of a trisulfane moiety. The data 

cannot distinguish between MS 3 ring flipping and S3 group 

rotation although the former seems more likely. 

, 
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The Crystal Structures of CP2MS5 (M = Ti, Zr, Hf) 

Although the crystal structures of man y cyclo-

pentadienyl-titaniurn compounds have been determined, 

comparatively few zirconium and hafnium species have been 
" 

sa studied. A few complete series in which the meta1 

varies but the ligands remain the same have been examined. 

No~ble examples of such series include the bis (n 5 -indenyl) 

5 456 
complexes (n -Cg H7 )M(CH 3)2' the dicarbonyl~ CP2M(CO) 2 

(M = Ti,4S7 zr,458 Hf 459) lt60 
and (MeSCp)2M(CO)2' and the 

trirnethylene-bridged complexes (CH
2

) 3CP2MCl2 (M = ~i, 434, 4.35 

zr,46l Hf 462) . The X-ray structures of the complexes 

CP2MS5' where M = Ti (73) ,166,167 Zr (75),405,463 and Hf 

(76) 405,463 revealed that aIl three were isostructural', 

each containing a MSS ring in a chair conformation (Figure 

13). Furthermorc, the crystals 9f 75 and 76 were isomor-
( 

phous wi th th~'" crysta'l of 73 studied by Epstein et al. 166 

A different crystalline modification of 73 has been 

examined by Muller et al. 167 Differences in structural 

pararneters of the three Ifnolecules can be ascribed· to 

differences in molecular structure rather than to packing 
J 

forces in the isomorphous crystals. Details of the crystal 

structures of 75 and 76 and a comparison with the published 

463 
structures of 73 have been reported elsewhere. The more 

important parameters relevant ta this thesis are mentioned 

below and are listed in Table 9. The volume of the unit 

cells followed the order Ti < Hf < Zr. This order was also 
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Figure 13. Perspective drawing of CP2MSS 

(M = Ti, Zr, Hf). 
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5&1ected BOnd Distances, Non-bonding Distances, BOnd Angles, 
.. 

. 166. 405 405 
and Dihedral o Angles for Cp2MS S [M = Tl. (73), z.r (12.), Hf, (li) ] 

~ l>. 
0 .. Bond Dlitances (A) 

73 75 76 .. 73 75 ' 
\ 

.. 76 

M-Sl , 2.4483(14) ?544(1) 2.523(2) SI-52 2~0590(17) 2.059(1) 2.068(3) 

/' M-55 , 2.4219(11) 2.5265 (1) ~2. 501(1) 52":53 2.0556(16) 2.048(1) 2.042'(3) 
Avg. 2.4,35~ 2.535 2.5..12 

"" ~ 

M-1U 2.066 2.,216 2.190 S3-S4 
~ " ID 

2.0665 (lB) 2.057(1) 2.062 (3) w 

'.~ 
M..I.R2 2.071 2:206 2.118 54-55 2.0586(15) 2.0S7(].} ~(2) 

" AV$. 2.060 2.055 .... 2.059 
t, 

... 
o. -....,.,. B()nd Angles ( 0 ) 

51-M-5S 94.59 (4) 97.77(3) 96.75 Rl-M-R2 $.7 131.27 131.'52 
1 \ 

M-Sl-S2 107.41(6) 100.69 103.71 Rl-M-Sl 
0
110 • 7 il 1. 66 111.47 

, M-55-54 0 
108.58(5) 103.65 

~, ---= 

10~.66 Rl-M-S5 110.7 U1.22 111.45 
, 

100.5 100.43 101. 36 ! 
.' 

51-52-53 105.24 (6) 106,.67(4) 106.17 R2-M-Sl 

, '" 

• c 

. .r .. - . ttlî'!!l*~~<'O!'l .• """,,,,,~"'~--''-''-_~~--_'''~~'_-"'-~ ........ ___ '_~_h ....... ,-~~ ._~- ~ .... " i --- .~ 
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TABI.."E: 9 - cont'd 
, , 

73 
-/' 

_53-54-S5 102.68(7) 

52-53-S4 106.71(7) 

~ 
~ 

, M···S2 3.64 

1 M".S4 3.64 

M·"S3 4.19 

" 

Sl-M-5S/ 58 
S1-52-54-55 

,,".,.--.~?'O'...-_ ... ,~~(" ~,.._ ~~_" "' ..... -:. ~ 

f'" 

Bond Angles (0) 

75 76 If 
104.18(5) 103.83 R2-M-S5 

106.99(5) 106.79 

.. " Non-bonding Distances (A) 
r 

3.61 3.59 51· •• 55 

3.61 3.62 S2 ... S4. 

4.,14 4.16 

Dihedral Angles (0) 

61 ' 60 S1-52-S4-55/ 
S2-83-84 

it, 

Il ••• lftllflt.ilJ0'1'':1Œ!tr'h1 rI- rt-.il_1rO ,", ... ,....... ... ' ... ' , .. et" ... • 0'"" ',. 

73 75 -
99.6 99.10 

3.580' 3.B19 

3.31 3.-30 1 

72 74 

, 
/ ., 

76 

98.48 

3.756 

3.29 

73 

t\1 
'J:l 
.a:o. 

~~"""""'~"'-""~''''~-'"'-''''''.~~"""<{~.,,,._ ... it;,.,_\:.w.,~ .... ~if.tl'. , " ", ", "'- • ri -J, •• " ., •• _."~ 
~ ... ~~ 1 ...... " ..... ~ -: •• ':!( ..... "i..,.r~:J~~_ .. '" 
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observed for the isostructural and iso~orphous 

5 (11 -C9H7 ) 2M (C~3) 2 (M = Ti, Zr, Hf) and has been attributed 

to the lanthanide contraction effect. 456 The covalent 

radius of titaniurn in a CP2Ti(IV) comp1ex has been esti

o 464 
mated to be 1.43 A. The covalent radius of sulfur is 

1.03 A. 22 Hence a typical Ti-S single bond 1ength may he 
o 

calculated to be 2.46 Ai the observed average value of 
o 

2.435 A in 73 is close to this value. The radius of the 
4+ 0 , 4+ 

Ti ion is about 0.12 A smaller than those for the Zr 

and Hf4+ ions. The M-S and M-Cp distances in CP2TiS5 are 

463 
smaller by about this amount. The non-bonded trans-

annular sulfur-sulfur distances SI··· S5 follow the order 

Ti < Hf < Zr, consistent wi th the trend in the Sl-M~S5 

angles .. However, the s2 ••• S4 distances are n~arly the 

same. The "end-to-end" M··· S3 distances in the zirconium 

and hafnium complexes are slightly shorter than for the 
o 0 

titanium comp1ex by 0.05 A and 0.03 A, respectively 

(Table 9). In aIl three molecules the atoms SI, S2, S4, 

* and S5 are near1y coplanar. The dihedral angle s fo'r the 

pairs of planes 5lMS5jSlS2S4S5 and 51S2S455jS2S3S4 are 

similar (Table 9) and indicate similar MSS ring shapes. 

The shortest S-S bond length is the S2-S3 bond in aIl three 

compounds. Although the Sl-52 and 54-S5 bond lengths are 

equal wlthin experirnental error in 73, 75, and 76, the two 

* The author thanks Dr. P. Bird, Concordia Univ.er-
sity, for calculàting these angles. 
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M-5 bonds and the central 52-53 and 53-S4 bonds are unequal 

in length. In each case the longer M-51 bond is opposite 

the longer 53-54 bond, and the shorter M-5S bond lies 

opposite the shorter 52-53 bond. Unequal Ti-5 distances 

were also found for CP2Ti (5Ph) 2 (118) 397 which are on 
o 

average shorter (2.410 A) than the average Ti-5 distance 

in 73 (Table 9). The inequality of S-5 bond lengths found 

in 73, 75, and ~.was also observed in CP2V5S (80)167 ~nd in 

CP2W54 (59).136 The salts M '5 (M' = NH 150 K 151 Rb 152 2 5 4' 1 , 

Tl 15:3) which contain discrete 5
5

2- chains, also displa~ed 
a variation in bond 1engths. For the rubidium salt the 

o 0 

two inner bond 1engths were 2.054(8) A and 2.109(7) A, 
o 0 

and the two outer bond 1engths were 2.019(7) A and 2.036(8) A 

with the longest S-S bond adjacent ta the shortest 5-S 

bond. The 5-S bonds in the CP2MS5 molecu1es, with the 

exception of the short S2-53 bonds, are aIl longer than 

those found in Rb25 S ' Cyclohexasulfur, 56, crystallizes 
1 

in the chair conformation with aIl 5-S bond lerigths equal 

at 2.068(2) A. 182 This distance is marginally greater 
o 

than the average 5-S distances of 2.060, 2.055, and 2.059 A 

in 2l, ~, and ~, respectively. The 5-5-S angles are 

larger in the CP2MSS molecules than those in 56 [102.61 (6) 0] .182 

Overall, the geometries of the M5 S rings in the CP2M5S com

plexes are qui te sirnilar 1 esp~cial!'ly for the Zr and Hf pair. 
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The X-ray Crystal Structure of (Mescp)2Ti5 3 (il) 

Organometa11ic compounds containing a che1ating 

) trisulfide ligand have hitherto not been reported. Hence, 

it was of interest"to co~pare the X-ray crystal struct~re 

of (Me5Cp)2TiS3 (47)104,465 (Figure 14) to those found for 

[(MeCP)2Ti(~-S3)]2 (46),103 CP2TiSS (73)166,167 (FiCJ:ure 13), 

and CP2MS4 [M = Mo (58),133 W (59)136]. The crystal'lattice' 

, 

M M=MQ.. 

li M=W' 

consists of discrete molecules of 47 with the chelating 

2-53 and two Me 5Cp ligands arranged in a distorted tetra-

hedral fashion around each titanium atom (Figures 14 and 

l5). The structural parameters of !Z. (Table 10) are com

pared with analogous features of 46 and 73 in Table 11. 

Of these three complexes, 47 has the 1ar~est ring-Ti-ring 
'. 

angle and the smallest S-Ti-5 angle. 

438 It has been noted elsewhere that an expansion 

of the centroid-metal-centroid angle often leads to a 

r.eduction in the X-metal-X angle. This was observed in 

the homoleptic series,CP2MS5 (M = Ti, Zr, Hf). The larger 

centroid-Ti-centroid angle found in 47 is undoubtedly due 
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Figure 15. Perspective drawing of CMeSCp) 2TiS3 (47) 

viewed down the Ti-R2 axis. Sorne methyl groups have-

been rernoved for c1arity. 
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TABLE la 

Se1ected Bond Distances, Non-bonding Distances, Bond Angles, 

and Dihedral Angles for (MeSCp)2TiS3 (47)104,465 

1 i 

0 " 
Bond Distances (AL 

2.409(2) Ti-Rl 2.129 (1) SI-S2 

2.4i7(3) Ti-R2 2.139(1) S2-53 

2.768(3) 51···53 

Bond Angles (0) 

84.44(9) Rl-Ti-S1 103.08(4) Rl-Ti-R2 

76.23 (l0} Rl-Ti-S3' 102.08(S) 

76.44(9) R2-Ti-S1 109~70(4) 

lOS. 27 (12) R2-Ti-S3 108.20(5) 

Oihedral Angles (0) 

Sl-Ti-S3 / S1-S2-S3 49° 

'~:a.._"1.'::'t.,~ .. ,;;.a." .. ~~''''' "<rt-~~ • .rl~I.:..~~~.J';;:"~;""""":. -..,{ _ N""~ ... ~~ ......... '-..... I ........... _~ .. ~~,. ,.,.- ~ ""., .. ~ , .... ' 
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, TABLE U 

o 

Comparison of Distance (A) and Angle (0) Averages 

of (MesCp ) 2TiS3 cm 104 with those of 

103 " 166 
[(MeCp) 2Ti(j.l-53112 (1§.) and Cp2!.=§S (ru 

,. 
47 46 73 

Distances 

Ti-S 2.413 2.425 2.435 

5-=-'5 2.041 2.056 2.060 

Ti-Ring a 
2.134 2.063 2.069 

b 3.244(3) 5···5 c 3.580 

Angles 

Ri a'Ria ng -T1- ng 136.85 (3) 132.6(2) 133.7 

• 

~ 

s-Ti-s 84.44 (9) 96.08 (3) 94.59(4) 

S-s-s 105.3(1) 109.07 (6) 104.9 
r 

( 

aRing denotes the n-C
S

H
5

, n-C
S

H
4

Me,vor the n-CSMe
S 

ligand as 

appropriate. 

b"Bite" distance of the 53 chain across the 5-Ti-S angle. 
c Not reported. 
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to the steric crowding of the permethylated cyclopentadienyl 

rings. A sirnilar change was observed for CP2TiC12 (Cp-Ti

Cp angle 130.92°, CI-Ti-Cl angle 94.54 0 )438 and (Me
S
CP)2-

TiC12 (with corresponding angles 137.4 0 and 92.94°, re

spectively) • 444 The crystal structures of (Me
5
J::p) 2TiC12 444 

and (Mes Cp) CpTiC12 466 revealed staggered, planar 'IT-bonded 

Cs rings with the methyl groups bent out of the Cs plane 
o 

away from the metal atorn [up to 0.49 A out of plane for 
o 

(MeSCp)2TiC12 a~d 0.04-0.11 A for (MeSCp)CpTiC12 ]. Similar 

features were found for 47.
465 

Ip the complexes ~, 

(MeSCp)CpTiC1 2 , and (MeSCp)2TiC12 the maximum deviation 

occurs wi th the "backside" methyl groups (e. g.; C144, 

C155, and C255 in 47). Methyl-methyl and methyl-X (X = 

Cl or S, where appropriate) repulsions have been suggested 

as the cause of the deviations. 444 Signi ficantly, the 

central sulfur atom S2 in 47 is oriented towards the 

space between the methyl groups on carbon atoms C22 and 

C23 (Figure 15). Steric interaction between S2 and the 
• 

pseudoaxial ring R2 may contribute to the lengthening of 

the Ti-R2 distance relative to the Ti-RI distance (Tabl'e 

10) and to the greater R2-Ti-S(x) angles (x; 1,3) com-
-

pared to the corresponding angles for the pseudoequatorial 

ring RI (Table 10). In CP2TiS5 (73) as weIl as in the 

zirconi um and hafnium analogs the Cp (axial) -Ti-S (x) 

(x = land 5) angles are about 10° greater than the Cp , 
(equ~torial)-Ti-S(x) angles. In 47, this is reduced to 

t, 
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.. ~\\ 
about a 6 0 di fference (see Tables 9 ahd 10). For 73 the .. 
cause of this tilting of the CP2Ti moiety relative ~o 

the Sl-;Ti-S5 plane was attributed to close non-bonding 

contacts between the axial ring and the two sulfur atoms 

S2 and 84. 167 The Sl-Ti-S3 bond angle in 47 of 84.44 (9) 0 

is much smaller than the corresponding value of 99.3 (3) 0 

found in CP2Ti(SPh)2397 and 94.59(4)0 found in 2l. 166 It 

is quite close, however, to the s-M::>-S angle of 88.2(2)0 

133 
·found for CP2MOS 4 (~). The Cp-metal-Cp angles in 58 

and 47 are similar at 134 0 and 136.85 (3)O~ respective1.y. 

° The Sl· .. S3 "bite" distance of 3.244(3) A in 47 is much 

shor}ter than the 3.580 A value found for 73 167 which is 
- l-, 0 

clo~:<to the van der Waals distance of 3.60 A for two 

sulfur atoms. 437 In both 47 and 73 the Ti-S bond lengths 

are unequal. A similar inequali ty was observed for 

CP2Ti (SPh) 2 which does not contain a TiSx ring. The 

sulfur-sulfur bond lengths are different in !I, [(MeCp) 2-
, 

Ti()1-S3)]2 (46), and 73 but the shortest on average occur 
o 

in 47 at 2.041 A (Table Il). In comparison, the S-S bond 

o 182 
1ength in S6 is 2.068(2) A. The shorter S-S bonds in 

~ 
73 1ed to the suggestion of a degree of multiple bonding 

in thesa bonds. 166 Both the mean S-S bond distance and 

the S-S-S bond angle of 47 are close to those values found 

36 'for the alka1i metal trisulfides MS
3

, where M = Ba, 

Sr,37 Na. 81 The paramete.rs for these salts range from 

° 0 
ca. 2.05 A to 2.08 A and 106.5° to 114.9°, respective1y. 

, . - , 
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, 
Al though the transannular Ti ••. S2 distance is lon'ger than 

the Ti-S bonding distances in !Z. sorne interaction between 

the se atorns as discussed earlier cannat be ruled out. 
v 

The fold angle across the line connecting SI wi th 53 in 

47 (Le., the dihedral angle between the planes' defined by 

Sl-Ti-S3 anè Sl:-52-83) is 49°. In 73 the sulfur atorns SI, 

82, 54, and S5 are coplanar. The fold angle across the 

Sl--- 55 axi s [i. e., the .dihedral angle between the planes 

defined by Sl-Ti=S5 and 81-52-84-55 (Figure 13)] is 

58. lO . 166 The folding of the TiS 3 ring in !Z. may be a 

mechanism whereby bath torsional strain and angle strain 

are relieved in the molecu1e. The possible lDonding 

interaction discussed above could also contribute to the 

degree of folding. 
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CONTRIBUTIONSiTO ORIGINAL KNOWLEDGE 

1) An improved route to 'the complex CP2Ti (SH)2 

was found and the new .. complexes CP2zr(SH)2 and (CP2zrs)2' 

were prepared,. 
. 

2) Treatment of these bis (hydrosulfido) compounds 

with transfer reagents of the type >N-S -N<, where >N = 
x 

( benzimidazblyl, phthalimidyl and x = l, 2, gave the metalla-

fJ ... 

cyclohexasulfanes CP2MSS' Anhydrous lithium polysulfide 

solutions prepared in ~itu reacted with the dichloro species 

'CP2MCl2 to form the CP2MSS 'complexes where M = Ti, Zr, and 

Hf. The corn~lë*es CP2MSeS were also prepared in the same 

way. Thus the tendenéy to forrn an, MES ring is charact~Fistic 

of the CP2M residue and~is not affected by the preparative 
-route. 

3) The. cornpounds CP2MES' where-M = Zr, Hf and 

E = .S, Se are new. ..) ~ 
Il. • 

4) The energy ~riers to MES ring reversaI in 

the complexes CP2MES' ~re M = Ti, Zr, Hf and E = S, Se, 

folLow tl1e 0r:der Ti > Hf > Zr and Se > S. The complexes 

(MeCP)2TiSS and (Me3SiCp)2TiSS have slightly lo~er barriers 
~ 

w than ?P2 ':iSS', Ho~ever, the new rnethylene-bridged ~ompo"und 

CH2CP2TiSS has a mUrh lower barrier. The complex (MeSCp)-

CpTiSS is stereochJrnically rigid up to 124°C. 

S) 

reacted with 

~he per.methylated comPlexe~ (MeSCp)2MCI2 

anhy.drous solutions of lit~um polysulfides 

• " 
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~ 

containing excess ~ulfur to give the novel metallacyclo-

tetrasulfanes (Me5cp}2~S3' These are the first complexes 

2-to contain a chelating S3 ligand. The barriers to ring 
. 

reversal follow the order Ti !:< Zr »Ii\ Hf and are much smaller 
" 

than th,?se for" the CP2MS 5 complexes. 

6) The complex CP2Ti(SH)2 reacted with thiolato

transfer reagents of the type >NSR, where >N = phthalimidyl, 

R = CHMe2 , 4-C6H4Me, and >N = succinimidyl,. R = Ph, to 
, 

give the new polysulfanes CP2TldS2R) 2 when R = CHMe2 and 

CP2Ti(SR) (S3R) when R = Ph and 4-C6H4Me. The former is 

the first example of a compound containing two disulfano 

ligands, RS 2 -. The latter are the first examples of 

complexes bearing the MS 3 R linkage. 
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