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ABSTRACf 

" Ci2Ti(CO)2' where Cp ='~5_cyclopentadien~l, reacted with RSSSR to 

( 

give the catenated sulfur complexes Cp;Ti (SR)(SSR), where R = CMe
3 , '.-' 

" 
OIMe2 , 0I2Ph, p-C6H4Me and CPh3 . These complexes, except for R = Cp~, 
reacted wi th Ph~Br to give Cp2TiBr2' PhCH2SR and PhCH2SSR as major 

\ \' I.l ~ \ 

products. Cp2Ti(SR)(SSR) desulfurized slowly in solution and rapidly in 
/' . ~ 

. the presence of ~p, giving Cp2Ti(SR)2 and ~PS, in additi~n to other 

~pecies. Similarfy, phth-SSR, where ph th. == phthalimide, oxidatively 

--.._ Cp2Ti(X}(SSR), where X = phth and R = CMe3 " 

OIMe2 , CH2Ph and p-C6H4Me. Solvolysis by MeOH and EtOH gave the species 

whère. X = OMe and OEt. In a similar manne,r Ph'3CSSCl added )to Cp2Ti «(X»2 
, , 

to give Çp2Ti(Cl)(~). Treatment of Cp2T1(SR)(SSR} wi th 

(norbbrnadi ene)Mo «(X»4 gav,e the bridged dimers, - [Cp2Ti (J.L-SR)-

(JL-SxR)Mo (CO)4], where x = 1 .and 2 and R = CMe3 and CHMe2, The 

1 
.. ~ 

'<\ complexes where x = 2 contained the rare i SO-J.L-rJ -SSR ligand. In v 

,solution at low tempe ratures the brldglng thlo1ato and dlsuHano groups 
a 

'were predominantly transo1d. At hlgher temperatures, a dynamlc process 

that allowed averaging of cyclopentadienyl ring environrnents took place. 

1H NMR studies permitted evaluation of AC* for the averaglng process. 
c 

.. 
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= 11 -cyclopentadiényle a réagi avec RSSSR pour 

donner les complexes comportant un enchainement d'atomes de soufre, 

Cp2Ti.{SR)(SSR), où R = CMe3 , ŒMe2 , ~Ph, p-C6H4Me et ~. _" Ces 

~ ~ 

complexes, sauf dans le cas où R = ~, Qnt réagi avec ~Br'--J>Our , 

donner Cp2TiBr2' Ph~SR et PhŒ2SSR comme produi ts majeurs. Le 

'complexe Cp2Ti(SR)(SSR) s'est désulfuré lentement en ~olution et 

rapidement en présence d~ ~p po~: donner Cp2Ti(SR)2 ~t ~PS, en plus 

d'autres espèce~, ne façon similaire, des composés du type phth-SSR, où 

phth = phthalimide, se sont ~ditionnés de façon oxydhnte à Cp2Ti{CO)2 

pour donner Cp2Ti (}Ç)(SSR), où X = phth. et R = OIe
3

, aIMe2 , aI2Ph et 

La solvolyse par MeoH et EtOH a donné les espèces où X = OHe 
. , 

De même, PhC3SSCl s!.addi tionna à Cp2Ti(OO}2 pour donner 

Le traitement de Cp2Ti(SR)(SSR} avec le 

(norbornadiène}Mo(OO)4 a donné les dimères pontés [Cp2Ti(IJ.-SR)­

(J,I.-SxR)Mo(CO)4] où~ x = 1, 2 et R = OIe3 et <lIMe2 , Les complexes 'où x = 
2 contenaient le rare ligand lli-Il-111-SSR, En solution à de basses 

températures. les groupes pontants thiolato et disulfano sont transoïdes 

de façon p~édominante, Aux plus hh.utes températures, un processus 

dynamique permettant l'obtention d'un signal moyen pour l'environnement, 
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des anneaux cyclopentadiényles s'effectue. 
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pérmis l'évaluation du ÀG~ de ce processus. c 
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In times past, sulfur was regarded as a product of the Gods. In 

the ~ook of Genesis, XIX, 24 ·we read: "Then the Lord poured down on 

Sodom and Gomorrha sulphur and IUre from the Lord out of heaven"l. The 

Gr~ek word aé~OV means sul fur and God. 

Contemporary Urst exposure' to sulfur often cornes from the 
D 

unappealing aroma of certain sulfur compounds. The sensitivity of the 

human nose to low molecular weight sulfur molecules may be due to 

natural selection, which developed this olfactory sensitivity as a way 

of . protecting against the consumption of decaying food. Sorne of the 

"2 
products of biological decay' are volatile sulfur compounds Defense 

secretions of malodorous sulfur compounds protect skunks from their 

3 predators . 

Sulfur has many effects on ourJlives. On the cellular level sulfur 

4 ls important in - amino acids and metalloenzymes . Sulfur comprises 
c 

5 6 
0.052% of the earth's cru~t making it the 16th most abundant element • . 

It often occurs in the native state and thus has been available to 

mankind throughout history. At present, over 100 million tonnes p.a, of 
6 "t 

sulfuric acid are produced, mostly from, sulfur. Other uses include: 

7 metal sulfides as heterogeneous ~talysts ; sulfuration of polyolefins 

to 'form vulcanized 8 rubber ; 

energy-conversion devices based 

other sulfur-containing 

10 sulfldes ; 

9 polymers ; 

electrlcal 

conductors 'such as tetrathiafulvalene-7, 7.8.8-tetraeyanoquinodimethane, 

Il 12 the first organic' metal and ev en construction materials .' The 

underlying function 1:n many .chemical applications Is the "softness" and 

hlgh polarizabillty of the sulfur atom. 

Covalently bonded sulfur 18 a major contaminant of nearly aIl eTude 
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3 

foud fuels l3 . This is undesirable because sulfur oxides which are 
, 14 

produced during their combustion, are a major "cause of aeid rain . 

Also, Bulfur poisons the catalysts required for 'many , industrial 
, 

reactions, such as naptba reformation7b,15 

Sulfur bas a propensity to catenate in aIl its forms16, 11,IS. Only 

carbon is superior to s\,llfur in Hs ability to combine with itself to 

form chains. The sulfur speçies, S2' bas chemical and physical 

. '19 
properties analogous to those of oxygen The bond energy in 02 i5 498 

·-1 -1 kJ mol : that for S2 is 425 ~ mol . The covalent filingle bond energy 

for 0-0 is 157 kJ mol-1 5; and for S-S i5 265 kJ mol-120. Simple 

calculations thus show that 02 is stable with respect to polrmerization 

to a singly bonded species; S2 is not and forms SS' This' difference in 

the behaviour of two Group 16 elements may be due to the low-Iying 

unoccupied 4s and 3d orbi taIs of sulfur. Sulfur also tends to expand 

its valence shell using d-orbitals21 . It is widely believed that th: 4s 

and 3d orbitaIs participate in bonding in a manner similar to that of 

the 2s and 2p orbi taIs of carbon
l9

. Double bond cbaracter can resul t 

from overlap of a lone pair in a 3p orbital with an empty 3d orbital on 
• 

22 another sulfur atom . 

The preferred dihedral angle between the two subs ti tuents of a 

slmple disulflde ls close to 90
0 

(Table 1.1). This value ls a result of 
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1 
minimization of repulsion of Ione pairs in adjacent 3p orbitaIs23 . 

TABLE I. 1: Dihedral Angles in Some xsSx Compounds 
\ 

~mpound Dihedral Angle (T) Ref. 

HSSH y 90.6
0 

,24 

~~ 84
0 

25 

, C6H5S&::.6H5 96.20 
26 

"'>S 1\ 101.5
0 o NC{ )SSSC(S)N 0 a 27 

U LI 
98.3

0 
a-S 28 8 

a Transoid conformatipn. <;) 

'i? 

t 
The barriers tQ rotation about the S-S bobd in a series of organic 

" -1 29 ! 
disulfides, ~SSR, are about 32 kJ-mol • and the f~ee~energy of 

activation increases with the bulk of (he R groups. The initial S-S 

~ l 
bond dissociation energies in a series of dialkyl p'olysulfide's, RS""R, 

, 30 31 32.-1 
where x = 2, 3 and 4, ,are approximately 285 ~ 190 and 150 kJ ~l " 

respectively. The value for the bOnd dissociation 'e,J}ergy Jn Sa i8 

131 kJ mol-1 33. The lower values for x ~ 3 and 58 can ~. eXJ.,lained by 

stabtlization of the radicals forined. by 1I'-bond resonance 

delocaliZation. as 'shown ~low23. The relative'ease of chain scission 

• 
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ln hlgher polysulfides is co~sistent wlth formation of mixtures of oi-, 
34 35 d"" I} 

tri-, and tetrasulfides by thermal or photolytic dispr~portlonation 

r 

of organlc tris~lfldes (Eq. 1.1). 

~Â or 
RSSSR --) RSSR + RSSSR + RSSSSR 

hv 

l ,~r"'_ -...1 , 

Transitlpn rnetal cations and sulfide anions are both considered to 
~ 

1 • :.{ be "soft" species ana consequently- should have an aff:il/f.i ty for one 
1 

another. This ... qua~ative approach explains at least in part the large 

number 
36 of binary metal. sulfides and the occurrence of sulfido 

. (S2-)37 ,38, threlato {RS-)39 and to a' lesser extent thioether (~S)40 .. 
1 i~ds , ln Inorganic 'and organornetallil!' confpounds .. The coordinating 

" 
ability of these ligands 15 related to the 'polarizibllity of the lone 

.40 pairs oI the sulfur atorn, which decreases in the order do 

~ ,'-

g2- > 1ts- > ~s . 

Addition of one sulfur atorn to each of these ligand 

dlsulfldo (82
2-). ""disuIfano (RSS-) , and dithioether (RSSRl\li~dS. 

However. these ligands are less common than the simpler ligands 

~ontalning one sulfur atom~ ExampleS" of compounds contalning such 

~ 

J ' 

\ 
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sulfur li~ds are shown in Table 1.2. which clearly shows the 

structural diversi ty of sulfur containing cpmplexes'. Bonding modes 

increase as fewer organic groups are attached to the sulfur atomes). due 

to the increased number~ot available lone ~ir electron~ 

TABLE 1.2: Ifuown Geometries of RS R. - 2- ",here x = 1 or 2 RS and S • x _ x x 

and R = alkyl or aryl 
~ 

Examplea , 
Structural type ,~ Rer. , 
la M-Y (CX»5Cr (SEt2) 41 

lb X Pt~r4(J.L-SEt2)2 

[~Fe(CO)2;PhSSMe)]B~ 
.... 

lIa M-~ ~ 
'S~R 

lIb R
UI';-< 1 44 /". , [Re2Br2(CO)6](J.L~ -S2Ph2) 

M 

~ 
.. 

IlIa M.....f..S-R Cp2Ti (SPh)2 45' 

R 
1 

II lb A - [Cp2Ti(J.L-~),JI°(CX»4] 46 

'- -R 4 

1 ~Re(CO)3(~-SMe)]4 IIIc 
~ 

47 

/ M 
" 

~ 

... 

.'---~~' -----
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TABLE 1.2: (cont'd) 

< 

Structural type a Example Ref. 

--
IVa M-S-S-R CpW(CO)3SS-p-CJI4Me 48 

() 

• ( " CpW(NO)(~2_SSR)R IVb "49 

~ ~, 

R 
1 

~ 

s 
1 

. 
l '1 ) 

IVe A _ M02(NC6H4Me)2{S2P(OEt)2)2S(02CMe)(isO:Jl~ -SSEt) 50,-, 
-', 

Va M-S [NbS(SCH2CH2S)(SCH2CH2~CH2S)]PPh4 51 

. (, 
~ 

Yb M-S-M [(t-BuC5H4)2Zr (Jl-S)]2 52 
.. 

Vc M-=S==~ KS.68[Mo04]O.34[Mo2(CN)12(Jl-S)].5.3~O 53 

V~ M SliiiiiiM [~r(OO)2]2(Jl-S) 54 

~ 
,"-<-

[CpTi]S(JI:3-S)6 
-" 55" Ve 

M 

t M 
1 

vr ~ ReS(CO)32(Jl4-S)4" 38 
M 

Vg * PtOs4(OO)13(P~)(Jl4-S) 56 

~ 

Vh X [(CSH4N) (CO)6Fe2]-Jl4-S-[Fe2(OO)6S(CSH4N)] 57 

C 
, 

.. 
\ 

, , 

'" 
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TABLE I.2: (cont'd) 

Structural. type Ref. 

. 
VIi 67 

" 

Vlj 6S 
,1 

a The mode of sulfur bondtng Is descrlbed only for the structural type f 

cH in teres t. II> 

~, , 

~ , 

The simplest systems are those containing thioethers which can 
~ , 

,functl'on e't ther as monodentate (la) or bidentate (lb) ligan,ds. as a 

res~lt of two lone pairs on the sulfur atom. Thioethers are relatively 

poor a-donors and 1I"-acceptor~ but a large number 'of complexes have been 
, 40 ',1) 

synthesized, particularly for Group 8-10 metals . Complexes containing 
. -

.dithioether as a monodJntate or bridgiqg ligand are companatively rare. 

Only a handful have been ~tructur~lly characterized and are represented 

by the -monodentate (Ila) and bridging (lIb) comp1exes as shown in 
\ , 

, 
',.. 

Table 1:2. Theoretlcally, 'other bonding modes should exlst for ~RSSR • 

. ~ but have no't yet been observed. ThIs may he due in part to the ease of 
• • 

S-S bond~ cleavage by 10" oxidation s~ate metals to give thiolate 

complexes
69

. In metallothioether complexes of the ~. LxM(~). where . 

M 18 a "soft" metal. molecular orbi tal ~,tions did not detect 
'\ 

" 



o 

~o 

( 

o 

10 

• <:l 

.. 
'participation of the vacant d-orbi taIs of {sulfur in metal to sulfur 

bonding70. 

Thiolate 1 igands can bind to metals in a variety of ways. The 

presence of three lone ~irs of ~lectrons on the thiolate anion, permits 
'-'-'" 

the formation of singly, doubly or triply' bound systems, as .shown- by 

structural types IIIa-c. 

Monomeric complexes of 'the, type [M{SR)x]Y- were relatively, rare 

until rec~ntly. These approximately tetrahedral species usually contain 

2-sterically demanding R group~. for example in [M{SPh)4] _ • where M III Fe. 
+ 

71 '- 72 
Cd. Zn. Mn, Co, Ni • [Ti (S-2. 4. 6-C6H2(CHMe2) 3) 4] ,anç. M(SCMea)4' 

60 73 flIïeF'e M = Mo and W • as shown b~low. Bulky groups appear to be 
• 1 

• 

p -

effective 
, 72 74 

su ch as Eq.I.2 . and 
/ 

in preventing' auto redox reactions 

(1.2) \ 

also preyent dimerization of the complexes. Numerous complexes 

co~t,aining thè chelatiDg l1gand. d hiocarboxylate. are known and are 

. , 

"'" , 

, 

\. 
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reviewed elsewhere75. A large number of cQmplexes exist which cQntain 

s' 
/t' 

X-C t .. "'s 
terminal th101~tes in association wi th other ligand types. These mlxed , 

ligand complexes have been extenslvely reviewed76. Sorne representatlve 
) ~ 

77 78 79 
examples are [(O)Mo(SR)4] • ,cis-{~P)2Pt(SR)2 • > CpW(OO)3SR • and 

Molecular orbi tal palculations by Hofftnann' et al. suggest that 

aulfur donor atorns in terminal thlolates can contribute to the stabll~~ 
[ " 

of 16 electron Metal cornplexes80. For example. the specles 

~O~'IIO)(SPb~'f"s unexpeete<! stability for a 16 eleetron sy;tem. This 

bas been contri ~ted to PD' -) d1r dona~~on 
\ 81 

an empty Mo 4dxy 'rbltal • as shownbelow . 
• A 

z 

l 
, . ·0 

1 
N 

(rom the thiolato ligand to 
.J -

J 

... 

~/ . 

, . 



o 
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A ,dominant feature of me~l thiolates is the tendancy &00 form 

bridged binuclear complexes. Co~unds such as [CpFe(a>)(Jl..;sR)]282 and 

[Cp~o2(Jl:SMe)3(OO)2]Br83 are examples of type IIIb. The sulfur atom 

. (l' 
/ 

l ' 

\ .. 

J' 
of a J.l2-br~ging th:olato l~~d Stil~ possesses a free .Ione pair of 

,eleetrons avallable for donation to 'a third metal centre. "Sueh a 

~-brldging system may be. symmetric as 1n [Re(OO)3(J.L3-SMe)T~ype 

Ille) or asymmetric as in [ZnMe(saIMe2)]8 where the Zn-S d1stance~ are 

, Q 84 
2.464. 2.489 and 2.346 A • Review articles have been published on 

, 

both doubly and tr1ply bridging thiolates and they will not he dlscussed 

3885 
fur ther here • . '~ 

- J 

The main thrust of th1s res~rch was the synthesis of" complexes 

containing the MSSR linkage. which 1s an analogue of organic d1sulf1des. 

'---... 
RSSR. This particular metallosulfur system bas been little stud1ed. 

Strueturally characterized complexes containing a lineal" MSSR system of 

, , 

. , 
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., 

... 

"-----N Of 

t ' , Cycltc systems containing an organoc:Usulfano group include the complex 

[Ni (S2Œ6HS)(S3œ6HS)J. which readily loses sulfur upon addition of 

89 
PhaP. to give [Ni (S2OC6HS)2] • 'Addition of sulf~r reforms the 

dlsulfano l1nkag,e as shown in Eq. 1.3. Labelling studies 34 uslng • S 

Ph-':"~l~, ~-Ph i'h:Jp. Ph~~iQc-Ph (I.3) V' 'S 1/8 8
8 

. V' '8' 

f ' 

conrirmed that theoq sulfur atom adjacent to the carbon atom was labile89 .. 

The comp 1 ex' (T}5~H4R)2Ti84Œ2 90 18 simllar to the titanium complex 2 
, 1 

., 



o 

··0 

\ 

f{1 
men t i oned above . 

L 

14 (' 

This cycl1c species i5 not de~lfur1zed by P~P. 

J 

The RSS-'anion can aiso bind in an ~2 mode as shown in structural· 

type IVb. Only two examples are lmown. The osmium complex 

2 91 
[05(11 -SSMe}«X»)2(PP~)2J~104 .~~) was formed by methylation of a 

92 • 
coordinated disulfur ligand • as shown in Scheme 1. 1. 

SCHEME r.l 

The tung5ten compound (~) was 

syn,~hesized by sequential insertion of sulfur into M-R and M-SR bonds, 

as shown in Scherne 1.2. The r?-SSR uni t in g ul tirnately rearranges in 

solution to form a bisthiolate complex. ~93. Both l and 2 attain an 18 , 



r'f 
'-J' 

c 

c 

R 
1 
M-R 

R 
1/8 S8, 1 . 

'/ M-SR 

liS S RI 1 
----g>~ ;;, 2-

M -SI{ 

M = CpW(NO) 

SŒEME t..2 

R 
_$ 

-) l' 
M-SR 

,_ electron configuration via side-on coordination of the r?-SSR ligand
94

. 

Interestingly in 1 the Os-S2 bond distance (2.426 X) is ·shorter than 
, . 
~ 1 91 9 2 

that the Os-S distance (2.442 A), whereas in 2 the W-S distance 
, 

(2.479 A) is longer than the W-S1 distance (2.452 A)49. An iso-J.l411-SSR 

configuration bas been postulated for a molybdenum dimer
50

, as shown in 

structural ,type IVc in Table 1.2, and 15 the only one of i ts klnd. 

Unfortunately, a structural analysis has not been publ1shed. Other 

i. 
possible éOnfigurations of organodisulfano grotlps, as yet unreported, 

are possible due to the number of Ione pairs on the RSS- ligand. 

A single sulfur atom can act as a two (Va-bl. four (Vc.Ve.Vg) and 

six (Vd.Vf.Vh-i) electron donor. which results in structural diversity37 

and preference for cluster compounds. "The su~fur ligand may bond from 

one metal (M=S) ~to five met~l atoms (~(~5-S», 

! In counting electrons al! bonding partners are regarded as neutral 

particles
38

. For <exarnple. structural type Vf cari be consider,~d as a MSM 

J~ analogue of organtc sulftde~~RSR. with the two remaining l~ne pairs on 

S acting as two electron donors to each of the other two metai centres. 
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The sulfur atom 1s therefore a six electron donor. The sulfur atom in 
. 

type Vg 1s considered as a four electron donor wi th a lone pair of 

58 '\ 95 electrons . This is similar to SF4 . The lone pair in type Vg aets 

F~, 

\ 

...... \~T> 180· 

FI\lIIIIIIoSC)\ --,...... -/ 

FP 1 / 
F .......... / 
. !) 

as a Lewis donor to form the unusual complex. O~5(CO)15(~5-S)-

[W(CO)4(PPh3)]. in which sulfur 'ls in its highest known coordinative 

58 state • as shown in structural type Vi. The number and variety of 

, 
Os (CO)3 

Sulf.~O° speeles ar~ leglon. The ~eader ls directed to several rev1ews 

.. 
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.' 

for further details37 •38 ,40,96. è 
l 

Finally, the dlsulfldo group is discussed, which bas a staggering 

97 nurnber of poss i ble binding modes (types Vla- j) many of which are 

, - 2-
extensions of the basic structures exhibited by RS and S complexes. 

x 

The simplest system 15 side-on-bound S2 as shown in the complex 

+ 98 [Ir (dppe)2S2] . It' is proposed that the~2 group binds to the metaI 
• 

centre by (7 overl~ of a metaI dZ2+PZ hybrld wi th S2 vII and pa orbi ~ls. 

, * ' 
and by in-plane v over lap of a S2 11"11 orbi tal wi th a metal Px +dxz 

hybrid99 • as shown in an approxima te manner be low. 

y f 

z 

* .". overlap, v" -) Px+dxz ,. 1 

Thus there appea~s to be no need tô invoke S d-orbitals to explain M-S 

bonding in many MS . MS R or MS R_ . x x x--:2 

contrast' to the bonding betl!reen two 

14/ 
moieties. where x = 1 and 2. in 

, " sulfur atoms. A. large number of ' 

disulru~~lexes are described in the excellent article by ~ùller ~ 

~ Long\r Sx
2

- chains. where x > 2 occur in transi tion metal 

• 
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• 

. 18 
polysulfides. and have been the subjpct of intense study . COmpounds 

101 102 
such ~as (NH4)2Pt(S5)3'~0 and Cp2TiS5 have been crucial in 

stimulating research in thls field . The area bas been recen t ly . 
é 103 

reviewed . , . 

s- =-s 
\ . \ 

s s ~ 
\ \/~S/j 
S~"P\ ~S 

, s 

! -; VS 
. , 

... 

( 

,. 
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Scope or the thesls 

This wo~k introduces sorne novel synthe tic methods for the formation 

of' JtfSSR spec1es. Bis(~5_cyclopentadlenyl)titanium(IV) systems aT~ 

, st~dle\ bècause of the stabil1ty of compounds of the type Cp2Titr, and 

because of the availabillty of Cp2Ti(OO)2' a weIl ~own precursor to 

Cp2T-iexy) complexes' via oxidative-addition reactions. Cp2Ti(CO)2 reacts 
\ 
\ 

with RSS~:"t~~ive Cp2Ti(SR)2' The reactions of Cp2Ti(0)2 wi th organic 

compoun~ con taining , RSS-SR. RSS-N and ~-CI bonds ta produce the 

desired ~ano linkage, are reported. The relevance of these 

products to other organometallic and .inorganic sulfur containing 

complexes ls discussed. The reactlvity of the TiSSR group with selec}ed 

nucleophiles and electrophiles is assessed. Useful methods for \he 

cbaracterization of metallo~lfur systems are reported. The reactions 

<of these systems wi th other complexes, leaciing to brldged dimers, are 

aIso described. 

J , 
1 

. -; 
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\ 
Introduc1; n' ./ 

( 
complexes containing a l1near catenated sulfur 1 ignnù 

o 
Cie. RS'-., where x > 1) have been prepared. This may in Part be due to fi 

.. X 

Iack of suitable synthetic approaches. since the analogous orgnnic 

species. RS R. where y = 1 - e are common1 
y. 

Recently the complcx('n. 

CpW«X»3SxR. where x = 2: 3 and ~R .= Œ 2Ph. p-C
e

H
4

Me. wcre prcpurcd by" 

reaction of the sulfur-transfer reagent RSx:ïirnide wi th CpW«X»3SI~. In 

a similar manner CP2Ti(SH)2 gave Cp2Ti(SSCHMe2)2 and Cp2Ti(SPh)(SSSPh). 

the latter a product of' a rearrangement and contuining the only 
te. ,y 

strueturally characterlzed organotrisulfano ligand3 Reeently an ulkyl 

disulfano eopper{II) species (CuSSR) was isolated during model studios 

4 on the possible bonding modes in certain copper(II) \cnzymes Thc 

complex CpW(NO)(~SiMe3HSSŒl2SiMe3)' which contains an l-,2-SSR ligand. 

5 
was recently prepared by insertion of elemental sul fur into fi W-C bond . 

The bisthiolato complexes, Cp2Ti{SR)2' where R = alkyl, "uryl and 

PCy2' have been made by oxidatiV'e-addi tion of RSSR (2) to Cp2Ti«X»2 

(1)e, 7 and by other rnethods8 . Sulfur-sulfur bond cleavagc also oceurs 

9 ' 
in the" oxidation of 1 by Ss to give Cp2TiS5' Therefor~ i t seemed 

reasonable to treat 1 with organie trlsulfides, RSSSR (~). as a route to 

complexes of the type Cp2Tl(SR)(~). 

1 

i , , 
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ExDelilleDl:A1 , 
Reagents 

{ 

and Solvents 

AIl manipula,tions were carried out under an atmosphere of 

prepurified ni tro~en (Union Carbide) using standard techniques for 
~ 

handling air sensitive 
10 compounds • 1;lnless otherwise stated. AlI 

° solvents were reagent grade with hexanes (bp 68-70 Cl. diethylether and 

toluene belng refluxed over sodium/benzophenone. and ~C12 being 

X refluxed over P205' AlI solvents were freshly distilled under N2 just 

prior to use. The NMR solvents C6DS. CIX::13 and CD2Cl2 were -dried over 

, 

. molecular sieves (Linde 4 X). Benzylbromide (Kodak) was disdIIed: the 

fraction boiUng at lOO-107°C (41 mmHg) being retained. Phenyllithium 

(2.0M solution in cyclohexanelEt20). 4i~12 and the compounds 

di(tert-butyl)sulfide. di(isopropyl)sulfide. d)benzylsulfide.' dibenzyl-. 
disulfide. di(p-tolyl)disulfide. dibenzyltrisulfide (3c) and 

triphenylphosphine (Aldrich) were used as received . Di (tttl-butyl)-
. 

disulfide and di(isopropyl)disulfide (Fairfield) were also used as 

~ Il 
received. The unsynmetrical sulfides ~Ph. where R = OIe3 (7a) and 

12 13 OIMe2, (7b) • were prepared by a. standard method . The triphenylrnethyl 

subSt1tu~~/~ompounds PhaŒZ. where Z = H. ~ and SCPha. were kindly 

~ Mr. Olarles Williams. Di(isopropyl)trisulfide (3b) and 

d'i(p-;tolyqtrisulfide (3d) were prepared by an extension of the route 

previously reported by Harpp et al. 14. The yields of trisulfides were 

6'lX for 3b, (via benzimidazole). and 64% and 59% for 3d (via 

benzimidazole and 1.2.4 triazole. respectively). The compounds 

di (triphenylmethyl) trisulfide ,(3e). di (!ru:.!-but yI) trisulfide (3a) 15. 

,) ) 
, 

, 

~ 

)Jo. 
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16 
trlphenyl~ethylchlorQdlsulfide and the complexes Cp2Ti(SR)2' where R ~ 

CMe
3 

{Sa}17, éHMe
2 

(5b}17, ~Ph {5c}8c and p-C
6

H
4

Me {5d)8c, wero 

pr~pared by literature rnethods. 'R~Ti«(X)}2 (l). where R = H und Me, 

18 were syntheslzed by the rnethod of Demersemen et al. . 

Reaction products were identified in the following ways: orgnnic 

sulfides by means of cornparison of GC parameters and NMW- spectra to 

those of authentic sarnples and where appropriate by m~ans of their 
~ 

GC-mass spectra; disulfides by their GC-rnass spectra; triphcnylphosphino 

sulfide and Cp2Ti (SR)2 by comparison of the NMR and mass spectra to 

• those of authentic samples. 

Thin layer chromatography was performed using BDH 150F254 aluminum 

sheets. Deactivated alumina used for column' èhromatography was prepared 

by a published methodSa using ac·tivated alumina (Anachemia 80-200 mesh). " 

Physical Measurements 

1 H NMR spectra were measured on a Varian XL-200 spectrometer and 

data are reported in ppm relative to l'MS as an internaI standard and 

are considered accurate to ± 0.05 ppm. AlI NMR spectra were measured at 

o 
~bient temperature (19 C ± 2). Gas chromatography (GC) was performed 

& 

on a Shimadzu GC-8APF instrument equip~ed with a flarne tonlzation 

detector. ' The caplllary column used was of 30 m x 0.25 mm I.D. wi ~h a 

1 J.lIIl film of Polymethyl- (5% Phenyl) Siloxane (coating (A» bondcd on 

fused sil ica. 

100 
o 

to 260 C. 

. 
o 

The temperàture was raised at the rate of 20 C/min from 

wi th a column N
2 

flow rate of 0.5 mL/min. Gas 

chromatggraphylMa.ss spectrometry ms carried out on a Hewlett-Packard 

5984A spectrometer with a 2m x 2mm LD. 6% OVI01 Chromosorb WIHP column. 

\ 
) 
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) 

or on a Finn1gan Model 700 Ion Trap Detector coupled. to a' Varian 3500 

Gas Chromatograph (Columri' 30 m x 0.25 mm LD. wi th a 0.25 J.l.I1I film of . 
coating {A} on fused silica). Mass spectrometry was performed by direot 

C inlet at 70 eV on a Hewlett-Packard 5984A or on a DuPont 21-492B 

o 0 
spectrometer using ion sources at 210 C or 250 C. respectively .. Spectra 

are reported as: m/z. assignrnent. rel. int .. 

Visible spectra were recorded on a Unicam SPSOO UV-visible 

spectrophotometer. Infrared spectra were measured using a Perkin-Elmer 
, . 

457 or 297 spectrometer calibrated using the 1601 -1 cm bailli of 

-1 
polystyrene. and are reported in cm AlI reactions of RCp2Ti(CO~2 (l) 

wHh organic ~risulfides were monitored. by following the decrease in 

, intensity of the characteristic CO bands of 1 in the IR spectrurn of the 

reaction solution. 

Mel ting points were determined in seale~ tubes under vacuum on a 

Thomas-Hoover Melting Point Apparatus. and are uncorrected. Elemental 

analyses were performed by Spang Microanalytical laboratory. Eagle 

Harbor. Michigan.~ 

. 5' ~ 

Preparation of Bis(~ -cyclopéntadienyl)(~-butylthiolato)(~-butyl-

disulfano)t1 tanium(IV). Cp2Ti(SOIe3){SSC'Me3) (~). 

(Me3C)2S3 (3a) (4.99 g. 23.7 mmol) was added to a solution of 

Cp2Ti(CO)20 (1) (5.32 g. 22.7 mmol) in t~luene (80 ml). The reaction 
/ . 

> 

mixture was stirred for 45 h to give a very intense emerald green 

solution. which was stripped ta dryness. A NMR spectrum of the residue 

indlcated that 4a accounted for 96% (integrated intensity) of the 

" cyclopentadienyl containing products. The only other product was 

.' 

j 



,,----~~ - , 

o 

" 

o 

34 

Cp2Ti {SCXe3)2 (§!!). The residue was extracted 1fi th hexanea (10 )C 50 mL) 

and the ~lume of the fil tered extracts was reduced to 100 mL.. Sl.ow 

o 
cooling to -78 C gave an intensely emerald green powder (5.33 g. 60%. mp 

o ' 
85-87 C (dec}). 

.} 

Anal. (X): Calcd. for C18~S3Ti: C. 55.65: H. 7.26; S. 24.76. Found: 

,C, 55.71; H. 7.37; S. 24.72 .. 

1H NMR (CeDe): ôs:Jr (s. 10H. 

9H. SSC(~)3}' 

1H NMR (CDCI3): 66.20 (s. 10H. CSH5).' 1.46 (s. 9H. SC(CH3)3)' 1.32 (s. 

9H.' SSC(~)3} . 

1H NMR (~2C12): 

9H. SSC(~}3}' 

\ 
66.19 (s. lOH. C5H5). 1.43 (sI 9H. sc(œ3~3)' 1.32 (s. 

- \ ~ 

IR (KBr): 
1 . 

3080 (m). 2950 (s. br). 1435 (m). 1354 {ml. 1150 (s). 1008 

(m). 800 (s). 640 (s. br). 580 (s). 420 (m). 

MS (~ C.!.): 

4.8}. \. "~ 

Visible spectrum. À
max

{CH
2

C1
2

) = 570 nm (é 3.30 x 103 L mol-lcm~l). 
~, \ 

5 \ 1 

Preparation of Bis(~ -methylcyçlopentadienyl)(~-butylthiolato)(~-

butyldisulfano)titanium(IV}. MeCp2T1(SCKe3}(SSCMe3} (4a')~ --------------------_____________ ~ __ ~~ _____ ~_~,~-- ! 1 

MeCp2Ti(CO}2 (1.99~. 7.59 IIInOl) was added to a solution' of ~ 
~ .' \) 

(1.e7 g. 7.94 IIIOOl) in toluene (40 ml). As above. a residue es 
:;s 

obtained which showed a NMR spectrum in which 4a' accounted fo'r 94% of 
1 

the rnethylcyclopentadienyl containing products. Extract10fl of the 
/ , 

residue with hexanes (4 x 20 ml). ,concentration. and slow ~holing to 

o • 
-78 C. gave an emerald green-.powder. The supernatant was decanted and 

\ 

/ 

( 
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o 
the powder dried under vacuum at -78 C. The powder was washed wi th 

• 0 0 
hexanes (2 x 5 ml) at -78 C, and dried again at -78 C. Warming the . 

cs 
produc t ,to -20 C gave a vi scous 0 i 1 (0.95 g, 30%). A secontl crop was 

similarly ob~ained from the super-na tant (1.S0 g, 47%) and was used as 

the analytical sample. 

Anal. (X): Calcd. for C20H32S3Ti: 

C. 57.60; H. 7.76; SI 23. 16. 

C, 57.67; H, 7.74; S, 23.09. 
~ 

Found: 

IH mm (C
6
D6 ): 66.13 (m. 2H. CSH4 ). 6.06 (m. 2H. rCSH4). S.96 (m. 2H. 

"-< 

C5H 4) • 5.70 (",. 2H. CSH 4), 1. 90 (s. 6H. C5H 4~) , 1. 70 (s, 9H. 
t' 'h 

SC(CH3J3 ), 1.44-(s, 9H. SSC(CH3)3)' 

lH NMR (toluene d8): re.os (m,_.2H. CSH4 ) , 5.97 (m. 2H, CSI:I4 ) , 5.90 ftP' 
i~ , 

2Hoi C
S

H
4

) , 5.64 (m, 2H, 'C
5

I-T4). 1.89/(5. 6H, C5H4Œ 3 ), 1.63 (s. 9H. 
~ 

SC(CH3 )3), 1.39 (s: 9H. SSC(~)3)' 

IR (KBr): 2910 (m) .• 1441 (w. br). 1360 (m). 1148 (m). 1~29 (w. br). BOO 

(s). 642 (m. br). 589 (5). 418 (vw. br). 
, -,.., 

MS: 415 (M+· _Ho. 2). 295 +" 0 (M -C
4
HgS

2
, 24). 271 

+- •• 
(M -CSHI8S +H • 3), 

+. "" 239 (M -G8H1SS
2 

-H. 14). 
o:l +_ •• 

225 (M -CaH1SS2 -ai • 
+. 

4), 210 (CgH18S3 • 

49). 

'" 
Preparl;1tion of BiS(T}5_cyclopentadienyl)('lsopropyl thiolato)(isopropyl-

( 

disulfano)titanium(IV). Cp2Ti{senMe2)(SSCHMe2) (iQ) 

(Me2Œ}2S3 (3b) (0.30 g. 1.65 nunol) in toluene (10 ~). -was added 

via canula to f solûtion of 1 (0.29 g. 1.24 nunol) in toluene (50 ml) and 
~ 

the resul ting solution was stirred for 16 h to give a deep purple 

-
solution. A 1 ml sample of this solution was stripped to dryness and 

the NMR spectrum of the residue indicated that 4b accounted for 93% of . -



o 

1 
the Cp containing products. 

lH mm (esDs): 65.81 (s. lOH. C5H5 ). 3.7,,6 (<;eptet •. lH. J =.,.6.6 Hz. 

'" '" ~ 1 

SaI). 3.11 (septet. 1ft. J = 6.8 Hz. SSCH). 1.46 (d. 6H. J =~.6 Hz. 

SŒ(%)2)' 1.34 (d. 6H. J = 6.8 Hz. SSŒ(CH3 )2)' 

The assignment of methine and methyl resonanccs in the NMR spectrum of~ 

4b was èonfitmed by decoupling experiments. Cp2Ti(SCHMc2)2 (5b) (ô5.'75}c 
c. 

.' and Cp2Ti(SSCHMe2)2 (6b) (CS5.8S) made u~ 3% and 4% respectively of the 
1 • 

total integrated intensity in the Cp region and were nssigned ~sed upon 

their Cp and isopropyl resonance'. which were identical to those of 

17a authentlc samples or li terature values . A pure sample of 4b could 

not be obtained due to persistent contamination wi th 5b and 6b aCter 

attempted purification. 

5 
Preparat~on of Bis(~ -cyclopentadienyl}(benzylthiolato)(benzyl-

disulfano)titanium(IV}. Cp2Ti {SCH
2

Ph}(SSCH
2

Ph) (1&) 

(PhŒ2)2S3'. (3c) (0.75 g. 2.69 mmol) in toluene (10 ml). was added 
() 

via canula to a solution of l (0.63 g. 2.69 mmol) in t~luene (50 mL) and 

o 
the resul ting solution was stirred for 43 h at 12 C. then allowed to 

rise to room,temperature to give a deep purple solution. À NMR spectNUm 
. ~ 

of the residue obta1ned upon drying of a 1 ml sample of this solution 

indicated that 4c accounted for 81% of the Cp and ŒI2 conta.ining 

products. 

lH mm (C
6

D
6
): 67.44 - 7.03 (m. lOH. C6H

5
). 5.71 (s. lOH. C5HS )' 4.39 

(s~ 2H. ~). 3.94 (s. 2H. ~). " 

The complexes Cp2Ti(~Ph)2 (Sc) and Cp2T1(~Ph)2 (6c) [lH NMR 

(C~6): ô5.72 (s. 10H. CSHS)' 3.97 (s. 4H'w, ~). phenyl reglon 
l 

\ 

\ 



( 

( 

37 

obscured] made up 14% and 5X; respectively. of the total integrated 

intensity in the CH2 region. A pure. sample of 4c could not be obtained 

~ue .to persistent '-----contamination wi th Sc and 6c after attempted 

purification. 

5 . ' 
Preparation of Bis(~ -cylcopentadienyl)(4-methylphenylthiolato)-

(4-methylphenyldisulfano)titanium{IV). CP2Ti(S-p-C6H4Me)(SS-p-C6~4Me) 

(4d) 

(p-C6H4Me)2S3 (3d) (0.27 g. 0.97 mmol) was added to a solution of 1 

(0.22 g. ~94 mmol) in toluene (20 ml) at -20°C ana the SOlutiO~, s e:J 
o ° stirred at -20 C for 9 h and then for 12 h at 5 C. The deep pur le 

solution was stripped to dryness (~ room temperature. A NMR spectrum of 

the residue showed that 4d accounted fpr 84% of the Cp containing 

products. The only other signal in \ the Cp region was due' to 
\ 
\ 

Cp2Ti (S-p-C6H4Me)2 (5d). The residue was ext:acted with CS2 (25 ml) at 

° o C and the solution was filtered through Celite into a receiving vessel 

The sol ven t was 
o 

stripped at 0 C and the residue 

recrystallized from Et20 (40 ml) at -20°C to g1ve deep purple 

° microcrystals (0.069 g. 16%. mp 136-138 Cl. which were stable to air fot 

shor t periods. 

Anal. (X): Calcd. for C24H24S3Ti: C. 63.14: H. 5.30; S. 21.07. Found: 

C. 62.83: H. 5.50: S. 20.84. 

IH mm (C6D6 ): 67.64.1- 6.98 (m. 8~. C
6

H4). 5.77 (s. 100. C
S

H
5
). 2.11 

(s. 3H. S-P-C6H4~)' 2.03 (s. 3H. SS-P-CeH4aI3)' 

IR (1<Br): 3104 (w). 3010 (w). 2920 {w}. 2S6O (w). 1486 (m}. 1440 (m). 

Il: (m), 1014 (m), 830 (s), 821 ~), 812 (s), 504 T' .488 (w). 

, ' 
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c. 
Preparation of Bis(~5_cyclopentadienyl)(triPhenylmethylthlo1ato)- • 

• 4,1IJ , 

(triphenylmethyldisulfano)titanium(IV). dp2Ti(SCPh3)(SSCP~) (~) 
\ ~ r G- •• .. 

(Ph:3C)2S3 (3e) (0.68 g.' ,1.17' nlnol) was added to, 1 (0.27-~. 

DIOOl) in toluene (20 mL) and the solution was stirred for 32 li. 1 

clark brown solution wa~ stripped to dryness. A NMR spectrum of 

residue showed that 4e accounted for 34% of Cp containlng products. 

1.15 

other producfs were unidentified. Chromatography on ~etivat~d alumina' (2 

x 20 cm). eluting wi th 1:9 Œ2C12 :hexanes. gave a colourless orgen1e 

fraction and a slower moving purple band. Elutlon wlth ~C12 gave th~, 

purple band which was stripped to dryness and washed with hexanes (2 x 2 

mL) '0 give the product (0.11 g. 19%. mp 

Anal. (X): Calcd. for C4SH40S3Ti: C. 75. 

C. 75.65: H: 5.49: S. 12.53. 

7: H. 5.30: S. 12.64. 

-lH NMR (C6D6): 07.74 - 7.10 (m. 3OH. C6H5 • 5.44 (s. 10H. C5Hs). 

Found: 

lH NMR (acetone d6): ô7.50 - 7.26 (m. 3OH: C6H5). 5.78 (s. 10H. C5H5). 

1H NMR (CI:>S13): 07.50 - 7.21 (m. ~H •. C6H5 ). 5.63 (s. 10H. C5H5 ). 

IR (KBr): 3045~. 2944 (w. br),' 1482. (w). 1,468 (m). 1258 (w), 1076 
, 1 

(m. br). 1016 (m. br). 817 (s). 739 (m). 696 (s). 614 (w). 496 ,(w. br1-. 

+- • +. • +. • 
MS: 759 (M -H. 0.42). 626 (C44":3sS2 -H, 0.2). 54S (C ~S2 -2H • 

- t ., +. 
0.52). 409 (C3:tI2s . 1.25). 

Reaeti0r: of Cp2Ti«X»2 (1) wi t~ ~ŒSSOIe3 (af.> 

, 3f (0.19 g. 0.48 Il1)101) was added to a solution of 1 (0.11 ,. 0.47 

.. 
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1lIII01) and tM solution was stirred for 2S h. The dark green solution 
,JJ '; 

was Jstripped to ~~ess and a NMR of 
'l 

the residue showed that 

Cp2T1(~)(SSCMe3) (4f) and Cp2Ti{SCMe3H~} (1g) accoupted for 

45% and 4% respectively of the Cp containing products. 0 The remainder of 

the Cp region consisted of a broad band from 67.0 - 5~6 ppm due to 

un1dentified products. Flash chromatography on activated alumina (1 x 

~ cm), eluting with 50:50 CH2Cl2:hexanes, ~ve a single turquois~ ban8. l 
,Thls band was collected and stripped ~o dryness and the NMR spectrum of '" 

p 

the res1due (0.026 g) showed tbat the mixture consisted of: 4f w~h 84% 

l ' . of the Cp region 1ntegl'ated intensity, H NMR (C6D6): 65.65 (s. 10H, 

C5H5). 1.41 (s. 9H. CHJ): and 19 wi~h ,16%, IH NMR (C6D
6
): 65.69\ (s, 

! 

10H. CS"s)' 1.71 (s. 9H. CH3). The phenyl regions were overlapping. No~ 
1 _ 

Iurther ~ttempts at seperation and isolation of the produets were made. , 

~eaction of Cp2Ti(OO)2 ~1) with RSSSR (~) in Refluxing Toluene 

" " 

S1nce a, simllar procedure was followed for R = CMe3 (~). 

(.ah), Œ 2Ph (3e) and p-C6H4Me (3d), only one example, R = p-C6H4Me. is 

described in detail. A solution of 3d (0.24 g, ,0.86 mmol) in toluene 

(20 ml) was added via canula to a solution of 1 (0.20 g, 0.85 mmol) in 

toluene (50 mL). The reaetion mixture was refl~d for 1.5 h after 

which the presence of a mixture of Cp2Ti(S-p-C6H4Me)2 (Sd) and 

Cp2Ti(S-p-C6H4Me)(SS-p-C6H4Me) (4d) was detected via TLC analysis. The 

solution was refluxed "for a further 4 h to give a red-purple solution . 

A 2 ml sample was removed by syringe and was evaporated to dryness. The - , 

NMR speetrum (C6D6) of the residue indicated that 5d n~w accounted for 

96X of the cyclopentadienyl resonances. the remainder being due to 4d. 
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Similarly ! and 3b after refluxing for 74 h gave a solution 

consisting ~f Cp2Ti(SCHMe2}2 (Sb) (85%) and Cp2Ti(SCHMe2){SSOlMe2) (.1Q) 

(8%), in ~ddi tion to other unidentified species\. 

R - CH~. ! and ~ after~ refluXing for 15 h gave a solution eonsisting 
l' " 

of Cp2Ti(SOI2Ph)2 (5e) (SS%) and Cp2Ti(SCH2Ph)(SSŒ2Ph) (4c) (12%). 
, 

R = CMe3 . ! and 3a after refluxing for 67 h resulted in un emernld 

green solution consisting predominantly of (Me3C)2Sx (x =' 2. 3) and n 
., 

species with a very b~oad resonance in the region 67.0 - 5.0 ppm. Bands 
Q 

assigned to traces of Cp2Ti(SCMe3)(SSCMe3) (4a) and Cp2Ti (SCMe3) 2 (~)~ 

were detected. A substantial amount of brown powder was present as n 
".. 

precipi tate 

Anal. (X): 

'Found: C. 

(0.24 g. ~8%), which was insoluble in toluene d
S 

or COC1
3

• 

C'alcd. fo~ Cl0HlOSl!.501ïO.80! C. 55.45: H. 4.65: S. 22.20. 
f 

55.42: H. 4.88: S. 22.23. r< 
! \ 

o 
Reaction of Cp2Ti«X»2 (1) ~i th (PhŒ2>ê (~,) in Toluene da nt 80 C 

". , A NMR 'sarnple was prepared eontaining ! (41 mg. 0.18 nunol) and 3e 

(52 mg. 0.19 mmol) 
o 

in toluene da and was heated at 80 C for 48 h to give 

A NMR spectrum gave bands due to CP2T1(SCH2Ph)2 (~) 

(45%). Cp2Ti(~Ph)(~Ph) (4e) (21%) and a very broad band of 
-

cyclop ntadienyl. resonances (34%) in the rnge 66.5 - 5.9 ppmw'l 

Ther 1 1 Desulfurization of Cp2Ti (SCH
2

Ph}(SSCH2Ph) (~) 

( The complex l (1. S2 g. 7.77 mmo 1) and (PhCll2 ) 283 (3c) (2.21 g. 

\ 0 
7.94 mmol) were reacted. as described earI1er. in taluene at 12 C to 

glve (NMR analysls of -l~ dried al iquot 
( - Î' 

(28% by Integration 

mixture .of 

of the Cp region). 

\ ,) 

.. 

• 
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), 
Cp2Ti(SClI2Ph)(SSCH2Ph) (4c) (58%) and Cp2T1(~Ph)2 (6c) (14%). 

,,1 thout resiqual 1. The toluene solution was athen refluxed for 42 h. at 

whlch point nei ther 4c nor 6c could be detected by NMR. A band due to 5c 

(SO%) was the major resonance in the cyclopentadienyl region. -" in 

addition to a broad band from 156.4 - 5.S ppm (20%). The solution was 

stripped to dryness. dissol,,-:,ed in 1: 1 hexanes :~C12 and applied to a 

colurnn of activated alumina (4 x 30 cm)., Elution with hexanes (1.5 L) 

gave a colourless Jractton which was stripped to dryness (0.20 g) and 

was Sh~ ~Y NMR to contain (PhCH2)2Sx' wHere x = 2 and 3. Elution with 

~C12 gave a red-plltple band which wa~ collected. stripped to dryness 

and then washed with pentane (5 x 100 ml). to give pure Cp2Ti(SCH2Ph)2 

(Sc) (1.39 g. 42%). The pentane washings were stripped to dryness 

w1 th traces of (Ph0l2)2S3' Specifie attempts to 

aIl of thé fractions collected. were unsuccessful. 

\ 

Desulfur:ization of Cp2Ti (SR){SSR) (~) by Ph:3P 

.; 

S8 via TLC in detect 

,\ 

7E 
Two NMR samp.les. A and B. were prepared in C6 D

6 
for each of 4a,-e 

( to luene dg was used for 4d). For R = OIMe2 ( 4b). Cll2Ph (4c) and 
\-

p-C6H4Me (4d) the samples were generate' id situ. For R = CMe
3 

(4a) and 

CP~ (4e) pure samples were used. 

A slight, excess of one equivalent of Ph
3

P was added é to sample A. 

The NMR signaIs due to 4a,-d decreased in in~~nsi ty over several clays , 
~ . V 

concomitant with\ the 1ncreas~;J'in intensity of peaks due, to Cp2Ti(.SR)2 ~ 

(~), and P~PS. None of the starting complex could be, detected for R 

li" = OIe3 after '11 days: OIMe2 after 12 clays: ~Ph after 3 clays; and 

f 
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1 day. For R = CMe3 , aCter Il days the cyclopentudienyl 

~ 
signals due to Cp2Ti (SR}2 (~) > accoun,ted for 22% of, the intcgratcd 

intensity in the Cp region, while a broad resonance in the rcgion 66.0 -

5.9 ppm accounted for the remainder. .For R = OIMe
2

, a simi Inr rC5ul t 
, 

was obtairied. For R = CPh:3' after 3.5 daY,.s the NMR signaIs due lO the 

starting material had decreased (9%) concomi tant wi th formation of n 

broad cyclopentadienyl resonance (91%) in the region 66.9 - 5.6, ppm. 

Only a small amount of P~PS was detected~ 

After the same period for the B samples the ratio Cp2Ti (SR}(SSR): 

Cp2Ti(SR)2 was 5:3 for R = Œ 2 Ph , ~and 2: 1 for R = p-C6H4Me. No 
<>( 

Cp2Ti{SCHMe2){SSCHMe2) was detected after 12 days. For R = CMe3 , the 

cyclopentadienyl region consisted of a very broad signal in the region 

00.9 - 5.9 ppm (77%) and signaIs due to Cp2Ti{SCMe3){SSCMe3) (~%) and 

Cp2Ti (SCMe3 )2 (16%). For R = CMe3 and CHMe2 , in both samples A and B, 

significant quantities of R2S~, where x = 2 and 3 were observed. For R 

= CP~, in sample B after 3.5 days a precipi tate had formed and NMR 

signaIs due to Cp2Ti(~)2 (3%) and a broad band at 66.9 - 5.5 ppm 

(97%) were observed. NMR signaIs due to Cp2Ti(~)(SSCPh:3) were not 

detected. 

, 
Desulfurization of Cp2Ti(SCH2Ph){SSCH2Ph) (~) with Ph3 P, Preparatlve 

Scale 

(PhŒ2)2S3 (3c) (1.20 g, 4.31 mmol) was added to â solution of l 

(1.01 g, 4.31 mmol) in toluene (40"mL) at 12°C and the reaction mixture 

was stirred for ° ° 0 50 h at 12 C followed by 20 h at 20 C, to give a deep 

purple solution. A 2 mL al1quot of the solution was strlpped ta 
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dryness. A 
1 ~ , 
H NMR spectrum of the 'residue indicated a mîxture of 

V' 

OP
2
Tl(SCH

2
Ph}2 (5c) (38%, Integrated intensity of the Cp region), , 

OP
2
Tl(SCH

2
Ph)(SSŒ2 Ph} (4c) (49%) and Cp2Ti(~Ph)2 (6c) (13%). The 

solution contalned no residual 1. A slight excess of P~P was added to 

the reaction solution and stirring was continued at room temperature for 

3 days. NMR analysis of a dried aliquot Indicated that 5c and Pl~PS 

were the major constituents, with traces of (PhŒ2)2Sx (x = 2, 3) "also­

present. The reaction mixture was stripped to dryness. Chromatography 

on activated alumina (4 x 30 cm), eluting wi th 1:2 Et20:hexanes, gave 

two colourless fractions which were stripped to dryness and identified 

72%). Eluti...~n wlth ~Cl2 gave a red band which was collected and 

stripped to dryness giving red-purple microcrystals of 5c (1.12 g, 61%). 

Desulfurization of Cp2Ti(SCMe3)(SSCMe3) (~) by Cp2Ti (CO)2 (1) 

! (0.08 g. 0.33 mmol) was added to a solution of 4a (0.13 g. 0.33 

mnol) in toluene (10 ml) giving an emerald green solution. The 

tempe rature of the reaction mixture was raised quickly and was stirred 

under reflux for 9 min. A red-brown solution was obtained which was 

stripped to dryness. The residue was extracted with hexanes (8 x 10 ml) 

until the extracts were colourless. These extracts were evaporated to 

1 
dryness and a H NMR spectrum indicated othe presence of almost pure 

The light brown residue remaining (0.09 g) was 

soluble in C
6

D
6 

and a NMR spectrum indicat~d the presence of a large 

numbeT of sharp resonances in the cyclopentadienyl region in the range, 

67 ~ 2 - 5.7 ppm. 
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Anal. (X): Calcd. for CIOHIOSO,.7STi1.34: C. 54.75: H. 4.59: S. 11.40. 

Found: C. 54.34; H. 5.07; S. 11.65. 

R~ction of Cp2Ti(SR)(SSR) (~) with Benzylbromide 
, ~ 

Toiu,ene solutions of Cp2Ti (SR) (SSR) (the species. where R = CMc
3 

' 

(4a). CHMe2 (4b), CH2Ph (4c) and p-C6H
4

Me (4d). were prepared in situ us 

described above) were treated with t'Wo equi';alents of PhŒ
2

Br and thl'n 

refluxed for 4 h to give orange-red solutions. . A 2 ml ~ple ~f cach 

was carefully concentrated. to avoid evaporation of voluti le products. 

and was shown to contain Cp2TiBr2' RSCH2 Ph (7a-d). ~RSSŒI2Ph (&.'1.-d). 

(PhqI2)2S and (PhCH2 )2 (for 4a only) by means of NMR and GC-IIk'1.SS 

spectral analysis. The reaction solutions were concentrated to about 30 
00 

ml and cooled at -16 C overni~ht to give Cp2TiBr2 as dark red crystnls. 

which were collected by fIltration and washed wi'th a small quanti ty of 

Et20., 

A toluene solution of Cp2Ti(scp~)(SSCPh3) (4e) was trented wit,p 

two equivalents of PhŒl2Br and was refluxed for 2 h to give an 

orange-red solution. In a similar manner. 

described above) also gave an orange-red soluti"On. 

a mixture Of! .. 

( prepared/B 

Both r~tion 
mixtures were carefully concentrated and were shown by NMR to contnin 

Cp2TiBr2 and Cp2T1SS as miÎlOr products. in addition to a very broad 

band in the region 67.0 - 6.0 ppm and a great many organic products. 

1 
Nei ther H NMR nor GC-mass spectra were helpful in elucidation of the 

composition of the'reaction mixture. 

1 
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Prepar~tlon of Bls(~5_cyclopentadlenyl~bls(triPhenylmethylthiolato)-

t1 taIliurn(IV}. Cp2Tl{~22 {~} 
,fi. 

Phenyllithiurn {4.2 ml of a 2.0 M solution in cyclohexanelEt20. S.4 

~ol} was added by syringe to a solution of triphenylmethanethiol 
1 ' " Cl (1 't, 0 

(2.12 g. 7.67 mmol) in THF (100 mL) ahd the solution was stirred at 0 C 

- for 30 min. A 'solution of Cp2TiCl2 {0.64 g. 2.56 mmo;j7 in THF' (100 ml) 
1 

was added dropwise to the so~ut~on of Li~ ove~, a period of 20 min. 
< 

The . reaction mixture was allowed to warm to 
V' 

'" room - temperature and 

stirring was continued for a_ further 3 h. The deep red solution was 

filtered thrpugh activated alumina (2 x' 6 cm) .,and then stripped to 

dryness. The residue was extracted with CH2Cl2 (SO ml). the extracts 
~ 

were filtered through çelite and the fîltrate was stripped to dryness to' 

give a red powd~r. The powder was washed with Et20 until the washings 

were very pale pink (SO ml) and was then dried under vacuum (0.60 g. 

° 32%. mp 17e-177 C (dec». 
~ 

Anal. (X): Calcd. for C4SH40S2Ti: C. 79.10; H. 5.53; S. S.SO. Found: 

C. 78.92: H. 5.41: S. 8.91. 

1H NMR (C6D6 ): 67.71 - 7.05 (m. 3OH. CeH5). 5.47 (s. 10H. C5H5). 

1H NMR (COCI3): 67.39 - 7.11 (m. 30H. CeRs). 5.63,{s. lOH. C5H5)., 
',--- ~/ 

IR (KBr): 3048 (w. br). 1579 (w). 1481 (w). 1439 (m). 1177 (w), 1076 

(w). 1017 {ml. S17 (s), 738 (5). 696 (s). 61S (m). 495 (w). 

Preparation of Triphenylmethyl{~-butyl)trisulfide, P~CSSSCMe3 (~) 
() 

A solution of Me3CSH (0.54 g. 5.99 mmol) in Et20 (20 ml) was added 

over ~ period of 20 min to a suspension of ~CSSCI (2.00 g. 5.83 rnmol) 

ln Et20 -(SO ml) at -78°C. The solution was allowed to warm slowly to 
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room !.emperature wi th stirring. over a period of 90 min. The sorvent 

liaS stripped off and the residue was recrystallized from hexnnes. Two 
o~ 

crops of wbite microcrystals were obtained (1.15 g. 50~! mp 98-100 Cl. 

1H NMR (C~s): 07.58 - 6.98 (m. 15H. CSH5'. 1.19 (s. ,9H, CH3 ). 

1H NMR (ClX:::l 3 ): 07.33 - 7,.25 (m. 1SH, CSH
S

) , 1:29 (s, 9H, ?-I3)' 

Preparation of Unsymmetrical Benzylsulfides, ~2Ph (R = p-C6~4Me (19) 

and ~ (~)19) 

The preparations of these sulfides were very similar and thercfore 

'~ . only that for R = p-C
6
H

4
Me 15 given. 

An aqueous solution (30 ml) of KOH (4.75 g, 84.8 mmol) wus added 

over a period of 15 min to stirred neat p-MeC
6

H
4

SH (9.57 g. 77.0 mmol). 

To the reaction mixture was added PhCH
2

Br (13.18 g. 77.0 mmol) and the 

o 1 
sol"ltion was stirred for 4 h at 60 C. Thi solution wa~ cxtractcd wi th 

Œ
2

Cl
2 

(2 x 100 mL) in a seperatory funnel and the extracts WCl'e dried 
, 

over N~S04 -and fil tered. Fractionar disti llatlon of thc extracts gave 
, 

o 0 
7d (13.12 g. 80%, bp 118-124 C at 0.45 mmHg. rnp 43-44 Cl. 

For R =" CPh:3' KOH was added as a 1: 1 

Recrystallization from hexanes gave 7e (3.83 g. 79%, 
"-

j 
6 

H
2

0:EtOH solution. 

mp S7-89~). 

" 

1 
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Results 

The reactlo.n between Cp2Ti(CO)2 (1) ahd RSSSR (~). where R = CMe3 

(3a). aIMe'2 (~b). dt2Ph (3e). p-C6H4Me (3d) and CPh:3 (3e). in toluene. 

was monitored by observing the decrease in intenslty of CO bands due to 
'(/1' 

~ l in the infrared speetrum. ~or 3a-d the produets consisted of mixtures 

shown in Eq. 11.1. A similar resul t was obtained for the reaction of 

" The relative compost tions of the product 

mixtures. as determined by NMR analysis. are given in Table II.1. In 

the f'eaction of ! wi th 3e the comp,lex Cp2Ti(SCP~)(SSCP~) (4e) was the 
.If 

only product Identifled by its NMR spectrum. The other species present 
1 

gave a broad band of resona.D.ces in the Cp region a t 67.0 - 5.6 ppm. The 

(I!.l) 

! 

Major Product 

reaetion of 1 with the unsymmetrfcal trisulfide. ~t::ssscMe3 (3r). gave 

a mixture in which two species assigned to Cp2Ti(~)(SSCMe3) (4f) and 

Cp2T~(SCMe3)(SSCP~} (1g) were present. in addition to a broad band of 

resonanees in the region 67.0 - 5.6 ppm. The N:MR spectral data for the 

complexes ~. 5a-e and 6b are given in Table 11.2. 

The relative amounts of the products shown in Bq. II.1 depended on 

the R group and the r~ction temperature. In general lower temperatures 

o 
favoured .1. w1 th the ratio of .1:§ being: 24 for 3a at 22 C; 31 for 3b at 
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TABlE ILl: Products of Oxidative-Addition of RSSSR to 

R 

~ 

CMe3 
3a. 96 4 0 

œMe2 3b 93 3 , 4 

~Ph 3e 81 14 5 

p-C6H4Me 3d 84 16 
\ 0 ~-

~" 3e 34b \ 
0 1 0 

-....... 
"\ 

a Percentage. based on NMR Integration of the peaks due to Cp and/or R 
groups at the point in the reaction when aIl Cp2Ti(OO)2 was consumed. 
as determined by IR. 

b . ~ 
The other products were in the form of a broad band' in the region 67.0 
- 5.6 ppm. and were uDassigned. 

o 0 0 • 
22 C: 5.S for 3c at 12 C; and 5.3 for ~ at -20 C (Table II.1). The 

solubili ty and chromatographic properties of ~. cl and § were very 

-" simi lar, maki~eperation difficul t; however analy t,:1callY pure samples 

of 4a. 4d and 1- were isolated by recrystallization or chromatography. 
1 

Complexes 4b-e w re intensely deep purple ~n colou~ while i€!: was very 

, ' 
dark emerald green. 

, 1 

The bisthiolato complexes ~ were red. AlI" -
, 

disulfano species obtained were Jair-sensitive, but IcoUld he handled in 
1 

air for short periods. The respective dithiolates ,6b-d were relattvely 

air-stable., whereas 5a and' '" decomposed slowly in air. _ Attempts to 
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IH NMR' Data f~r RCp2Ti(SR')(S R' '), where x = 1 and 2a TABLE II.2: x. 

1 

\' Assignment 
Complex \ . RCp aI .~ ~ 

Cp2Ti (SOIe3)2 5a 5.89 1.64 

Cp2T1 (SOIe3) (SSCMe3) " 
4a 5.91 1.66 

..... :.,<; 
1.42 

" . 
MeCp2Ti (SCMe3) (SSCMe3) 1 4a' 6.13m 1.70 

6.06m 1.44 
5.96m 

~~ 5.7Om 
1.90 

o~ 

• 

Cp2T1 {SOIMe2)2 Sb 5.75 3.62b 1.43b 

Cp2Ti (SOIMe2) <.SSCHMe2 ) 4b 5~Sl 
c 1.46c 3.76d 3.11 fi' 

. ~ L34d 

17a 6b 5.85 3.21è 1.35e 
Cp2Ti (SSOIMe2) 2 -

f 
Sc 5.72 4.31 , Cp2Ti (SOI2Ph) 2 

Cp2~SOI2Ph) (~Ph)g 4c 5.71 4.39 
'" 

J 3.94 

h 
5d 5.72 2.12 Cp2Ti {S-p-C6H4Me)2 

~ < \ i 
4d 5.77 2.11 Cp2Ti(S-p-C6H4Me)(~-p-C6H4Me) 

2.03 
• j 

Cp2Ti{SCP~)2 Se 5.47 

Cp2Ti{~)(~)k 4e 5.44 

1 
~~ 

Cp2Ti(~)(SSCMe3) 4f 5.65 

( 
1.41 

Cp2Ti(sCMe3)(~)1 1& 5.69 1.71 

a C6 D6 in ô ppm, aIl peaks are singlets unless otherwise noted. 
b c - d 

J(H-H) = 6.9 Hz. J(H-H) = 6.6 Hz. . J{H-H) = 6.8 Hz. 
tot<~e f <. g " 
~ J(H-H) = 6.7 Hz. C6 HIS = 7.45 - 7.05. C6 H6 ·= 7.44 - 7.03. 

h . 
~H4 = 7.83, 7.00. AB quartet. J(H-H) = S.l Hz., 

, i j l k 
~H4 = 7.64 - 6.98. C6 H15 = 7.71 - 7'.05. C6 Hs = 7.74 - 7.10. 

c 1 Combined Cr.H15 region = 7.72 - 6.95. 
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., , 

grow single erystals of 1 wére unsuccessful pos~ibly due to the presence 
) . \ 

of smaii quantities of RS3R which were often' observed. Polysulfidcs are 

·48 sometimes used as softening agents in rubber ahd rubber substitutes . 

Reaction of Cp2Ti«X»2 (1) and 3b-d in refluxing ~lucnc gave 5b-d 

as the major produets, with the ratio of ,1:§ being: 0.09 for 3b after 

74 h: 0.14 for 3c after 15 h: and 0.04 for 3d'after 5.5 h.l Significnnt 

amounts of starting trisulfides.3b-d, were deteeted in these reactions. 

In the case of 3a only traces of 4a and 5a were de t~c ted in the NMR 
, 
s~etrum of the erude produet; however a very broad band appcarcd in the 
~ 

cyelopentadienyi region in the range 67.0 - 5.0 ppm together with strong 

~ peaks due to~(Me3C)2sX' where x = 2 and 3. When Cp2Ti(OO)2 (1) and 3e 

were reacted at 80°C in toluene da for ~a h a s~ilar broad band in the 

Cp region (66.5 - 5.9 ppm) was detected. in addition to resonances due 

to 5e and 4e. This latter reaction was aiso performed in tolucne on a 

preparative scale (Eq. II.2) and the crude produ~ixture was 

+ ? (11.2) 

! 

chromatograph~d on a eolumn specifieally developed td seperate a 

standard s~le eonsisting of 5c and Sa' Complex §Q was idolatcd, but 

no Sa ms deteeted, nor was 8a oetected in any of, the reactlons using 

sens! tive ne techniques previously developed for this purpos~ in this 

49 
raboratory . 

J . 

b . 

The species responsible for the broad band 1 n the 

... 
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tyc 1 open tad i enyl regton did not S\'lrvive the colunm. Various attempts 
") 
were made to lsolate the spectes causing the broad Cp region band, 

wl~hout Buccess. 

• When 1 and' 3a were refluxed for S} in toluene an !;;POIUble 

material was obtained, the elemental analysis of which is consistent 

The rapid reaction 

between 1 and 4a aiso at reflux in toluene gave a fairly soluble 

substance exhibiting the characteristic broad band of resonances in the 

cyclopentadienyl region (67.2 - 5.7 ppm). Elemental analysis of this 
~ 

material is consistent wi th the empirical formula, CIOHlOSO.7STiI.34· 
,~ 

Recrystallizations of these materials were un5uccessfu~, a:; were mass 
C1 

spectra. 

The NMR spectra of Cp2Ti(SR)(SSR} (4a-e). in CeDe o(toluene ds' 

were moni tored over time. Pure samples of 4a and 4e were used and the 

other samples prepared in si tu contained the, appropriate amounts of 

'Cp2Ti(SR)2 (Sb-d) and Cp2Ti(SSR}2 (6b,c), w4ere applicable (Table II.1). 

The samples did not contain any residual 1. 

For 4c and 4d peaks due to Sc and Sd. respect~ver~ grew in 

~ntensity at the expense of the former until-the ratio of j:§ was: 5:3 
Q , , 

for ,Ç, after 3 days; and 2: 1 for il after 1 clay. The pe_aks due to the , 

di su lfano" sp.ecies 6c diminished in 'int~~si ty more rapidly than 4c. The 

addition of approximately one equilalent of ~p to the fresh solutions 

accelerated, the 105s of sulfur such that only 5c and 5d were detectetl 

after 3 and 1 clay(s). respectively. Peaks due to P~PS we~observed. 

Cp2Ti(~Ph)2 (§.ç) and ~PS were subsequently isolated from a larger 

seale reacti~n. in 61% and 72%ylelds, respectively. 



o 

, \ 

o 

o 

52 

.J 

For the NMR samples containing 4a and '12 "i thout p~p, the spectral 

changes were dominated by the growth of a broad band in the Cp raglon. 

While peaks due to 4a and Sa were detected. the broad band accounted for 

77% of the integrated intensity in the Cp region after Il days. After 3 
p • 

da~s no 5b was o~served. but 4b was still present (39%) and the'brOJd 

band accounted for 48% of the intensity in the Cp region, while anot~r .. 
s~rp resonance tentatively assigned to Cp2Ti(SSCHMe2)2 (6b) accounted 

. ~ ,) 

for the remainder. For both 4a and 4b peaks due to RSxR: where Je ::: 2 

and 3. were detected i . In the presence of ~p, the complex 1ê was not 
- , 
detected after 11 days. whi le 5a accounted for 22X of . the· 'integrated 

intensi ty and the broad band made up the remainder. Peaks ju~ to ~. Q2 -and .... &he broad band wer'e detected in the relative in~ens1tie$ 1: 1,:2. 
\ 

respectively, after 3 days in the prese?ce of ~P. No 6t was observed 

after 3 days. For both 4a and ~b peaks due to Ph:3PS and J~R''''Where x :::. 
~. ~ 

2 and 3. were also observed. Attempts' to desulfurize 4a cleanly uSing 
~ 

Me~P, Et3P. Me3P, (Et2N)3P and ~NC led to intractable·mixtures. 

In the case of 4e without the presence of ~p, a br~ band in the 

Cp region (97%) dominated the spectrum after 3.5 days, only a trace of 

5e' was present (3%), and the solution was red in colout. In the 

presence of ~P only a small quantity of ~PS was detêcted"after the 

sarne Ume. The Cp resonance due to 4e accounted for only 9% .of the 

integrated intensi ty in the Cp region of a NMR spectrum of the purple 

solution. with the broad band making up the remainder. 

Treatment of bisthiolato complexes of t~e type Cp2Ti(SR)2' where R 

= ŒMe2 (5b). ~Ph (5c). Ph (St) and (œ2)3~ (§g), w!th two 

equivale ~Br in refluxing toluene, glves Cp2TiBr2 and the 

. .-

o . 

.­, 
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approprlate suIf ides R8CH2Ph 20 (7b. c. f ,g) . Similar 
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treatment of 

Cp2Ti(SR){SSR) (4a-d) gave Cp2TiBr2 and the appropriate sul~ides ~Ph 
p 

(:ü!::4) and disulfides RSSCH
2

Ph (Sa-d). in approximately the expected 
o 

ratio as determined by NMR and CC techniques (Table II .3). In addi tion, 

sma.ll quanti ties of the sulf:l.de (PhCH2)2S we're observed for the 

reactions of 4a, b,d wi th PhCH
2

Br. Dibenzyl was also detected by NMR and 

Ge in the reaction with 4a. lH NMR values for the products of the .. 

reactions are shown in Tables II. 3 and II.4. Control reactions 

inyolving refluxin~C 3a-d in toluene for 4 h wi th two equivalents of 

~2Br showed no evidence for sulfides or disulfides. The calculated 

ratios for RSOH
2

Ph:RSSCH
2

Ph, as shown in Table 11.3, have been corrected 

For. the, presence of Cp2Ti(SR)2 (Sa-d) and Cp2Ti(SSR)2 (6b,c) wJ{.ich 

always accompany the in situ preparation of 4a-d, but which were easily 
~ 

measured by Integration of the NMR spectrum. 
r" ,­

The "reac/tion of triphenylmethyl' qontain~, specie~ 4e-g wi th two 

21 
equlvalents of PhŒl2Br gave low yields of Cp2TiBr2 and Cp2TiSS as 

detected by NMR, in addition to a mixture of organic products. GC-mass 
, 

spectra of the mixtures showed ~he presence of p~œ as the major 

0componen t: however the ins tabtil i ty and lack of vo la t il i ty of compounds 

containing the triphenylmethyl group preG1~des the conclusion that ~CH 
~ 

Is inde'ed the major product in the ~ude reactlon mixtures. 

. , 

, . 
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TABLE II.3:- Products of ReactiQn of Cp2Ti(SR)(SSR) with PbCH2Br 

Products (,,)a ~~Ph 

R 
" b 

Cp2TiBr2" P~SR P~SSR (P~)2S (P~}2c ' d 
Calculated Found 

OIe3 4a 100 25 41 3 31 1'.08 0.61 
f 

OIMe2 4b 63 40 54 6 Q 0.98 0.14 

~Ph 4c 66 60 40 ~ 0 1.20 1.50 

P-CeH4Me 4d ISe 64 35 

~ 
0 1.38 1.83 

,,' 

r_ 
-- --- ._. -- ~ 

a ' 1 IIDr The percentage yield represents: the: isolated yield for Cp2TiBr2: the calculated yield by H NMR 
analysis of the crude reaction mixture immediately alter completion of the reaction for aIl R 
groups. except R = 0I2 Ph. which was calculated l;>y Ge: comparison to known standards. 

~ 

b lH NMR (~D6): 06.00 (s. CsH6 ). "-

c tH NMR (C6D6 ): 07.17 - 6.96 (m, C6 Hs). 2.74 (s. CH2 ). 

d The calculated yields are corrected for the presence of § and § formed in th~prepar.ation of 

/ 

Cp2Ti(SR}(SSR} (Table Il.1). . - ~ 

e Low yields of pure Cp~TiBr2 were obtained. due to cocrystallization of organ6metallic and organic 
products of the reaction. 

'" ~ 

'" ~ 

~ 
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TABLE lIA: 1H mm ~ta for RSxR·. w~~re x = 1. 2 and 3a 

Assignment f!J 

Compound aI 012 ~ C6H4 C6H5 

'- , 1-

(Me3C)2S 1.34 

(Me3C}2S2 1.22 
" 

(Me3C}2S3 1.27 ') 

(le2at)2S 2.7Sb 1.1Sb 

" 
.. (Me2aI}2S2 2.79b 1.16b 

(Me2aI}2S3 < ~ 
b 3.00, ' 1.17b 

't' 

(Ph~)2S 7c 3.34 7.14 - 7.07 

(~ (P~)2S2 Sc 
.., 

3.34 7.14-7.07,", 

(Ph~)2S3 ,~ 3.72 7.09 - 7'405 

(p-C6H4Me}2S2 1.94 7.40. 6.75c 

d{ 1.97 7.33. 6.75e 

(p-CSH 4Me >'2S3 t~ 1.94 7.33. f 6.75
f d{ 1.98 7.35. 6.73 

(P~C)2S 7.75 - 7.00 . .. 
(~C)2S2 7.75 - 6.90 

<Ph:3C)2S3 ~ 7.4.7 - 6.98 

~CSSSCMe3 3f 1.19 7.~ - 6.98 

~, 
Ph~SCMe3 7a 3.56 1.19 7.31 - 7.08 

) PhŒ
2

SS01J.e
3 

g Sa " 3 . .:z4 1.~19 obscured 

Ph~SŒMe2 7b 2.SSh 3.50 1.o-f -7.22-7.06 

P~SSŒMe2g Sb 2.471 
3.S2 1.051 obscured 

C' l l 

1 1 

" 

~. 

., 
\ 
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TABLE II.4: (cont 'd) 

7 
1 

Assignment .J 
----/" 

Compound aI 

7d 3.Bl 1.99 Ph~S-p-C6H4Me . "-

obscur~J .J 

~SS-p~6H4Meg Bd 4.28 1.93 

Ph~SCP~ 7e 3.39 7.65-7.00 

a 
C6 D6 in ô b ppm unless otherwise noted. J(H-H) = 6.B Hz. 

c 
AB q. J = 8.4 Hz. 

d e 
Toluene de. AB q. J = 8.3 Hz. 

f 
AB q. J = 8.1 Hz. 

g Obtained from the reaction of Cp2Ti(SR)(SSR) with 2PhŒ2 Br and was not 

isolated. h J{H-H) = 6.7 Hz. i J(H-H) = 6.6 Hz. 

. 
, \ 

Il 

" 
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The presence- of the novel TiSSR linkage in 4a.-e is consistent with 

their physical and chemical properties. The complexes 4a,-d display 

lH NMR spectra which are significantly different from those of closely , 
related 5a-d. but which are in accrrdance wi th the unsymmetrical nature 

of' 4a-d. with respect to the number and relative intensities of the 

peaks due to the Cp ligands and the two R groups (Table II .2). The NMR 

spectrum of the methyl substituted species. MeCp2Ti ($CMe3 ) (SSCMe3 ) 

("la'). clearly shows the presence of two different sulf,ur containing 
( 

ligands. The spectrum consists of two tert-butyl resonances as 

previously seen for 4a. a singlet due to equivalent methyl groups on the 

substi tuted cyclopentadienyl rings. and a total of four bands in the Cp 

reglon. The latter arises from the apparently diastereotopic 
( 
cnvironments of the ring protons, as shown below. By comparison, the 

complex MeCp2TiC12' which can possess a mirror plane through the 

22 ti tanium and the MeCp rings, exhibi ts only two bands in the Cp region . 

Mc Me 

NIe Me 

\ 
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The NMR signaIs observed at high field for one of the R groups of 

the sulfur containing ligands in 4a-d are similar in chemical shift to 

those observed for RS R. where x ~ 1 (Table. II.4). whUe the signaIs for 
x • 

the other R groups are simi lar to those observed for Sa-d. l t scerns ~,. .---

reasonable ta assume that the R groups of the disulfano ligand. SSR. 

account for the higher field peaks. The R groups of the thioluto 

ligand. SR, il! 4a-d and 5a-d, are in Iower field environmenUl. 

presumably due to their closer proximi ty to the metal centre (Table 

11.2) . 

Qualitatively, it appears 'that the rate of oxidative-addition of 

RSSSR (3a-d) to ! may be related to the electronegativity of the R 
. 

substi tuent in the order. 

(.! 

p-C6H4Me > ~Ph > OIMe2 > CMe3 · 

3d 3c 3b 3a 

A number of mechanisms can be, envisaged for the reaction which resul ts 

in S-S bond cleavage in 3a-d. Since aryl thiolate anions are known to 

be better leaving groups than alkyl thiolates23 , the observed relative 

rates of reaction are consistent with a mechanism in which the stabil1 ty 

of an intermediate thiolate anion plays an. important l'ole (Scheme II.1). 

This type of mechanism has previously been proposed by Floriani et al, 

, for the reaction of ! with disulfides. RSSR6 . The 'oXidative-addi tion of 

RSSSR might also occur via initial dissociation of a ro ligand from 150 . 
l ,. 

The, slow rates of oxidation ~~ ! by 3a and ~ may be caused by sterie 
\ . ~ 

hinderance due to the large bulk of the !!U:,!-butyl and tr1phenymethyl 
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groups. In addi tion. the ti tanium sulfur bond strength may be srnaller 

~/S-SR 1 L§2 /S~R 
• ~~SR 

'fi 

~"SR 

~ 
, 

SCHEME 11.1 \ 

" 24 
in these cases than for less sterically demanding thiolate li.~ds . 

The spontaneous conversion of 4c,d to 5c.d (Eq. 11.3) at room 

ternperature in toluene is consistent wi th similar behaviour observed for 

2 CpW{OO)3SSR (Eq. IIA). The qualitative order of rates of S loss from 

"la-d under thermal condi tions. or in the presence of Ph:3p. are similar 

to those ob~erved for the rates of oxidative-addi tion of 3a.-d to 1. as 

discussed above. 7 

(11.3) 

{IlA} 

Some organosulfur cornpounds ,exhibi t "spont'p.neous" 1055 of sulfur25 . 
-", .// 

This has' been observed to' occur . Via) th<lrmal. photochemical. or 

solvent-related pathways26 ~ For example. sulfur-bridged carbocycles can 

t 
,. 
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be induced to lose S via' irradiation. using phosphi te as a solvent. as 

27 shown in Eq. 11.5 . 

(II.5) 

q, 

certain sulfenic sulfonic th10ahydrides have beennfound 0 undergo 

26 "spontaneous" desulfurization to thiosulfonates in polar solvent A 

mechanism involving solvent-stabillzed sulfenium ions was proposed for 

this phenomenum. as shown in Scheme II.2. Elemental sulfur was 

+ + SR-) 

-I:.r 
r 

( 
o 0 )), "_~+ Il 0 

R-S +S + SR-)R-S-S-R+S 
Il Il 

• 0 0 

j 

SCHEME II~2 L. 

recovered from this reaction. 28 In l1ght of recent consideration~ • this 

may not be an accurate picture an~ ,the mechanism of desulfurization may , 

involve production of S2 or S8 rather than sulfur atoms (Schema 

II.3}25a·~. 
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o 0 ~ 
• IIX- Il ~ t 

R -S~S -S -R -) R -S- S -S-R 
Il ( . "V 
o 0 0 0 

Il Il 
R-S-S-S-R R-S-~-S-R 

1/ 1/ 
o 0 

S- 0 
-RS0

2
SR 1 Il 

>R-S-~-S-R \ 

o 0 .----J 
Il;) 11/ t 

R-S-s.,.-S-R->R-S S-S-R Il' . "Iv o s- 0 0 S 0 
1 Il 1 Il 

R-S-~-S-R R-S-~-S-R 
Il Il 

, 
(R = p-C6H4Me) 

o 0 

-RSO SR 
2 > 
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A branch-bonded sulfur intermediate i5 implicated. The release of S2 or 

S8'- by acquisition of additional sulfur atorns, could then follow. 

Structures <analogous to the thiosulfoxide intermediate have been 

o ~ ~ 
presented in the literature • for example in S2F2 . 
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S S-
Il <---:" 1 '/ + 
S (' S 

/ \ / \ 
F F F F 

~ SolutiOns of 4a-c,e lose sulfur to give the respective .dithiolates 

5a-c,e. The reactions result in formation of other products: firet, 

species that exhibit broad bands in the Cp region of the NMR spe6~rum: 

and a1so organic di- and trisulfides RS R.' where x = 2 and 3. The broad x 

band and the signaIs due to RS R tended to be of a larger integrated x 

Intensity cOmPared to § when.bulkier R,groups were present. This may 

"indicate that not only do sterically demanding R groups undcrgo 
1 

oxidative-addi tion more slowly (;as discussed above). but also favour 

10ss of the sulfur-containing ligands to form RS R. 
x 

Sorne possible mechanisrns 'for sulfur 1055 frorn the disulfano linkage 

in 4a-e are shown in Schemes IL 4. A and' 1:!. Mechanisms involvlng 
, 

homolytic scission of S-S bonds are not discussed since this normally 

occ~rs only under photolytic conditions or at tempera turcs greater than 

180°C31. The mechanisrns presented ~iffer '1~ ini tiation processes. but" 

25a 28 both irnplicate branch-bonded sulfur intermediates in later stages • . 

In Sc~erne II.4.A initiation occurs via intramolecular attack of a sulfur 

lone-pair of the thiolato ligand in 1 onto the adjacent disulfano ligand 

2 and resul ts in formation of a side-bound Tf -S2R rnoiety. This type of 

sulfur bonding bas been reported for the complex 

In Scheme II :4.H, Interrnolecular 

initiation occurs by attack originating from the sulEur adjacent to a R 

'~ " 

\ 
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group in la disulfano linkage. Attack of ei ther of the terminal sulfurs 

of ~ on another rnolecule of ~ is also feasible, but WOUI~ seem less 

likely ainee the effect of the metai centre should ~\duce ~ the 

availability of these sulfux:. lone pairs. Both of mechanisms A and n 
involve attack of the anion RS- on the metal centre. Sulfur readily 

33 forms' compounds in which it bas formally acéepted eleetron density and , 
17a anianic sulfur speciesjSueh as LiSR are often used in synthesis . The 

complex Cp4Ti2S6' which exhibits a TiSSSTl unit. has been reported in 

the literature34 . 

The net result of either of the mechanisms outlined above is loss 

of the S adjacent to the metai centre. Other possible schernes resulting 

{ 
A • 

Il 
Intrarnolecular Initiation 

.s -R 
..:--> Cp Tir 

2 'S-R 
1 
S 

~I -
'~S-R 

Cp2Ti,_ 
1) -R 

SCHEME II.4. A 

. ' 
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B. Intermoleeu1ar Initiation 

;S - R . r - R -§. ~ -:- R 
Cp2Ti's -) Cp2Ti,_ :1: • , ~ Cp2Ti\_ :1: 

-S-R "S-:s-R S-:S--!J 
y- ~I _ L 

;S-S-R ,~ ..,..-s-R S 
Cp Ti U Cp Ti~ 

2 's-R 2 's-R 

<-

-5 -=-> 

:~ 

SCHEME IIA.B 

in loss of the S adjacent to the R group in the dlsuHano ligand would 

·appear less likely, sinee either re1atively unstable R- speeies, or very 

- 35 ' rare anionic complexes of ~~ype GP2TiLL' ,would probably 

Disulfur or S8 are shown as pro~in Schernes II. 4.A and" Il. 

, 

result. 

However 

in the thermal desulfurizations of 4a-e elemental sulfur, 88 , was never 

deteeted as a produet of the reaetton5. The rate of the sulfur lost 

ft'om the disulfano linkage in ~ 15 diseussed later. 

' .. 
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Addi tian of fh:3P "to solutions of 1 resul ted in clean 

desulfurizations. once again only for the complexes 4c,d. resulting in <... 

formation of ~ and Ph:3P::S (Eq. IL6). 

(I1.6) 

. , 

, , 
1 

The enhanced S loss in the presence of a nucleophile 1s consistent with 

2 36 
similar behaviour for CpW(CO)3SSR and cis-(Ph:3P)2Pt{phth)(SSR) • where 

, plith = N02CSH4 (Eq. II. 7). Sulfur abstraction from 4a,b,e is not clean 
) 

and occurs with formation of 5a,b,e, in addition to species responsible 

~ a broad band in the Cp region' (-67.0 -'5~5 ppm) of the NMR spectrum. 

Organ1c disulfides RSSR. are not in general desuHurized fby 

phosphines. Only 'acyl, thioacyl and vinylogous acyl disulfides are 

desuIfurized by triphenylphosphine; benzyl and diethyl disulfides (among 

others) fail to 37 react . Previous studies have indicated that 

desulfurization of simple organic disulfides can occur on treatment with 

aminophosphines38 . Desulfurization using (Et2N)3P can be rationalized 

as nucleophil1c attack on the more negatively polarized sulfur atom. 

Thus for C6H5~ the observed products resul t from the attack on the 

sulfur adjacent ta the methyl group (Scheme r(.5) which is probably due' 

,,' 

'. 
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.~ 

'-

SOŒME 11.5 

to the greater' stability of the aryl thiolate' anion. ~2 attack of the, 

mercaptide then gives the sulfide and (Et2N)3P~, 

38 39 has been suggested by Harpp et al. • . 

This ionie mechanism 

For S lo~s from 4a-ELin the presence of PhgP a _num'Qer of mechan1 ams 

are possible. ,By reasoning simllar to- that presented .a.bove, ionic 
0, 

mechanisms are cons1dered. as shawn in Scheme II.6. In the mec~lsm 

Â. Ti - S - S - R ,-) Ti - S- + S - R .:--> Ti -- S - R ,n ' [ ~} 
, ), I~ - + ' . C. . +p~ "S-:PI'h:3 ' 

Pfb3 '--- , 
~ \', 

li. T1:;- [ S -- R ->, Tt -c:!~ s -:- R -> Ti :P~- R 

p~, 

SCHEME II.6 

! -, 

, 1. 
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. 
presented in Scheme II.6.A phosphine attack occurs on the S which might 

be expected to be the most negative!y polarized sulfur atom. This type 

of attack Is consistent with "Scheme 11.5. Scheme IL6.~ which seems 

more feaslb}e. but 19 as yet unproven. involves nucleophilic attack on 

the S adjacent to the metal centre. which would be expected to be the 

most posi tively polarized S atom. This attack would be favoured on 
/ 

f_ 
electrostatic grounds. The proposed intermediates are similar to knoWn 

compounds. for example. the thiolate anion1!a and a metal bound 

trlphenylphosp,hine sulfide ligand as observed cin [.MoOC13(SP~)J in 

which the Mo-S and P-S bond lengths are 2.460 and 2.041 A. 
. . 40 
respec t1 ve ly . 

\ 

\ 
\ 

\ 

f//II"O 
o 

Il T-ll1.3 

~Mo Cl /\~~PPh_ 
Cl èl - ---:3 

\._ The observed qUJlU taÙve rates ~f desul furization of 4a-d wi th ~P 

'show that loss of sul fur occurs faster wi th more electronegative R 

groups. Scheme II.6.~ is consistent wi th this observation. Other , 
, 38 41 

mechani~ms which result in S abstraction are discussed elsewhere . . 
r 

The complex 4a is"desulfurized only very slowly on addition of various .,-

nucleophi les. This result -is in accordançe with Othe behavior of 

",(Me3CL2S2 which does not lose sulfur even on addition of amino­

phosphines3S· 42 • presumably due to the presence of bulky alkyl groups 

. which hinder nucleophilic attack on sulfur. 

Treatment· ,of 4a-d wi th Ph~Br g,ives Cp2TiBr2' and the 

\ 
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unsymmetrical sulfides ~Ph (Sa-d). ~d disulfides RSSOI2 Ph (7n-d). 

in a ratio which is ,consistent with the presence o~ J8. CP2~i(SR}(SSR) 

species. This reaction represents a convenient method to eool"nctcr1ze 

complexes containing thiolato and disulfano ligands. The 

~Ph:RSSCH2Ph ratios found in the cases of 4c,d are too high (Table 

o 
II.3) probably due to the conditions of the reaction (120 C). which tend 

to accelerate the conversion of 4c,d into 5c.d priaI' to reaction· with 

While 4a.b are more resistant to conversion into {)a.b. as 

shown in the NMR scale desulfurizations. the sulfides Me3CSCH
2

Ph (7a) 

and Me2ctISCH2Ph (Th) .~re somewhat. volatile. Thus the lower ratios found 

for 4a.b may be due to loss of these sulfides during the concentration 
" 

,step of the work-up involved, in NMR sample preparation: A poss,ible 

mechanism for this ligand replacement reaction is shown in Scheme II.7. 

() -4='S-SR 'Î 

Ph~-!Jr ) 
~-Br 

\ J 

" ~ 
~-SR _ ;BR 

Cp2Ti'sR -) Cp2Tt ,- SR Br -) Cp2Ti'B 
'--/ r 

- \ 

Cp2TUr- -) Cp2T1Br2 

- ' ~ 

sam !I.7 

.. 

'-, .......... 

\ 
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Sa are lmown . 
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Al though ini tial 

attaek on PhŒ
2

Br by the disulfano ligand is depicted, attaek by the­

thiolate 1 igand would be equally possible. A similar meehanism, bas beea 

proposed for the reaction of PhŒ2Br wl th the molybdenum persulfide 
, . 43 

specics, (NH4)2[(S2)2Mo(S2)2Mo(S2)2] . The sulfur atoms in Cp2Ti(SR)2 

(12) have a150 been shown to be qui te sensi tive to eleetrophilic attaek 

6 
~ by aeylehlorides (Eq. II. 8) . 

o 0 
Il Il 

Cp2Ti(saI2Ph)2 + 2Ph~C - Cl -> Cp2TiC12+ 2PhaI2C - SCH2Ph (II. 8) " 

, G \} 

Minor quant'! ties of other organic 
1 

eompoun~s were observed ~,in the 
~ 

reactions of 4a-d with PhOI.2Br (Table II.3). 
~ 

detteeted in the reactions of 4a , b than in 4d .. 
'7,-.11'1 

More dibenzylsulfide was 

This ls surprising sinee 

4a, b ~eact more slowly with PhOI~r to give Cp2T.iBr2' than other R 

• ~roups. Reflux of "!a, b alone in toluene gave materials which may contain 
p 

a bridging sulfur moiety Ti-S-Ti (as diseussed below) which might lead 

Dibenzyl was observed in 

significant quantlties in the reaetion of 4a,with PhCH2Br. It 15 known 
~..... ~ q 1 

that alkyl and alkylaryl halides. RX. are redueed by many low-valent 

,. transition Metal compounds. often via organometallie Intermediates. 

Mixtures of RH and R-i are commonly formed in proportions depènding on 

44 the specifie halide. metal. ligands and conditions used , For example. 
} 

i t bas been reported that vanadoeene. Cp2V, reduces benzyl chlorlde to 
45 ~. ' 

bibenzyl (Eq. II.9). "The orgtkic trisulfide. 3a. was observed as a 
~ ~ 

~1i • .. ., 
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min~r product of the reaction of ~ with PhCH
2

Br. One can envisage the 

reductive-el imination of 3a from 4a to form a reactive .. t i tanoccncc" 
- f-

intermediate which might then react wi th PhŒ
2
Br to form bibenzy 1. 

In the thermal !md Ph:3P desulfurizations of 4a-c 1 e broacr hands in 

the NMR spectra were observed, generally in the region 67.0 - 5.5 ppm. 
1 

The width arid integrated intensi ty of this band varied w'! th reaction 

eondi tions and R group. The bread th of the band might be due ta 

paramagnetism !md/or polymerie cyelopentadienyl ti tanium species. A 
\ 

eyc 1 opentadi eny 1 ti t!mium sulfido clus ter has been observed fra!1l the 

o 46 
reaction of Cp2Ti(CO)2 with H2S in taluene at 80 C . ,The structure of 

this<19 pentanuc'lear compound, (CpTi)5S6' is bas éd upon a distorted 

trigonal bipyramid of ti t!miuril atoms. Sulfur bridges the trlongular 

faces of the cluster (Note: Ti-Ti bonds are omitted for clarity). This 

Cp 

s~~T~ 
"'" s/ 1 , ....... r" 

, Il \ 

1/ s \ 
S~4v~S 

Cp 

. \ 
. ( 

) 
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_poele_ 1_ ~ralnagnet!eand very soluble in toluene. A monomeric 

cyelopen tad1 eny1 tltanlum(IV) sulflde Whl~~S broad and eomplex 
47 

resonances has been synthesized by reflux of Cp2TiS5 in xylenes 

Migration of the 1J"-cornplexed organic fragment to the inorganic sulfur 

" 
ligand occurred to give ~-CIOHIOS5Ti. 

,--~-s 

s \~ 
S~Ti~ 

<cl» 

(r ' 

The reaêUon of l wi th 3a or 4a in refluxing toluene produced "" .. 

insoluble or soluble products, respectivery. Elemental analyses and 

physical properties of the products indicate that both species contain a .~ 

\ 
CI0~10 moiety and that the titanium and sulfur ratios vary from 1.5:0.8 

(in~oluble material) to Q.78:1.34 (soluble material). The soluble 

ma.terial~ exhibi ted the Jtypical broad band in the Cp region, a~ 'seen in 

• 
many of the reactions of ~. Apparently, l abstracts a sulfur atom 

.from the disulfano linkage in 4a to form 5a and the soluble ma.terial. 

Since the latter does not analyse for "Cp2TiS", Cp exchange and perhaps 

rearrangement of Cp and S ligands has occurred. Similar transformations 
. 
might also occur to give the insoluble product in the reaction of ! with 

~. The structures of both species (or mixtures of species) are not 
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known. However. the possibility of S attack on the Cp ring and the 

presence of Ti-S-Ti linkages. cannot be excluded even in the sulfur 
.) 

"deficient" material. The similari ty of the mm spectrum of the soluble 

product. to that of the broad bands obtained in the NMR spcctra of the 

products of other reactions of 4a-e. might indicate that similar specics 

are present in both cases. 

If indeed the thermal desulfurizations of 4a-e result in formation - -, 

~ of S2 a shown in ~me 11.4. one would expect Ss to form 

-) l/S Ss 

(Eq. 11.10). 

'< 

{ IL10} 

However. elemental sulfur. SS' is not observed in these reactions. --S2 

25b ls known to be more reactive than 8S . and ~hus 

organometallic complexes present in solutions 

\ 

mig~t react with the 
( 
1 

of 4a-c.e, to form 

par~etic 'and/or polymerie species that give the broad band in the Cp 

region of the NMR spectra. This hypothesis cannot be proven at present. 
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Introduction 

Sulfur-rlch complexes whlch contain a sulfur-sulfur bond may play 

12, 
an important role in hydrodesulfurization" , redox enzymes· and energy 

3 storage Consequent.1Y, a better understanding of polysulfur-metal 

chemistry would be of interest .. 

The preceeding chapter presented the preparation of dlsulfano 

complexes via oxidatlve-addi tion of the sulfur-sulfur bond of organic 

trisulfldes. There have been a few reports of oxidatlve-addl tlon of 

sulfur-nit~ogen4 and sulfur-chlorine5 bonds ta Tl(!!) species. This 

chapter presents the reactions of RS X wl th Cp2Ti «(0)2 (1) to give y, , 

Cp2Ti (X)(SyR), where: y = 1. 2 and X = phth; and y=:2 and X = Cl. The 

subsequent reactions of Cp2Ti(phth){SSR) wi th R 'OH. where R' = Et and 

Me, are descr 1 bed. Thus i t ls approprlate at this point to briefly 

discuss the chemistry of titanlum N- and 0- bonded complexes. 

mido and Imid Corn lexes of Titan um 

Titanium amides 6 are very nurnerous. Complexes of the ~type 

7 8 ' 
4 and R = alkyl • aryl .' are obtained by treating 

the appropriate titanlum chloride with lithium amides9 . (Eq. 111.1). 

(III.1) 

Heteroleptic amides. Ti(~)x(NR2)3-x' where x = 1 and 2. are also 

lmown
6

. Titanium(IV) amides (are monomeric. whereas titanium(III) 

specles are dimeric. except whe~ R is a bulky group such as SiMe37c.l0. 

.. 
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Significant Ti-Ti interaction is proposed for [Ti (NMe2)3]2' ,in which the 

" èt Q 7b 
amido groups were shown to undergo rapid exchange at :oom, temperature .', 

11 12 Ti tanlum(IV) amides react wi th H
2
0. alcohols ,thiols and even 

. 13 
acidic hydrocarbons such as cyclopentadi~e (Eqs. III.2 and 3). 

Ti(~)4 + .4HA -) MA4 ,+ 4&2 

A =' OR' and SR' 

. 

& 

1, 

(}II.2) 

Ti tanium(III) 

Ti(IV)(~)~ 7b. 

amides tend to disproportionate" to and 

The complexes Cp2Ti(NMe2)jc have been 
J 

prepared from Cp2T1C1x' where 
o 7b 14 

x = 1 and 2. using LiNMe2 • . The yellow species Cp2Ti(imido)2 Have, ' 
, ". 

been ·reported by Issleib and Batz
15

• via reaction of Cp2TiCl2 witll 

1) 
alkali metal derivatives of pyrrole. indole, carbazole and phthal,imide. 

16 
However. attempts to repeat this preparation have been unsuccessful 

Al though bonding of the imido group through ,the ni trogen atom was ' 

proposed15• no structural evidence was produced. A fully characterized 

example of the Cp2Ti moiety binding to two nitrogen atoms 15 found in 

the substituted phenanthrQline complex shown below. which was formed by 

i\ ' 
. 1 \ 1 .. : 

, 

• 

.. 

r ;,i~ . 
Q .. .... 

" 

1 

:~I 
;~ : 
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, ' 17 
r~t1F'_or Cp2T~((X»2 with ~~4,7,8-tetramethyl-l~lO-phenanthrollne ,. 

Oye 1 opbntadi enyl titanium amides' also react with weak ac1ds 8uch as 

,-f"" 
- - ) 

'f. 
'., ' 18" > • 

~ \ àleohols, thiols and terminal aeetylenes (Eqs. III.4 and 5). 

\ .. 'Il 

\ 

[Cp211 (NMe2)]2' + 2EtOH -) [Cp2Ti (OEt)]2 ... 2Me2NH 
,( 

MeCpTi(NMe2)3 + PhC5Cij,----) MeQpTi(C5CPh) (NMe2)2 + Me2NH 

" . 
Alkoxide and ArylQXide Complexes or Titanium 

(IlIA) 

(III.5) 

. \ 

ComplexeS""'e'cmtaining the fi tanium-oxygen bond -hav,e been beavily 

stud1ed19 , due in part to the indus,trial applications of metal 

\ 
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alkoxides. which include: ~Zeigler-Natta olefin p~lymeriza.tion 
, 
20 

c:atalysts \ Meerwein-Ponndorf-Verley 
< 

redox ca ~lys ts:. • po lymer 

21 hydrogenatlon catalysts ; acçelerators for the drying of paints .and 
, - , 

,- 22 
inks: and in heat. resistant paints . 

~"" 
, Sulfur and oxygen atoms are simultaneausly bo~~d to ~itanium in the 

carboxylate species shown below23 • , 

The alkoxide ligand has gene~ally been recognized as a one electron 

donor in metal complexes. However. recently reported 
~,...-,,; 

molecular 
, 

structures of Cp2Ti(Cl)(OEt) and the dimer [CpTiC1 2] 2Û2C2< Œ:3)4, 'gave 

evidence for ~-donation by alkoxide ligands74 lt is suggested that the 

oxygen atom donates three electrons to the metal centre, with the alkoxy 

ligand exceeding the chloro group in ~-donor ability. l t i s proposed 

Ti :!I .. i::::= & 

""R 
that Cp2Ti(Cl)(OEt) achieves an effective 18 electron configuration by 

24 thjs o~gen ~bond!ng . 

Complexes of the type Cp2T1 {Cl)(OR), where R = a1iirl. aryl20·25, 
/1 

,~/ 

1 



1 . ' 

,0 -- 26 ~27 
and Cp2Ti(OR)2' lthere R = al1<fl ,a-ryl ,~are monœneria, r~lat1vely 

stable and have been reviewed elsewhere23,28 . r' 

'\ 

, t 

t 

, 

-

\-

o 
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Materials and Methods 
fiJ r '" 

AlI manipulatio~s carrlèd out and aIl' sol vents usea~ were as 
. 

described in Chapter II. Methanol and ethanol were both distilled over 
( 

.. 
Mg turnings under anhydrous condi tions. The reagents N-(isopropyl~ 

dlthlo)phthalimide N-(benzy ld'i thio )phthal imide l, (9c). ' 
a , 

N-(4-methylphenyldithio)phthalimide (9d). were made' by pub li shed ,. 

" 29 procedures . N-(.!ID:1-butyldithio)phthalimide (ga) was received as a 

glft from Mr. Dominic Ryan. The com~ounds. N-(isopropylthio)-

phthalimide (15b). N-(benzylthio)phthalimige (ISe) and N-(4-me~hyl-

phenylthio)phthalimide (15dl, were kindly supplied by Ms. Bernadette SOOl 

Lum. Mr. -Riccardo Turrin and Mr. Pierre-Yves Plouffe.~espectively. " 

These compounds were made by a li teraturê' method30 .. , Triphenylmethyl-

31 chlorodisulfide was made by the method of Thtrpp and Ash .' ether 

compounds and materials used ~ere prepared as described in'Chapter II. 

Reaction product~ were identified by IH NMR comparison to authentic . 
~ 1 

32 
samples of Cp2Ti(SR)2' where R = ~Ph and p-CSH4Me • Cp2TiCI2' 

dlbenzyl'dlsulfide. phthalimide. triphenylphosphine. triphenylphosphine 
dl 

sulfide,(Aldrich) and di(isopropyl)disulfide (Fairfield). AlI physfèal 

measurements were determined in a< manner simi lar to that deseribed 

'-p-reviously. , 

Preparation of Bis(~5_cyclopentadienyl){phthalimido){tert-butyl-
-----------------------------------------------~-----
dlsuVano)ti tanium(IV). Cp2Ti{N02CSH4)(SSOIe3) (.!Qg) fo' 

N-(tert-butyldlthio)phthallmide (9a) (1.72 g. 6.44 mmol) was added 

1 
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to a solutio~ of CP2Ti(OO)2 (1) N.51 g, ~.44 mmol) -& toluene (25 ml) 

solution. 

The reaction mixture was stir~ed for 41 h to give n purplo 

o 
A deep purp,1e powder (1.76 g, 61%, mp 163-165 C) was obtained 

after filtration, 'washing (Et20, 10 ~)_and vacuum-drying. 

Anal. (X) : Calcd. for C22H23N02S2 Ti : C, 59.32: H, 5.20; S, 1"1. 39. 

Found; C. 59.26; H,,5.27: S. 14.~. 
'" , . 

1H NMR (COC13): ô7.64 7.49 (m. 4H. C6H4) • 6.35 (s, 10ft, C
5
H

5
) ,l 1.-49 

(s. 9H. Œ 3 ). 

IR (toluene): 1664 (vC-o)' 

P\eparation of Bis(~5_cyclopentadienyl)(phthalimido)(isopropyl­
J 

disulfano)titanium{IV). Cp2Ti(N02~H4)(SSCHMe2) (~) 

N-(isopropyldithio)phthalimide (9b) (1.21 g, 4.78 mmol) was addcd 

to a solution of 1 (1. 12 g. 4.78 nunol) in toluene (20 mL) and' the 

reactiori mixture was stirred for 44 h. A deep purple powder (0.88 g. 
. 0 

43%. .mp - 128-130 C) was obtained after 

3 x 10 mL) and vacuum-drying. 

, 8 
filtra~ion. 'washing (Et20. 

Anal. 
1:,. 

Calcd. for C21H21N02S2Ti:' C,' 5~.46; H. 4.91; S, 14:86. 

FOUI!d: H. 4.92: S. 12.60. 

ô7.61 ... 7.48 (m, 4H. C6H4). 6.32 (s, lOH. C5H5). 3.31 

{septet. 1H- J = 6.8 Hz. CH) ,,1.43 (d, 6H'aJ = 6.8 Hz. CH3). 
, ~ 

IR ): 1663 (vC-o)' 

5· ) Preparation of Bis{~ -cyclopentadienyl)(phthalimido){benzyldisulfano -
• =0 

ti tanium(IV). Cp2Ti(N02~4)(ssœ2Ph) (.ll&) \. 

N-(benzy~dithio)phtha11mide (9c) (1.40 g. 4.65 mmol) was added to a 

" . 
J 

.$ 
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" .. >-, . 
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solution of -1. (1.09 g. 4.65 mmol) in toluene (40 mL) and the reactionr 

'mixture was stirred for 8.S h. A red-purple powder (0.83 g, 37%, 

t mp,13S-14~OC) was\obta!ned aft~f!ltrat!On, wash!ng (hexanes. 2 x 5 mL) 

and vacuum-dryitlg. 

- 1 (%), Cal:d. for ,525":l1N02S2T!: C. 62.63: Il. 4.4f: S. ~ 

Found: C. 62.50; H. 4.49~ S, 13.39., \ ' . 

Anal. 

I H NMR (~13): 67.61 - 7.47 (m, 4H. C6H4 ) , 7.40 - 7.29 (m. SH. C6lls). 
6. 20 (s. lOH, C5H

S
) , 4. 20 (s. ,2H, Cf{2)' 

IR (toluene): 1665 (vC-o)' 

~ , \ 5 . 
Preparation of Bis(~ -cyclopentadienyl)(phthalimido)(4-methylphenyl-

disulfano)titanium(IV). Cp2Ti(N02SS~4)(SS-p-C6H4Me) !(lQS) 

'N-( 4-methylphenyldi thio)phth.a;limide (9d) (1.48 g. 4.92 mmoly was 
1> 

added to a soluf!on of ! (l.lS g, 4.92 mmol) in toluene (40 ml) and the 
~ 

reaction mixtlÎre was stirred for 28 h. A purple powder (0.79 g. 34%. 
~ 

o ' , 
mp 146-149 C) was obtained after. filtration, washing (hexanes. ~ x S ml) 

c. 
.and vacuum-drying. , 

Anal. (%): Calcd. for C25H21N02S2Ti: C, 62.63; H, 4.41; S, 13.37. 

Found: C. 62.02; H, 4.29; S. )3.27. 
'i 

1H NMR (CDCI3 j': 67.64 - 7.S1 (m, 4H. N02C8H4). 7.43. 7.16 (ABq, 4H, 

J =:i 7.8 Hz. C6H4Me). 6.40 (s, 10H, CSHS) , 2.36 (s, 3H, ~). 

~R (toluene): 1651 (vC"'Û)' 

" 
s- . , 

Preparation of Bls(~ -cyclopentadienyl)(ethoxy)(~-butyldlsulfano)-, 

titanium(IV). Cp2Ti(OEt)(SSOIe3) (~) 

, N-(!!I:.t.-butyldi thio)phthal1mide (9a) '(-1.67 g, 6.23 mmol)', was added 

r 



o 

o 
• 

\ 

to ~ solution 0l l (1.46 g. 
, 

- . 
87 

9.23 rnmol) in toluene {25 mL} and the 
1 

reaction mixture was stirred for \ 47 h. Filtration. washlng (Et20. 

~, 10 mL). and vacuum-drylng gave a deep purple powder _ of which NMR 

analysis indicated the presence of p~re 10a. Ad~t,tion of thQ powder to 

EtOH (35 mL) followed by sthvf'i?g for 20 min. gave a dnrk orange 
. ~ ~~ 

.. 

.. 

\ 

solution which was taken 'to c1ryness in v:acuo. Flash chromutogrnphy on 

de~tivated alumina (4 x 6 cm). eluting with CH
2

C1
2

. gave an orange band 

.which was collected. A dark orange oil (1.24 g. 58%) wns obtained after 

stripping the band to dryness. 

Anal. (%): Calcd. for C16J-I24OS2Ti: 

Vound: C. 55.63; H. 7.11; S. 18.72. 

'-~;~ .. 

c. 55.8Q) H. 7.02: S. 18.62. 
; 

1 
/ 

1H NMR (COCl
3
): 06.14 (s. 10H. C

5
H

5
). 4.23 (q. 2H. J = 6.8 Hz. 01

2
), 

1.37 (s. 9H. C{~)3)' LOO (t. ;m. J = 6.8 Hz. Œ 2CH3). 

1H ~ (C6D
6
): 65.88 (s. 10H. C

5
H

5
). 4.16 (q. 2H. J = 6.8 Hz. 01

2
), 

1.50 (s, 9H, C(~)3)' '1.06 (t .. 3H. J = 6.8 Hz. CH~3)' 

IR (KBr}: 3090 (w). 2940 (m. br). 1718 (w. br). 1650' (w. br), 1430 (m), 

" 1355 (m). 1095 (s. br). 1056 (5).1009 (m), 908 (m). 800.(5),712 (w). 

560 (m). 400 (m) . 

5 . '. 
Preparation of Bis(~ -cyclopentadienyl)(ethoxy)(isopropyldisulfano)-

ti~aniurn(IV). Cp2Ti(OEt)(SSCHMe2) (UQ) 

N-(isopropyldi~hio)phthalimide (9b) (1.10 g. 4.35 rmnol) was added 
• u • 

to a solution of l (1.02 g. 4.35 nunol) in toluene (15 mL) and the 
,1 

1 

reaction mixture '~s stirred for 48 h. , ... , 

\ 

... 

l' 

\ 
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fo" 

'i 

~ x 10 mL), and vacuurn-drying, gave a deep purple powder of which NMR 

analysis indicated that lOb was the major consti tuent, wi th a trace of 

phtbal1mide also present. Addition of the powder to EtOH (35 mLl 
1 

followed by stirring fo~ 10 min, gave a dark orange solution which was 
.} 

taken, .to dryness in va&uo. Flash chromatography on deactivated alumina 
o 

(4 x 6 cm), eluting with Œ 2C12 , gave an orange band whi~h w~s 

colle'cted. Stripping of the band ta- drYness gave a dark orange powder 
• 

(0,17 g. 33%, mp 61-63
0
C). 

Anal. (%): Ca.lcd. for C15H22OS2Ti: C. 54.54: H, 6.71: S •. 19.41." > 

<' 

F ound: C. 54.36: H, 6,80: S. 19. 19. 
/ 

1H NMR (COCI
3

): 66.13 (s, 10H, C
5

H
S

) , 4.25 .. (q, .2H, J = 7.0 Hz, '~), 

2.86 (septet, lH,' J = 6.8 Hz. aI), 1.32 (d, 6H, J = 6.S Hz, CH(~}2)' 
o ft 

1.01 (t, 3~, J = 7.Q Hz, CH2CH3 ). 

1 . H NMR (CGD6 )· 65.083 (s, 10H, Cffi5) , ~.14 (q, 2H" J = 6.9 Hz. Œ 2), 
~ 

3.01 (septet, 1H, 'J = 6.S Hz. aI), 1.43 (d, 6H, J = 6.S Hz, CH(~)2)' 

1.02 (t, 3H, J = 6.9 Hz, CH2~)' 

ft IR (KBr): 3100 (w), 3070 (m), 2950 (m), .29.;10 (w). 282~ (m), 1432 (m), , 
""-,. 

1360 (m, br), 1095 (s), 1058 (s), 100S (m). ~10 (m), 800 (s), 560 (s), .. • 
404 (m). 

+. ' + 
MS: 330 (M " 2. 0) , 298 (M· -S· , 

+. • 
0.2), 265 (M -S2H, 0.8). 254 

, 

(M+·-C
3
H

S
S·, '4.i), 223 (M+·-C3~~;: +. 

34), 210 (C
10

H
lO

TiS ,040). 17S 

+. .. 
(C

lO
H

lO
Ti ,39) . t 

. frepara t1 on of Bi s ('7.,5 -cyc lopen tadièny 1 )( e thoxy }(benzy Idisulf ano) ~ 
• 1- ft 

ti tanium(IV), Cp2Ti(OEt)(5Ph) (~) " -

N-(benzyldithio)phthalim1de (9c) (1.24 g, 4.12 mmQl) was added to a 

t 
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solution of 1 (0.98'g, 4.12 rnmol) in toluene (40 ml) and the reaction , 
o 

mixture was' sti'tred for 26 h. ~ Fil tration and vacuum-drying' gave Il 

red-purple powder of w!)ich NMR analys'is indicated that 10c wn:s the major 
o ~ . 

constituent, with a trace of phthal1mide also present. Addition of the 
'1 

'. 
powder to EtOH (35 mL) followed by stirring for 30 min gave u dark 

", 
brown-orange solut1.on which was taken to dryness in vacuo. 

( - , 
Flush 

chrornatography on· deactivated alumina (4 x 6. cm), eludng w1tQ Q12C12' 

gave an orange band which ,was collected. Stripping of the band to 

o . 
dryness gave a brown powder (0.44 g. 28%. mp 84-86 ~~ 

YI , • 

Anal. (%): C'alcd. for C19H22OS2Ti: C. 60.31; H; 5.86; S. 16.94. 

Found: .C. SO.15; H. 5.80; S. 17.10. 

1H NMR (CDCI3 ): 67.36 - 7.31 (m, 5U, C6H5 )./6.11 (s. 10H. (5H5)~ 4.30 

(q. 2H. J = 7.0 Hz. CH2Œ 3 ). 3.83 (s, 2H. Œ2Ph). 1.95 (t. 3H. 

J = 7.0
0 
H:z. CH3)· 1 ; 

/ 
1 ( )~ '.' ') 7 ( H ) .' Ho. NMR CSDS;' 67.38 - 6.96 (m. 5H. C6H5 • 5. 7 ~. lOH," C5 5 ' 4.13 

(q. 2H. J = 6.9 Hz. CH
2
Œ

3
). 3.95 (s. 2H. Œ

2
Ph). f1.00 (t. 3H. 

J = 6.9 Hz. ~). 

IR o{KBr): 3078 (w): 2960 (w. br). 2630 (w) .. J--488 (w). 1430 (m). 1366 
) 1 

(w). 1343' {ml, 1048 (s. br). 1010 (s). 900 (~'f 795 (s. br). 686 (m). 
'-" \ .. 

558 (s). 472 (m), 406 (ml . \ \ . 
IMS: 

\ 

} 

... 
378 (M+·. 0.0). 

,. .. 
, 5 • ,1 ~ 

Preparation" of Bis(T} .-cyclopentadienyl){ethoxy: (4-methylphenyl-- . -

,~isulfano);itan~um(IV). Cp2T1ÇOEt)(SS-p-c6H:4Me~ (~) 
'Z, 

N7( 4-me thy Ipheny.ldi thio )phthal!mide ~9d) ( 1. ~1 g, 

added to a solution of l (1.52 g, 6.48 mmol) in to;cene 

.. 

6 . 48 mrno 1 ) was 

(40 mL) ~ the' 

" . 

. . ~ ., ' . 

~-- - -- ~=======d,==~~================== 



( 
1 

). 

C' J 

. , 

t 

90, 

- - , .... 

reaction mixture was stirred for 23 h. Fil tration and vacuum-drying 
",,":J -

gave a purple powder of which .NMR analysis indicated that lOd was the 

major' constituent. with a trace of phthalimide also present: ' Addition 

of the pôwder ,to ÉtOH (35 ml) follQwed by stirrJng for 45 min gave a 

dark brown-orange~ solution which was taken to dryness in vacuo. Flash 

chromatography on deactivated alumina (4 x 6 cm). elut:ipg wi th aI2Cl2 • 

gave a brown band which was collected. Stripping of the band to dryness 

gave a brown,powder (0.85 g. 35%, m~ l04-106°C). 

Allal. (%) : Calcd. _ for C19H22OS2Ti: 

Found: C. 60: i7; Il. 5.85; S. 17.05. 

lH NMR (CDC1
3

): ô7.40. 7.07 (ABq. 4H. 

CSHS )' 4.18 (q, 2H. J :x 6.8 Hz. Œ 2)· 

3H, J = 6.8 Hz. Œ:P!3)' 

1H mm (C
6

D
6

): ô7.72. 7.00 (ABq, 4H, 
<0 

C5HS )' 4.11 (q. 2H. J = 6.8 Hz, ~). 

C, .qo.31; H. 5.86; S, 16.94. 

J = 8.2,Hz, C6H4) , 6.12 (5, 10H, 

2.30 (5, 3H. C6H~?I3)' -0.95 (t, " 

~ 

J =r8.0 Hz. C6H
4

). 5.80 (s, 10H. 

2.10 (5, 3H. C6H4aI3 ). 0.98 Ct. 

3H. J = 6.8 Hz. Œ~3)' ,," ' 

IR (KBr'): ~3070 (w). 2955 (w). 2840 (w). 1478 (w). 1432 (m). 1362 (m). 

, . 

1348 (m~. 1264 (w)~ 1090 (5)." 1062 (s, br). 1008 Cs). 914 (m). 794 ~ 

(s, br). 562 Cm). -480 (m), 390 (w). 

s ' 
Preparation of Bis(~ -cyclopentadienyl){methoxy){4-methylphenyl-. . 

disulfano~titanium{IV). Cp2Ti(OM~)(SS-p-C6H4Me) (~) 
N-(4-methylphenyldithio)phthalimide (9d) (1.62 g. 5.38 mmol) was 

added to a solution of 1 (1.26 g. 5.38 nunol) in toluene. (40 mL) and the 
1{ .' 

reaction mixture was stirred for 18 h. Filtration, washing (hexanes. 
" ~ !L _ 1 _ " 

Ï" . 'i ~,"" ' 

2 x 5 ml)", and vacti1Jm...'dl"Ying gave a purple P?w~er 

Il' 

'. 
" 

of which NMR analysis 

\ 
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indicated that IOd was the -, major consti tuent. with a trace of 

phtha~imide also present. Addi tion of the powder to MeOH (35 mL) 
, . 

followed by stirring for 10 min gave a dark ,orange' solution which was 

~ taken to dryness in vacuo. Flash chromatography on denctivatcd alumina} . . ". 

(4.x 30 cm). eluting'with 50:50 Œ 2C1
2

:Et20. gave an orange band which 

was collected. Stripping of the band to dryness gave an orange oil 

o ' 
(0.59 g. 30%),. which was recrystallized from Et20 at -16 C to giVè clark 

'1---

/ 
orange microcrystals '(mp 87-89°C) tbat were used as the analytico.l 

sample. 

Anal. (X): Calcd. for C18H20OS2Ti: C. 59.33; H. 5.53; S, 17.60." Found: 

0-

• 

'\ , . 

, 
\ 

C, 59.44: H. 5.42; S. 17.67. ., 

la NMR (rncI3 ): 07.39.7.08 (ABq. 4H •• J = 8.2 Hz. 

C5H5 ) , 3.94 (s" 3H, OCH3 ). 2.30 (s, 3H. CSH4Œ3)' 

1 '. g NMR '(CSDS): 07.67; 6.98 (AB~. ~. J = 8.2 Hz. CSH4). 5.78 (s. 10H. 

C5H5 ). 3.SS (s. '3H. ~). 2.08 (s. 3H. ~6H4CH3)' 

IR, (KBr): 308S· (w). 2891 (w),' 2773 (w). 1470 (m). 1420 (m). 1282 (w). 
l' 

1240 (w). 1065 (s. br). 997 (m,). 790 (s. ~r). 506 (m). 470 (m). ~ 

.j 

Preparation of Bis(~5_cyclopentadienyl)(chloro)(triphenylmethyl-

disulfano) ti tanium( IV). Cp2Ti (Cl )(SSCPh-;r 1/2-- CH2C12 (li) 

~CSSCI (1.64 g, 4.79 mmol) ,was added to a sO,lution of 1 (1.12 g, 

4.79 mmol) in toluene (30 ml) at -7SoC. 
1 

~ The temperature of the stirrcd 
~ 

~ ~ 0 
, reaction mixture was allowed to rise slowly' to 22 C over a pcriod of 

2.5 h. 
{; 

A deep purple powder Was obtained after filtration and washlng 

(hexanes. 2 x 10 'ml). Addi tion of the washings to- the mo ther-llquors 

i h Ii -lSoC. w t coo ng "to gave a se~ond crop rf powder. Flash 

1 

. , 

. , 

", 



. .t 

.. 

-

92 

• 
chromatography on deactivated al~ina (1 'x 6 cm),; ~luting with œ2~12' 

gaye 'a purple band. The band was stripped to dryness, then 
c 

,recrystalÙzed, from CH2C12 l~yered with hexanes, to give a deep pu~pl~ 
'0 

powder (1.48 g, 54%, mp 155-157 C (dec». Once again the powder was 

; recrystallized at room temperature from CH
2

Cl
2 

(10 ml) l:=tyered wi th 

hexanes (30 ml). DaSk orange crystal~ were obtained' that were used as 

the analytical sample. 

Anal. (%) : 62.88; H. 4.65: 

S. 11.38. Found: C, 63.14; !"l, ,4.65: S,Il. 71. 
1 0 , 

H NMR (CDCI3 ): 07.47 - 7.19 (m, 15H, C6H5 ). 6.12 (s, 10H. C5HS.)' 

1 4 r.-
H NMR (C

6
DQI: 07.72 - 6.98 (m, 15H, C

6
H

5
) , 5.72 (s, lOH. C

5
H5 ). 

IR (IŒr): 3108 {m, .,., ;3050 (m, br), 1588 (w, br). 1484 (m): 1442 Cm}. 

1268 (w), 1183 (w), 1078 (w), 1016 (m), 820 (5). 737 (s), 700 (s). ~620 

(w), 501 (m). . \ 

+- • +- - • MS: 520/518 (M -2H . - 0~39/0.28). 482 (M -2H -HCI • 0.96). _ 448 
• r 

+- • •• +. • • • • ~ 
(M -2H -HCI -H28 , 0.96), 409 (M -2H -HCI -H2S -C3~ • 1.03)~ ~ 

/ 
Addition of p~p to Cp2Ti(OEt)(SSR), where R = CMe3 (~) and p-CsH

4
Me 

,.1 

(~), in C6~ ~ 

Tw~ NMR samples. A and B. were p.fepared 1i C6D6 :~r each of 13a and 
,r, 

1 

13d. A slight excess of one equivalent of Ph
3

P was added tq sample A. 

R = CMe3 (~). No changes in the NMR signals were observed in either 
CJ 

sample'A or B over a period of 5 days. 

R = p-CSH4Me (~). The NMR signaIs due to 13d in sample A decrea:~ed in 

Intensi ty concomi ta.'Ilt wi th an increase in Intensl ty of peaks due to 
1 
, 

, 1 

1 

1 

1 

.. 

,/ 
1 

--~ 
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IH' NMR (C6DS}:"~: C;5.;( (s, ~~5)'; 4.25 ~' ... J = 6~8 Hz" ~). 2.18 
. ' . ~" 

(s. C6H4Œ 3 ), ,1.10 (t, J = 6.8 Hz, '~3)"': the aryl reglons 'were 

obscured. ' , 
i 

;~2Ti(S-p-C6H4Me}2 (sa) was a1so detected. After S days thfl relative 

propor,tions of 13d:14:5d were·17:~9:34. In add~Ù·~n. peaks due to P~PS 
~~ . 

~ere~~~~erved. In sampl. B ~pectra~ ~~. were.o~~"V.d ~v.r a 

Pfl"iod of i 5 days. 1 ! .. 

. ( 

Reaction, of' Cp2Ti (CO)2 (~) wi th Phth-~, wl)ere R = œM~2 (!2h) ~d œ2Ph 

(~): Preparation,of [Cp2Ti(N02C8~4}]n (IS) ~ 
' . 

R = CHMe2 • 
. \ 
N-(isopropylthio)phthalimide (l5b) (1.~7~, 6.65 mmol} 

.... 
1mS adaed to a solution of l (1.56 g, 6.650 mmol) in ti:>l~ene (40 ml). 

, , , 

The reaction mixture was stirred for 47 h, at which point no res~dual l 
.:> • 

1mS present; as, d.~rmineà' by an IR 'spectrum of the supernatant' e . , 

solutipn.. Fil tration gave' a turquoise powder' and an orange.it 1 trate. 
. 

Washing J( toluene ~ . 2 x 5 mL), and vacuum-drying g;'ve 
1) 

the pm/der as the 
, 4 

analytical sample {0.38 g, 18%, mp 209-211~ (aecn.' 

Anal. (%): Calcd. fo~ C18H14N02Tt: C, 66.68: H. 4.35: S, 0.00. 

C. 66.89; H, 4.24; S, 0.00. ' 

Found: & 

...... ~ ~. The orange filtra te w~ s tripped, to dryness. A NMR spectrum of the 

residue indicated that Cp2Ti(phth}(SŒMe2) (l7b) was the major, 

const! tuent (80% of the integra,ted intensi ty in the Cpê'region). ~ ( 

lH NMR (CDC13): 67.62 - 7.48 (m~ 4H. CSH4). 6.31 (s. lOH, C5Hs). 4.75 

-~----_._---------

\ , 

.," . 

• 1 
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l-septet. 'lH, J = 6.6 Hz. al). 1.57 (d, 6H, J =-6.6 Hz. ~). 

ln \acW1 tian. peaks attributed to {Me2œ)2~2., and phthal1mide were 

detected. 

'R :: PI~. In a marm~r similar to above. addi tion of 

N-(benzylth1o)phthaUmide (l..§.g) (1.46 g, 5.43~ RUnol) to a solution of 1 -

(J.27 g. 5.43 mmol) ln, toluene (40 mL). resulted in formation of 16 

,,(0.35 g. 20%). The red-orange fU trate was stripped to dryness. A NMR 

spectrum of the residue indicated t~t Cp2Ti{phth){SCH2Ph)'{17c) was the 

major constituent (SO% of the 1ntegrated intensity ln the Cp reglon). 

11:1 mm (COC13): 66.35 {s. lOH. C5HS}' ~42 ,(s. 2H. ~). the aryl 

resions were obscured. 

In addi tian. peaks actributed to Cp2Ti(SOI2Ph}2 (20%). (Ph~)2S2. and' 

phthaUmide were detected.-

• 

, . 

• 'L 



o 
.. 

, . 

0, 
1 

o 
JI. 

. 
\ 

Results 

~ _"I~lh" -'" f ......... ,10/ 

l ,l 

JI. Ji 
95 

The complex Cp2Ti(OO)2 (1) cleaved a S-N bond in toluene,âblutions 
,Q , 

of phth-SSR (9a-d) to give the comple~es Cp2Ti(phth)(SSR) (lOa~d). wherè 
9 . 

phth = phthalimido. ,as shown in Eq. 111.6. The nove 1 dlsulfano 

Cp2Ti(0»2 + Phth~ 
1 - 9at-- _. 

, 
2(XJ , • =--> Cp2Ti (phth) (SSR) 

1 
IOa: 

(IlI.6) 

lOb: 
, 

lOc: R = Œ2Ph. 

lOd: R = p-CSH
4

Me 

~ 

complexes precipi~te~ from the reaction mixtures over periods ranging 

from 8.5 h (lac) to 44 h (~) in yields of 3~-61%. They could not be 

recrystall ized or chromatographed due to decomposi tion in solution and 

in the solid·state under N
2

. Satisfactory microanalytical results were 

obtained for- aU of .complexes lOa-d. The compounds were sI igh t ly 

soluble in toluene. insoluble in hexanes and diethylether. and dissolved 

with decomposition in ~CI2' ,The lH NMR' spectra were consistent with 

their formulation (Table lLiI. 1). The phthalimido lii>and resonances 
~. 

appeared as a symm~tr(~ mul ttplet at higher field than in phth-SxR . . ' 
wherè x'= 1 and' 2. and in free phtru;.limide (07.9 - 7.7 ppm in CDCI 3). 

The chemical shifts of the methine and methylene resonance of lOb.c are 

shifted to higher field t:pan those of their analogues cp'2Ti (phth) (SR) 
~ /'( 
(l7b.c). 

The éarbonyl stretching vibrations in IR spectra (benzene , 

solutions) of organic phthalimido derivatives. phth-R33 • and suleur 

" Q 
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TABLE 111.1: Spectroscopie Data for. Cp2Ti(phth}(SxR). whet:e x = 1 and 2 • 0 

; .. 
'lt 1 a H mIR Assignment , 

R CsHs aI ~ ~ Cs"4 CA 'phtb-
' b 

x IR(vC-o) 
0 

--" 

Q(e3 ' 2 10a .e~ 6.35s 1.49s 7.64-7.49m 1664 , 

""'" ;F-

œMe2 2 l~b 
e 

1.43dc 7.Cll-7.48m 1663 6.32sr 3.31sept . 
<>{ 

, . 
Œ

2
Ph 2 lOc 6.2Os 4.2Os...-..,. ' 7.40-7.29m 7.61-7.47m 1665 

,--v: .. 
\" t .1 

l 
Y.43,· 7.16 ABqd 

1 

p-C6H4Me 2 lOd 6.4Os i2.36s 7.64-7.S1m . 1651 
" 

" ~ 

" e • t 

ŒMe2 r 17b 6.315 4.755epf '" 1. 67de 7. 62-7. 48m 
~ 

... 
~Phf 1 17e 6.35s S.42~ 

, 

,\.. 

a -
In CDC1 3 in ô ppm. S = singlet. d = doublet. ABq = AB q~rtet. sept = septet. m = multiplet. 

b -1 C d e 
Toluene in cm. J = 6.8 Hz. 0 J = 7.8 Hz. J = 6.6 Hz. 

f Phenyl and phth regions obscurèd by impuri ty peaks.-

~ " 
t!'_ {_ ~ 

'" 1 .. 

.." .-
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transr~r reagents. phth-SSR29 (9a-d) (Table 111.2), appear as two band~ 

in the region 1720-1750 cm-l, with the higher frcquency band boin~ of 6 
/ 

. much lower intensi ty. The hands are shifted to 1585-1620 cm -1 in the 

33 
phthalimido anion . The IR spectra (toluene) of "lOa-d (Table tn.I) 

showed a single strong vc-o stretching vibration in the rcglon 

'1651-1665 -1 
cm The spectra were of low concentration solutions dUt.~ to 

the low solubilities of 10a-d. Freshly made tolu~ne solutions of JU)u-d 

exbibited a uc-o band due to phthalimide (1746 cm-1) after less thon \-
()_ •• t' .: 

10 min in an IR cell. 
, '-

If ~he. r,eact~on.~of r~ith ga-d was not performed under rigotous1y 
. ..." • cf! ~ 
Iner'~ atmospteric conaitions, or if slightly impure 1 was used, the 

products 10a-d were contaminated by phthalimide. However, using very 

pure 1 required longer' reactiofi times. For the synthesis of 10c the 
, 

precipitated product had to be collected prior to total consumption of ! 
, 

due to instability of the former over periods longer than 8.5 h. 

.. Treatment of MeCp2Ti«(X»2 wi th 9d gave an intractable pale orange 

powder. the NMR spectrum of which indicated' the presence of MeCp and 

phth.groups in the ratio 1:1. 
,0 

Cp2Ti «(X»2 (1) was readi ly oxidized by ~CSSCI 1n toluene at 

" • 0 , -78 C. and after evaporation of solvent gave a crude product, which gave 

a NMR spectrum consistent with Cp2Ti(Cl)(SSCPh3) (il) as the major Cp 

containing species.~ In addition. weak peaks due to Cp2TiC12 (12)oand 

~ - other unidentified Cp contaiI?-ing species were observed. 

Recrystallization gave 11 contaminated with 12. Flash chromatography on 
, ( 

deactivated alumina, using Œ2S.~ as the eluant, gave pure li, as 

determined by its NMR spectrum and elemental analysis. The reactlon of 
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TABlE 111:2: Spectroscopie Data for phth-S R. where x = 1 ~ 2 x .. 
1 a ·H NMR Assignment 

R aI 0I2 ~ C~4 CA 
" 'b 

x .IR(vc-o} 
::, 

OIe3 2 9a 1.42s 17:1- r, ...----
:il, 

.. 
. ' , e 

1,,29de " 1 ~ 15b 3. 48sept 1742 ... 
ŒMe2 . 

2 9b' 3. 365ept 
d· 1.39dd ' 1742 ~ ~ 

" 
1 15c 4.125 7.87-7.19m 1743 

~ 

~Ph J :-

2 ge 4.31s 7.'S5-7.28m 1741 \ 
!j' 

1 15d 2.325 
e 7.63. 7.17 ABq 1743 

p-C6H4Me .. 0-

" 

f 
,rv 

2 9d 2.295 7.48. 7.12 ABq 1745 

o a . 
CDCl 3 in 6 ppm. Phthali~ido region omitted. s = singlet. d = doublet. ABq = AB quartet. 
sept = septet. m = multiplet . 

." b -1', C d 
Toluene in em . Only the more intense band is listed. J = 6.6 Hz. J = 6.5 Hz. 

e f' ' 
J = 7.9 Hz. J = 8.0 Hz. 

~ 

(} 
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~CSSCI with 1 in tolue~e at room temperature gave a reduced yield of 

!!~ Complex 11 is air-stable for months and i5 soluble in CH2Cl2 and 

toluene. giving intensely purp~e coloured solutions. 

Treatment of IOa-d wi th ethanol and lOd with methnnol gave , 

Cp2Ti (OR ') (SSR) (l3a-e) in high yields. as shawn in Eq. III.7. 
) 

R'OH 
Cp2Ti(phth)(SSR) ----) Cp2Ti(OR')(SSR) + phth-H (III.7) 

lCa-d 13a: R = CMe3 ; R' = Et 

13b: R = CHMe2 : R' = Et 

13c: R = CH
2

Ph: R' = Et 

13d: R = p-C6H 4Me ; R' = Et 

13e: R = ~-C6H4Me; R' = Me 

Treatment of IOd with one equivalent of PhCH
2

0H in toluene. produced an 

intractab1e mixture. of which. a NMR spectrum (COC13) gave reCnances 

attributab1e to Cp2T!(0ClI2Ph)(SS-p-C6H4Me) [66.20 (s. IOH. C5H5~ 5.,p 

(s. 2H. ~), 2.25 (s. 3H. CH3). aryl regions obscured]. in addition to 

unidentlfied products. 

The highest yields of 13a~e (~-~. based upon 1) were obtained by 
''-

allowing the oxidative-addi tion reactions "of ga-cl to 1 t'p proceed to 

completion. as indicated by the absence 1 of vC-o' bands of 1 in the IR 

spectrum of the reaction solution. and then adding EtOH. Flash 

chromatography on deactivated alumina separated.l3a-e fro~ phthalim1de. 

to give the analytical sample after work-up. 13b-e were air-stable 

powders. 13a was an oil and aIl complexes were air-stable in CDCl3 and 

CflJ6' 
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1H NMR spectral data for l3a-e are given in Table 111.3. The'peaks 
... 

due to Cp and R groups are sitpilar in chemical shift to those of the 

analogous species lOa-d. The signaIs due to ethoxy groups were 

considerably shifted to lower field relative to free EtOH. The infrared 

. -1 
spectra of 13a-e gave a broad band in the region 506-562 cm . which is 

22.34 
the approximate frequency expected for a VTi-O stretching vibration 

(Table III. 3). 

Triphenylphosphine does not react wi th 13a.· but wi th 13d over a 

period of 5 ·days, led to partial desulfurization. giving ~ the complex 

Cp2Ti(OEt)(S-p~6H4Me) 

de tec ted by 1H NMR 

(14) wi th coneomi tant formation of ~PS. as . 

spectroscopy. In addition. peaks due to 

Cp2Ti(S-p~6H4Me)2 (5d) and unreacted 13d were observed. The resonances 

due to the bisthiolato eomplex' 5d gtew in intensi ty only in the latter 

stages of the reaction. 

The reactions in toluene of Cp2Ti(CO)2 (1) with phth-SR. where 

R = CHMe
2 

(15b), CH
2

Ph (15c) and p-C
6

H4Me (15d). gave different results 

than those observed with ga-do The reaetions of I5b and 15e with 1 gave 
1 

a very'sparfngly soluble, air-sensitive, turquoise powder. 16. of which 

the elemental ~lysis was consistent with the empirical formula 

ClSH14N02Ti. The mass spectrum of 16 gave ions and a fragmentation 

pattern consistent wi th Cp2Ti(phth). The powder was only ~ sparingly 

soluble ip C6D6 and exhibi ted a broad band of resonances in ~ the region 
\" 

67.5 - 6.2 ppm in the NMR speetrum. lnunediate reaction occurred upon 
) 

-solvolysis in 0)(:1
3

, giving a dark red solution exhibi ting a large 
. 

number of sharp peaks in the Cp region (66.7 - 6.3 ppm) o~ the NMR 

spectrum. An infrared spectrum of a very dilute toluene solution of 16 

.. 
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TABLE 111.3: Spectroscopie Data for Cp2Ti(OR')(~) 

'-

lH NMR Assignmenta 

Complex C5~ aI ~ or 2 ~ Œ3 
b 

C~4 or C6~ BoIvent IR(vTi-o) 

Cp2Ti~~Œ3)-

(~(Œj)3) ~13a ... 
Cp2Ti (OŒ2Œ3)-. .,. 

(SSClI(~)2) 13b 
• 

'" -

or 
6.145 

5.885 

e 6.13s 2.86sept 

e 5.835 3.01sept 

f, 23qe .. 
4.l6qe 

4.25qf 

4.14qg 

.. , 

Cp2Ti(~Œ3)­

<5SCH2Ph) 
.. 6: 115 

13e <:. _ t 

~ .. 4.30c/ 3.83s 

4.13qg 3.95s 

Cp2Tl{~~)­

(SS"'P-C6H4~) 

Cp2 'H (OClI3)­

(SS-P-C6H4~) 

13d 

13e 

5.775 

6.125 4 .. 18qe 

5.SOs 4.11q e 

6.14s 

5.785 

() 

e 1.375. 1.00t 

1.505 l.06t
e 

/' 
e f 

1.32d 1_.0J t 

e g 1.43d 1.02t 

e 

d 

~ 

c 

d 

f I.OSt 7.36-7.3Im c 

1.00tg 7.38-6.96m d 

e h 2.305 O.95t 7~40, 7.07 ABq c 

e 
2.105 O.98t 

2.305 3.945 

2.085 3.885 

i 7.72, 7.00 ABq d 

h 7.39, 7.08 ABq c, 

h 7.67, 6.98 ABq d 

a In ô ppm. s = singlet. d ~doublet, t = triplet. q = quartet. ABq = AB quartet, sept = septet. 
, m = mul tiplet. 
b -1 c d 

KBr in cm. ClX:l:). 4,D6' 
e f ~ g -J = 6. S Hz. J = 1.0 Hz. J = 6.9 Hz. h '\. J = 8.2 Hz. i J = 8.0 Hz. 

\ 

1 

560 

560 

558 

562 

506 

( 

~ 

-

~. 

... 
o -
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band at' 1582 -1 '0 -1 -1 
showed a single weak cm which 1s 80 CIJl and 140 cm 

i" "lower than the band ~ssigned to the ~c-o siretching ,:vibration in lOa-d 

(Tab~ 111.1) and 15b-d (Table 111.2). respectively. 16 dedomposed very 
1 

rapidly in' toluene and phthalimide was ddtected within minutes by its IR 

spectrum. 

An orange filtrate obtained after collection of the powder. 16. was 

j' 

,stripp{!d to dryness. A NMR ~ spectrum of the resi,due showed resonances 

con~1s tent w! th the pTe.ence of phthalim!de. RSSR and Cp
2
T!4 ph th}(SR). ç , 

,. , 

, . 

r 

,. 
( 

f\, r 
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Discussion " 

The complexes Cp2Ti(X)(SSR)., where. X = phth O~;:9,) and Cl (li>. 

were formed via oxidative-addi tion of a S-X bond to Cp2Ti (CO}2 Ur: 
Previous workers have shown that phth-SSR can oxidatively add to 

''j 

'(Ph:3P}2Pt(C2H4) to form ciS-(Ph3P)2Pt(Phth)(SSR).35 and -CWl nlso gi~e 

CpW(OO}3SSSR on reaction wi t? CpW(OO}3S~6. The oxidation of 1 wi th 

• ~ 4 
tetrasulfur tetranitride was shown to give at least two products . 

Il'' 

l' 

,. , 23' , 
The (X) ligands in 1 are easily displaced -Substitution by 

ketones. aldehydes. acyl halides. carboxylic acids and haloalkanes have 

been 37 reported . Recent work by Basolo et al. indicates tha't 

. ~ 
dissociation of a carbonyl ligand is the fi.r'st step in the reaction . 

Thus. 

, 
the rea/ction of ph th-SSR wi th 1 may proceed via ini tial 

" 
. 

coordination' of a sulfur atom to the t1 tanium centre of the highly 

coordinatively unsaturated species Cp2Ti(OO). as shown in Scheme 111.1. 

, 1 
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, lX· 
~-co+ 

/ 

co 

1 -

9a-d , 

., 

., Co 

lO·a-d 
L, 

SCHEME II l . 1 

. 
The products lOa-d are fairly unstable. This must be due to the 

q v 
presence of the phthalimido ligand. since the analogous thiolates. 

Cp2T1(SR){SSR) (Chapter II). and alkoxides. 
" 

l3a.-e. are more stable. 

Homolytic scission of the N-Br bond in N-bromosuccinimide 15 weU 
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39 documented . Homolysis of thè N-Tt bond'may account for.thè"occurrence 
~,. 

of phthal1mide in' solutions and precipitates of lOa-d'. mm and IR . "----
lJi spectrosc-opic data liire consi,s'tent wi th a 1 inear TiSSR linkage -und ~ 

r 

coordination of' the phthalimido group through the nitrogen atom. 

However, no splitting of carbonyl abs~rptions was observcd. whlc~_i5 in 
- ~ 

contrast to th~ pattern of DC-o absorptions 'expected for coordination pf ' 

33 35 an imido group involving no metal-oxygen interactions ' . Thereforc. 

bidentate coordinati.on of the phthal imido group in lOa:-d to ti tnnium 

using both oxygen and n'itrogen atoms, cannat be ruled out. 

Interestingly, the oxidative-additions of phth-SR (15b,c) to 1 gav~, 

turquoise powders. 16. whiçh exhibited broad 1H NMR resannnces 
, 

consistent' with a dl Ti(III)' species. " Com~ounds such a~ [Cp2TiCl]240 

and [Cp2Ti{~e2)]27b are paramagnetic dimers with chlorine hnd nitrogen 

atoms brldglng between the meta! centres. Th~lUe of the "c-o 
~ 33 

stretching vibr~tion in 16 is close to that of the phthulimido anion 

Since ,a poorly resblved IR spectrum was obtained due to the insoluble 

nature of 16, i t was not possible to discern if a lower intensity. 
( , 

higher frequency,- vc-o band was pz:esent. as might be expected for a 

33 35 phthalimidb ligahd bound only through a nitrogen atom • 
~ . 

The phthalimido group bas ,three sites available for coordination. 
'. 

but due to structural limitations 0.11 three donor atoms cannot 

coordina te to the sarne me tal a tom 41 . Sorne possible monodcnate and 

bldentate phthalimido coordination modes are presented below. It'ls 

weIl known tbat as a result of coordination through the carbonyl oxygen. 

thê double bond character between carbon and oxygen ls reduced
42

• The 

molecular structure of shows no Pt-o 
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Ti.-Nto 
• / • 

TI 

y/ ~ .11 III IV 

.~ 35 
interaction . However. a decrease in the vc-o s~retching vibration is 

• 

li' 43 
qbserved cornpared to that 'of phth-SSR • indicating reduced Ç-o. bond 

J , 

order. Urea can bind to a rnetal centre via the nitrogen or the oxygen 

0 

" " " \IV ~ 

~ '1 1 
~ .,., 

H H ,,-.. «;-::...:. .... " 

53 atorn . The unused Ione pair on the ni tNlgen ~~orn of the phthalimido 

ligand in structùral type l rnight thus be expected to exhibit soR;e 

nuclèophilic ~character. th~reby per~itting format1OI~' of type II~. as' 

shown above. 
1 , 

!pe lack of additional data on 16 prevents an unequi\rocal 

assignrnent of structùre. However. it seerns probable that the specie§ is 
{ 

of the~ type. [Cp2TiX] . ":where X = phth and n ~ 2. with the bridging 
. n. . . ~ 

phthalirnido groups acting as in either of structural' types III or IV. 

~lymeric cornJ?lexes. for example whe}\e,:;r.. = 0 and S(~)nS. have been 

discussed in the literature23 . 1 

The mother-liquors left after rernoval of 16. contained 

.. . . 
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~ 
thiolato complexes ?P2Ti{phth){SR) (~)I in addition to approximately 

" 
0,.5 equivalents of RSSR. The formation of orga.u.ic disulfides likely 

accompanied the reductiori of the' Tl,fIV) species. 17h,c, to .l§. \ The 
, ,.-~ 

aecesslblity of varl~us, oxi~tion states is rel~tively easy for 

titanium23 •44 . The disulFano complexes 10b.c do not produce organic 
• 

tetrasulfides·. 

Three speculati~e mèdruanisms for reduction of I1h,ç are pres~nted 

>-".. in Soheme IU.2. [Cp2T!Jphth)]n (ll!). is deplcted la~~c •. I.e. 

r l' 'n:: 2. but Ivalues of n > 2 are also possible. The H NMR resonances 
" 

of alkylthiotâEe groups in 17h.c are soifted ta 19wer, field than those 
• 1 

-1 
A RS+ i ' Q. eat on .'1 , 

- , 

, , 

.. o 
~ 

(Cp2Ti-NJ- + (~2TI-N]+ ----) (Cp2T~-N]2 
\ ~ 

j, 
SCHEME III. 2 

1 

-- . 

\ .. "'\ t c> 

o 

/ 
1 . 

<, 

" 



·0 

rt· -.-' '-Jê' 

/ 

, 
" , c . 

108 

. \ 
! ' 

.' 1- B& rgd1cal 

• 2RS -> RSSR 

" Q. §":" anion 

, , 

\ 

(N = N 

. 
0

0
" 

) 

SCHEME 111·2 (cont'd) 

.-

-

,of ~ ;"',rhaps • __ estive of l~ss oÊ RS+' as .the Eirst 'step in 

reduct~or 17b.c. as shown in Scheme III .2.~ Radicals of the type 

o. 

" 
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• 
RSx ' 

• are more stable than RS where x ~ 2. . due to resonance 

. 46 
stab1l1zatdron on a catenated sulfur chain , Thus Scheme III.2.n seems c 

an unlikely mechanism since the first and probably slowest step in the 

analogous reduction of Cp2Ti(phth)(SSRj (lOa-d) would be more favo~rable 
• <!! ' 
t;han that of Cp2Ti(phth)(SR) (l7b. c) 1 and. reaction of" lOa-d does not 

appear to 'occur, Scheme III.2.Ç cannot be ruled out since anlonic 

. 4'7 l' 

sulfur species such as LiSR are known . 

The subtle effects of ligand substi tuti~n complexes 1Ca-d and 
1 

17h,c i5_ further illustrated by the attempted synthesis of 

MeCp2Ti(Phth)(SS-p~H4Me). Methyl .substitution on the cyclopentadlenyl 

ring will incr.easi the ligand to metal electronic donation. thereby 
- -' 

48 
hei~tening metal basici ty . Increased electron densi ty on the metal .. 
centre may cause formation o'f the observed pro<\ucts. whlch consist of a 

-. 

prédominant Cp containing species , "" tentativ.ely assigned ----:-­as 

MeCp2Ti (phth)2' 

The reactions of IOa-cl with EtOH are acid-base dlsplacements of th~ 

phthalimido ligands. The mechanism may'involve initial protonatlon of 

the nitrogen atom. as shown below in,Scheme I11.3. 

SCHEME III. 3 

Another posslbl~lty 

l'-SR 
Cp2T1,\ 1. 

ORo--

--
involves SW2 attacKby the oxygen lone pair of ethanol on the t1tanlum 
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atome leading to an 18 electron intermediate prior to los~ ôf 

phthalimlde49 . 

The alkoxlpe complexes 13a-e show upfield shifts in their NMR 

spectra for the Cp and RSS ligands. relative to lOa-d (Tables II.I.and 

3). as would be expected for replacement of an electron'~ wi thdrawing 

phthalimido group by an alkoxide ligand. The R groups of the disulfano 

ligand are in a simllar high field environment to those observed for 

• organic disulfides. RSSR. The possibility of ~-bond donation by 

24 alkoxide and even disulfano ligands in l3a-e cannot be ruled out II' • l3c 
,,~ 

ms examined by variable temperature NMR spectroscopy and no evidence 

2 
1 for an ~ -SSR coordination mode was found. ~ 

The addition of"P~P to solutions containlng l3a or 13d resulted in 
1 

8ulfur abstraction from the dis!-llfano ligand. only in the case of 

R = p..:c6~Me._Nucleophilic ~ttack on the TiSSR moiety of l3a thus' 

appears to be inhibited by the presence of a bulky tert-butyl group . • 
This phenomenon ms ~served in the attempted desulfurization of 

OP2Ti(SCMe3)(SSCMe3) by Ph3P and other nucleophiles (Chapter II). Aiso. 

the desulfurization of 13d may he favoured by the greater electron 

withdrawing properties of p-tolyl vis-à-vis tert-butyl groups, which 

would help stabilize an intermediate thiolate anion. A pos~iible 

mecbanisrn for sulfur abstraction is shown in Scheme 111:4. The comple~. 

OP2Ti(S-p"-C6H4Me)2 (Sd) was also observed as a product of addi tibn 'lOf 

Ph3P"to 13d. However, no evidence for OP2Ti(OEt)2' a possib1e product 
,.. • 1. f 

~f' disproportionation of 14, was observed. Previous workers have noted 

50 unsuccessful attempts to synthesize Cp2Ti(OEt)2 . 

The oxidatfve-addition of ~CSSCI to! occurs with relative ease, 

\ ' 
<' .. / \ 
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~P1 (1 -
~-SR 

Cp Ti - -) 
2 _ 'OEt 

l 
, SCHEME II I. 4 

'\ -5 
as ~ight be expected for cleavage of the reactive sulFur-chlorine bond . 

The product ~2Ti(Cl){SSCPh3) (il). 18 relatively stable towards 

decomposition compared to 10a-d and l~-e. The thiolato complexes 

47 . 51 
Cp2Ti(CI)(SR). where R = CMe3, CHMe2 ' Me, Et, Ph and 0I2Ph , are 

lmown. Pentafluorophenylchlorodisulfide adds ,to Vaska' s complex via 

( 

/ 52 ~ 
S-Cl bond cleavage to give (~P)2IrC12(CO)(SSC6F5) . ' , 

, , 

1 ''"' 

J 

! 
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œAPŒR IV \ 

, 
THE SYN'I'IlEStS, ŒARACI'ERIPtTlOO AND VARIABLE TEMPERATURE , 

. 
1 5 
H ~ SfUDIES OF [(T] -<1>1Is>2Ti(Jl-SR)(Jl-SxR)Mo«(X»4]' 

( 

. . , 

r • 

/) 

'IHERE x = 1 AND 2 

1 

. . 

117 

r 



(, 

( 

11S 

, , 

Introduction 

~ 
• Interest in rnolybdenum sulfur èompounds is due in part tO the 

widespr~a.d use of sulfi.ded molybden~~~203 based hydl'odesulfurization 

. 1 2 
catalysts' and to the presence of rnolybdenum and sulfur in the active 

. , 

component of certain enzymes. Even "simple" binary molybdenum 

polysulfides have a variety of compos\ tions. 

2- 2-sulfide (S ). disulfide (S2 ) and tetrasulfide 

as ligands in complex anions such 

2- 3 4 [M02S10] '. illustrated below. 

.. 
ln these sys tems the 

gro~s can appear 

, 2- 3 
[M0

2
S12] and 

\ 
Studies on ni trogenase enzymes have suggèsted that a molybdenum 

5 . 
atom i5 present 1n a cluster contain1ng Fe and S atoms . Edmundson 

et al. have postulated that a protein bound disulfano anion. RSS-. 

undergoes. nucleoph111c attack dur1ng the catalytic cycle of xanthine 

6 7 oxidase • another molybdenum conta1n1ng enzyme. The relevance of low 

oxidation states of Mo to biology is. uncertain. although Mo(II) and 

Mo(III) may be involved during the catalyti~ cycle of nitrogenase8 

Reactivi ty studies on well-defined Mo-S complexes ..might give a 

basic understanding of t~e interactions of orrosulfur compounds on 

molybdenum sulfide surfaces9 , and to the nature of active si tes in 

molybdeawn containlng enzymes. The availabil ity of Cp2Ti (SR)(SSR) (;1) 
, ~ 

suggested combining this species wi th rnolybdenum precursors. Dimeric 
"1 
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o ~ 
ti tanium species containing brldging thiolate ligands are common. for 

example. [Cp2TitJ.l.-SR)2MLx]' where: R = ~1O. Me. Ph
ll 

'and 

~x = MO«(X»4 (19)r(Eq. IV.q: R = Et and MLx = Cu(PPh3)12 {Eq. IV:2);0 

. 13 14 
R = Me. Ph and MLx = Fe{NO)2 (Eq. IV.3): and R = Ph and MLx = TiCp2 

~ 
(Eq. IVA). 

.. 

. (IV.1) .. •• 
~ 

C7"8 =,norbornadiene -

o (IV.2) 

o 

(IV.3) 

Ph 

-20) Â 
Cp2!i(SPh)2 + Cp2Ti «(X»2 :> Cp2Ti~sI''TiCp2 (IV.4) 

Ph 

The dimers shown in Eqs. IV.l and 2 bave been postulated to contain 

o 

.. 
metal-metal bonds. based upon electronic absorption spectra and 

crystallographic studies which gave Ti-Mo and Ti;::Cu bond dist~5 al 

9 9. 12 15 3.321 A and 2.803 or 2.840 A, respectively , " consistent wi th s~ngle " 
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q ~ 

bonds. The d1amagnetism exhibi ted by the dimer shown \n Eq. IV.3 1mS 
~ 

interpreted as evldence for Tf-Fe interaction13. 

There are no structurally characterized examples of. a bl'iqging 

polysulfano ligand, RS
x

' where x '1. 1. Noble bas recently described a 

16 complex containing'a RSS ligand brldging two Mo{V) atorns . 

81--1<:1 

Conf 0 rrna-

f 

-.., ,( 
Me 

'",~ional isomers.. we~ observed via variable tempe rature lH and 31p NMR, 

conststent with the assignrnent of a ~~l-SSR bridge. Accordingly, the 
\ . 

react1on~ of Cp2Ti(SR)(SSR) (~) with CrHsMo(CO)4 were investigated as a 

possibl~ rout~ ta heterobimetallic dimers bridged by RS_and RSS ligands. 

" 

r 

, , 

• 1 

1 

1 

1 
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Materiais and Methods 
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.... 
\ 
\ 

\ 
Aq manipulations carried out and ail solvents Uled. we-re .as \ 

descrfbect in Chapter II. Cp2Ti(SOIè3)(ssqle3) (11&) and an impure aample 

of CP-2Ti (SCHMe2 )(ssaDle2) (4b) were prepared accoPd~ng to the procedures 
, 

... 17 
described prevlously. The complexe~ Cp2Ti(SR}2 • where R ~ CMe3 (§A) 

n 18 _ 
.and ~e2 (5b). an~ CTIsMo(OO)4 were prepared by literature methods. 

Physical Measurements 
1 . , 
H NMR sPe..ctra were measured on a Varian XL-300 spectrometer and 

aU da~e reported in ppm relative to TMS.. Referencing( WBS achieved 
o ... 

ustng the, 62.09 ppm peptet of residual toluene d.r aiuJ Jare considered 

accurate' to ±' 0.05 ppm. AU ,NMR spectra were measured at 'ambient 
. " '4 

temperature (292K ± 2) unless otherwise indicated. Variable temperature 

controllers calibrated- wl th methanpl and ethylene glycol gave 

temperatures that are consldered accurate to- ± 0.5K: The coale.c~nce . ... 

temperatures were estima.ted visually from ~e recorded spectra and are. 

consi~~curate to within + 2K of their true values~ This was taken 

into accoun} in the estlmat~on of error limits for the ca,léulated AGt 
c 

values. Fôllowing the 'experiments the: lntegri ty of the, samples was 
1 , 

rechecked at ambient temperatures. 
. 

The desorption chemlcal ionization (~) mass spect~um RS O,btain 

(VJ Analytica~. ~ at the MeCi l~ on a ZAB-HS spectrometer 

University Biomedical Mass Spectrometry Unit. The spectrum 1& répo~ted 

as: mlz. asslgnment. rel. int. AlI other. physi ca 1 JDeasurements were 
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~ 
deternli~ed in a manner simllar to that described in Chapter II. 

Preparation of B1s(115-cyclopentadienyl) t1 tanium(Jl-~-butyl thiolato)- -: 

(~-~-butyldisul!ano)molybdenumtetracarbonyl. [Cp2Ti(Jl-SCMe3)­

(~-SSCMe3)Mo(CO)4]' (~) 

, 1 (.~SMo(OO)4 (0.30 g, 1.00 mmol) was JUlded to a stirred solution of 
- . 
GP2Ti(SOIe3 ){SSCMe3 ) (4a) (0.39 g. l.oo,AJIIIlol) in toluene (50 ml) and the 

00 0 

reaction mixture was·stripped to an 011 at 10 C over a period of 50 ~in. 
o --

Fresh toluene (50 ml). at 10 C was added to the oily dark green residue 

and the solvent stripped again. The process was _repeated a further 3 

times in order to remove tiberated SIlS' The oil was extracted "i th ' 
. -, 

hexanes (5 x,50 ml). The solution was filtered thr~ugh Celite and the 
l ~, ~ , 

!iltrate collected, in a flask cooled 
o 

to 0 C. The solution' \llaS-

. ~ 0 
concentrated to a volume of 100 mL and 'slowly cooled to -78 C. The . " . 
supernatant was decanted, leaving a dark green powder that mel ted on , 

warming slowly to room temperature under vacuum. to give a viscous green~ 

oil (0.35 g. 59%). 

Anal. (X): Ollcd. for C22H2JP4S3TiMo: Ct 44.30: H. 4~: S. 16.13~ .. 
Found: C. 44.18: H. 4.92:' S, 16.24.' 

1 
H NMR (toluene dg): 155.63 - 5.00 (m. lOH. C5H5). 1.56 (s. 9H. 

• 1 

SC(~)3)' 1.43 (s. 9H. SSCCCH3>3)' 
1 . 
H NMR (CD2C12 )· 155.90 - 5.50 (m. 10H. 95H5)' 1.69 (s. 9H. SC(~)3)' 

1
0

.58 (s. 9H. SSC(~)3r. 
~ 

Visible spectrum. Àmax(CH2C1i) = 573 nm (~ 3.99 x 103 L mol-1 cm-1). 

, 

t 
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5 ' 
Preparation of Bis(~ -cyclopentadlenyl)tltanium(bis(~-~-butyl-

thiolato»molybdenumtetracarbonyl. [Cp2Ti(~-SCMe3)2Mo(CO)4]' (~) 

Qp2Ti(SCMe3)2 (Sa) (0.19 g. 0.53 mmol) was added to a solution of 

CfIsMo(CO)4 (0.16 g. 0.53 I11III01) in toluene (20 ml)' and the reactlon 
6 

mixture was stirred for 2 h. then stripped to 2 ml in volume. Fresh 

toluene (20 ~) was added to the clark purple oil and the solvent was 
1 

stripped again. This process was repeated a further 17 Urnes, The , 

residue was dissolved in toluene (50 ml) and an IR spectrum of an 

al1quot of the - solution show~d almost 'complete consumption of 
f) 

Finally. the solution ms reduced in volume to 5 mL and 
. 

hexanes (lO ml) was added. leading to precipi taUon of a deep purple 

powder. The powder was collected by fil tratian and washed (hexanes. 

o 
2 x 2 mL) to give the p~oduct (0.19 g. rnp >275 C). ThC!\.mother~liquors, 

" , 

were stripped to dryness and washed (hexanes. 2 x 2 mL) ta give a 
a 

further quanti ty of powder (0.06 g) for- a combined yield of S.a. 

Recrystallization from toluene (3 mL) layered with hexanes (10 ml) gav~ 

~ 
the analytical semple as deep purple microcrystals. 

Anal. (X) : Calcd. for C22H2804S
2

TiMo: C. 46.S1 ; H. 5.00: S. 11.36. 

Foimâ: C. 46.88: H. 5.05: S. 11.46. <> 

lH NMR (toluene da): 6S.25 (s. lOH. CSHs)' 1.58 (s. )~aH. 013), 

S 4. ' ' 
Preparation of Bis(~ -cyclopentadienyl)titaniurn(bis(~-isopropyl~ 

~ 

thiolato»molybdenumtetracarbonyl. [Cp2Ti(~-SCHMe2)2Mo(OO)4J (~) 

. Cp2Ti(SCHMe2)2 (5b) (0.92 g. 2.80 mmol) was added to a solution of 

~o(OO)4 (0.83 g. 2.77 mmol) and the red-purple reaction mixture was 

stlrr~., then stripped ~o 2 ml in volume. Fresh toluene (50 ml) 
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wa8 added to the clark purple 011 and the solvent was strlpped again. 
'" 

This process was repeated a further 8 times. The residue was dissolved 

in toluene (50 ml) and an IR spectrum of an aliquot of fhis solution did 

not show the characteristic vc-o bands due to C7HSMo{CO)4' Finally, the 

'volume of the solution was reduced to 10 ml, leading to precipitation of 

a deep purple powder. This was collected by filtration and washed with 

a hexanes (3 X 5 ml) to give the product as a deep purple powder (1.00 g, 

67%, mp 193-195
0
C). Addition of the hexanes washings to the 

° , mother-l1quors with cool1ng to -16 C, gave a further quantity of 19b 

(0.07g, 5%). . 
Anal. ,(X): Calcd. for C20H2404S2TiMo: C. 44.79: H, 4.S1; S, 11.95.' 

Found:~, 44.82; H, 4.47; S, Il.80. 
1 . 
H NMR (toluene d8): 65.04 (s, 10H, CSHS) , 2:57 (septet-, 2H, 

J = 6.5 Hz. CH), 1.58 - 1.50 (~road d, 12H, J = 6.5 Hz, ~). 

MS: 510 (M+--a), 4.5), 452 (Mc-a>--SC3a; +mÇ, 1.4), 435 
+-. . +. • • 

(M -(X) -SC3~' 8.2), 411 (M -C30 -SC3~' 20), 383 

,-/ (H+- -C
4
0; -SC

3
IÇ, 2.6):. 1) 

If 

.. 
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Re§ults r 

The reactions between Cp2Ti (SR) (SSR). where R = CMe
3 

(411) and 

ŒMé2 (4b). 

CfIsMo (CO) 4 • 

or Cp2Ti{SR)2' where R = CMe3 (§d.) and ŒMc2 (Sb). wi th 
~, 

were monitored by IR spectroscopy (toluene solution) by 

observing the decrease in intensity of the sharp CO band at 2038 

due to CfISMo(CO)4' SOlvent-striPPi~~olven·t-addi tion cycles 
\ 

-1 
cm 

wcre 

employed to remove free norbornadiene produced in the reactions. which 
, 

appeared to be in equilibrium wi th the products (Eq. IV ',5)'1 

R. , 

J4
. \ 1 

, " S r 
0(0»4 " . le Cp2Ti~S~MO{~)t4 + 'C.lls 

L"' 1 

\ 
.s":'--R 

Cp Ti'x + 
2 's-R 

, R 

x'= 2. ~,b x = 2. lSa.b 

x = 1. 5a,b x = 1. 19a,b 

"i 

The crude yields of ,1Sa and 19a. b were vir tu.a.J.ly quantitative. as 
r , 

1 determined by H NMR analysis of residues of the evaporated react10n 

mixtur.:;s. prior to recrystall'ization. Complex lSa was isolat~t -78°C 

,as a clark green powder. that was very solubl,e in aIl commoq so~ts and 

° melted under vac~m at approximately -20 C. These properties may be duc 

in part to traces of (Me~C)2S3 (3a). which were invariably present due 

to the rnethod of ,preparation of 4a. In contras t to the Ipreparation of 

ISa. the dimers 19a.b precipitated easily from' tolucne or 

toluene/he~es solutions ana recrystallization gave 19a,b as fairly 
~ 

air-stable microcrystals. 
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"""'-
The formulations of [Cp2Ti(J.l-'scMe3)(J.L-SSCMe3}Mo(CO)4J (18a) "and 

'~ [Cp2Ti (J.L-SR}2Mo (CX>}4], where R = CMe3 (19a) and ŒMe2 (19b), were based 
(1 0 1 

upon microanalytical and H NMR and~IR spectroscopie data {Tables IV.1 

and 2}. The"c-o ,trring Vibrat,ions corresponded to tbat described 

for .... ci~-Mo(œ}4L2 (C2v : IR ~ctive modes = 2Ad

1 , BI and B2 ) 19. 1 In 

i> 
addition, the visible spectrum of 18a (~max= 573 nrn) was similar to that 

of 4a (À = 570 nm). 

A'~ure of [Cp2Ti(J.L-SCHMe2}(J.L-SSCHMe2)Mo(CO}4] (18b) (76% of the 

1ntegr~d' intensity in the Cp region of a NMR spectrum), and 19b (24%) 
, 

and other minor non-cp containing species. was obtained via reaction of 

an impure sample of 4b wi th ,~HSMo(CO}4' . by ~ method similar to that 

described for 18a and 19a, bo The solubility and chromatographie 

properties of 18b and 19b were very similar, making separation 

difficul t. 1 Complex 18b was identified by variable temperature H NMR 
. 

spectroscopy, and the Cp region exhibit~q similar peak changes to that 

C>t>served for 18a (Table IV. 1). 

, Both 18a and 18b converted to 19a and' 19b, respectively, under 

thermal ,or chromatographie condi tions. Thus, in order to slow down 

o 
sulfur lOrs the preparations of 18a,b were performed at 10 C. 

The ~ctions of 4a,~ with CTHsw(coi4 required much longer reaction 
~. 

times and did not give products indentifiable as analogues of 18a,b. In 
. __ 20 __ 20 21 

addition. reactlons of 4a with W(CO)5rHf~ , Mo(OO)5l'Hf- • (COD)PtMe2 • 

22 - 23 . 24 24 25 
(PhŒ)2PtCl2 • HgCl2 ' (P~P)2Nl(CO)2 • CpCo(CO)2 ' Cu(~CN}4~F6 

26 and [COD)Ir(THF)2JBF4 • also gave intractable products. 

1 
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TABU: IV.I: 1H NMR Data for [Cp2Ti(J-L-SR){J-L-SxR)Mo«(X)4] an~ Cp2Ti(SR){SxR). where x = 1 and 2
a 

Assignment (ô ppm) 

Temperature 204K 

Complex C5H5 s-œ SS-Œ s~ SS~ 

18a
b 

" 
/ 

19a 

18bb d e e 5.21{s)cis 3. 19{s)trans 2.69(s)trans 1.48(s)tran~ r 
1. 3S( s ) transe 

19b 

4a
b 

Sa. 

4b
b 

. , 
Sb 

5. 13{s)trans 

4.83(s}trans 

4.90{s)trans 2.40(br)trans , 
4.87(s)cis 2.27(br)cis 

4.82(s)cis 

5.70 

5.64 

3.671 

3.57 i 

-., 

3.17J 

/ 

e 1.33(s}trans 
e 

1. 27(s) trans 

1.82(br)trans 

1. 79(br )eis 

1.25(br)cis 
1.10(br)trans 

1.rok 
l.39

k 

l.49
i 

250K 

C5H5 s~ SS~ 

c c 5.56(s)cis 1.55(s) 1.42(s) 

5.-38(s)trans 

-5. 09{ 5 ) tran~ 

4.95(s)cis 

5.19(s) • 1.56(s) , 

,/ 

5.84 ' 1.65 

5~S2 1.63 

« 

~. 

1.42 

1 

./ 

-~ 

J 
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~ 1 TABLE IV.I: (cont"d) 

Assignment (6 ppm) 

Temperature 292K 
'" ~ 

328K 

Cômplex C5H5 S-Œ SS-Œ S~ SS~ C5H5 s-dI SS-Œ S~ SS~ ... 
18ab 5.31(br) 1.56(5) 1.43(5) 5.31(br} 1.56(s} 1.43(5) 

D 

5.25(5) ~ 1.58(5) 5.30(5) 1.60(5)1 19a. 

lSbb 5.14(br) 3.18(s)f 2.55{s)g 1.55{br) 
f Q g 

5.18{br) 3.20{s) 2.63{s) 1.55(br) 

j 

.. 
19b 5.04(5) 2.57(s)g 1. 53(br) h 5.01(s) 2.62(s)g 1.54(s)g 

~ 

4a
b 

~ 

5~8~L_ 1.61 1.39 S-SS 1.57 1.36 
~-

V b 

5!87 5.85 1.60 ..; 1.57 -• 4b 5.77 3.70f 3.041 1.40f - 1.311 5.79 3.71 f 3.01 1 1.37f 1.301 

5b 5.71 3.59f 1.39f 5.74 3.SSf 1.36f 
-

J 

~ 

.. 

... 

"' 

.... 
~ 
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-. TABLE IV.I: (cont'd) 

• 

J ______________ ~----------------------------------------------------------------------
a 6 

S = sharp, br = broad. AIl mononuclear speçJes 4a, b and 5a, b exhibited sharp resonances unless 

not~therwise. The solvent was toluene da. .b At 328K, S 108s WaSI negligible on return to room 
tempe.9'ture if the sample was run qUickly. An impure sample was ~sed f()r 4b. 

é cis isomer tert-butyl peaks were not observed. 

d Other ciS" peak' was obscured by impurities. 
e . 

J = 6.6 Hz. 
f ~ 

J = 6.7 Hz. 
'!' 

:> 

g' J = 6.5 Hz. 
h broad doublet. J = 6.5 Hz. 
i J = 6.4 Hz. 
j -J - 6.3 Hz. 
k ~ ,'. 

Coupling constants could not he rneasured due to.lf!!lBk broadening and ta. overlapping with impurity 
si~ls. -' 

1 J = 6.8 Hz. 

~ 

c 

if 

J/ ~ 
e." 

" 
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TABLE IVo2: 

-
.c-o Data for [Cp2Ti(Il-SRf(Il:S~MO(œ)4]' wher. x = 1 

and 2. and Re la ted Compounds 

CollJPlex' 

x = 1. R = Me b 

x = 1. R = Phb 

ctIsMo «(X) 4 

2015. 1904(br) 

2011. 1910(br) 

2008. 1902{br) 

2071. 2016. 

1915. 1903 

2018, 1930. 

1912, lS99 

2040, 1951. 

1889 

heX?J1es toluene 

2016. 1943. 2011. 1923(sh). 

1936. 1916 1906 

2013: 1932(sh). 

1914 

2016. 1928. 

1918. 1911 ~ 

2045. 1958. 

1915 

0 

2006. 1905(br) 

2006. 1925.' 

1902 

2038. 1946. 

1S93 

a ALI peaks are strong. br = broad. sh = shoulder. -1 Frequency' in cm 
b Ref. 1.,1. t 

1 Variable Temperature H NMR Spectra 
! 

The mm spectra of lSa and 18b were c10sely examined from 204K to 
1 

328K in toluene dso_ At higher temperatures conversion to 19a and 19b. 

1 

~ 
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, 

respectiyely, occurred. Pure samples of 196 and 19b were studied from 

1821( to 351K. also in toluene dS' Table IV.l lists 1H NMR spectral data 

at chosen temperatures for ail complexes studied. 

of resonances with temperature was observed. 

Only slight shifting 
.!-

The NMR spectrum of 18a at. 32SK exhibited n broad singlot -- '\ 
\'~ 

(v l / 2 = 9.4 Hz) in the Cp region (Figure IV.1) and a pair of shn.rp 

s~lets of equal intensi ty in the tert-butyl region. The latter dld 

not change upon cool ing from 32SK to 2041<. Howevcr, the Cp peak 
1 

broadened and collapser upon cooling and nt 292K 

signal wi th v
1

/ 2 = 115 'Hz. At temperatures bolow 
t 

oxhibi tod a broo:d' 

307K a kr of ~ 
singlets of equal int~nsity appeared and sharpened upon further coo;ing. 

- v 
Two additional weak signaIs of equal intensity were obsorved below 250K. 

The two pairs of resonances appeared in~he ratio 24:1 at 250K and 19:1 

at 227K, bas~d upon the respective inte~rated intensitics. Their line 

shapes changed at approximately the sarne temperature. indicating similar 

coalescence temperatures. 

The variable temperature spectra of 1Sb were complicated by signaIs 

due to 19b. 

detai! laPer. 

The signaIs due to the latter complex are described in .,. 

At higb temperatures (32SK) lSb exhibited a broad singlet 

in the Cp ~;gion (v 1/ 2 = i4.4 Hz) (Appendix 1). In addi t ion. the 
~ 

methine region showed resolved multiplets at 63.20 and 2.63 ppm duc ..... to 

b,ridging thiolato and disulfano ligands, respectively. The methyl 

region exhibited a broad multiplet (v
1
/

2 
= Il Hz) at 61.55 ppm (Table 

IV. I). The Cp peak broadened and collapsed upon cooling and nt 2921< ..... 

exhibited a very br~ signal with v1/ 2 = 115 Hz. At temperatures below 

\ 
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Cp Region of the 1H NMR Spectra of [Cp2Ti(~-SCMe3)­
(~-SSCMe3)Mo(CO)4] (lSa). from~27K to 346K in Toluene deI 

~ Decomposi tic1n was detected by mnr on cooling of the 
solution to room temperature. 

• b [Cp2Ti(Jl-SCMe3hM~«(x) .. ] 
impur1ty. 

(19a) ms present as an . . 

. , 
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• 
" 

273K a pair of Cp singlets of equal intensi ty appeared ~ and shnrpencd 

upon furt~er cooling.· The linewi'dtbs of each singlet wJre di fferent 
. 

throughout the temperature range examined, al though their intcgraçcd 
... 

intensi ties were always equal. For example. at 250K the linew~dths. 
h ... 

were 2 Hz and °1/..2' 

respectiyely." 

10 Hz for the low and high fic Id signaIs. 
ç;, 

At 204K an addi tional peak was observed. which wus 

1 
slightly downfield from the others. The aI and Œ3 regions of JAh 

t 
remained complex at aIl temperatures examined (Appendix 2) and exhibi ted· " 

unresolved peaks below 204K. 1 

Complex 19a exhibi ted single sharp resonances due to Cp and 

~-butyl groups over 0.11 of the temperature range studied. For 19b, 

at high temperatures (357K) the Cp region exhibited a sharp singlet, and 

the methine and methyl regions showed a septet and a doublet. ' 

respectfvely. Cool ing the sample caused broadening and collnpse of 0.11 

the signaIs. Two new methyl peaks of equal inl4ensi ty began to appeo.r 

below 264K (Figure IV. 2) . As the sample wo.s cooled furthe~.~ an 

addi tional peak shifted out from under the higher field peak and the 

three peaks began to sharpen. At the IdWest temperatures an o.dditional 
... 

peak could be detected as a shoulder of the lower ~ field peille The 
.j 

relative ratio of the inner to outer methyl peaks was approximatcly 

1:1.5 by Integration at 204K. ~e methine region septet broadened and 

collapsed wi th cool ing and then spI i t in to two unreso 1 ved peaks of 
/ 

unequal' iritensit.y below 233K (Figure IV.3). The sharp Cp s1nglet 

broaclened. collapsed and a total of three new peaks 'in the approximate 

ratio 5:1:1 204K (Figure IV.4). 
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Coalescence temperatures (Tc)' chemical shift dlfferences in Hertz 

(Av).;t the low eemperature limits. and calcul~ted free energies of 

activation at coalescence ~empera}ures (AG!) for ~ and 122 are glven 
f' 

in Table IV.3 . 
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in' [~2TÙw-SRJ(JL-SxR)Mo«D) 4}' ~l TABlE IV.3: t 1 \ T • Av and AG values for the ..Averaging Process c c 
~ 

9-

Olalescing 
Group 

Complêx 

- a x=land2 -... 

T (K) c 

C lIsb 
-5 

SaI SaI{~)2 C5"sb 

ifîl -----.. - ------..;;;. 

~ 

\.. , 

Au (Hz) AG~ (kJ moCI ) 
c 

-SOI SaI(~)2 %"s SaI SŒ{~}2 

'~ 

a ""'. 1 
The Tc ~d Av values could not he obtained for aIl ligand types. due .to spectral complexity and 

, thus are left blank where applicable. Tert-butyl signaIs did not undergo broadening and collapse 
at any of the temperatures studied and are therefore net discussed. 

b c Based upon coalescence of trans isomer peaks. Solvent = tolu~ne da. 

d ln ,the low temperature l~iting spectrum (L.T.L.S.) at 250K. e Solvent = ca2 C1 2 • 

f g In the L.T.L.S. at 226K. In the L.T.L.S. at 204K. 

h Based upon coalescence of trans and cis isomer peaks. 

1 Based upOn coalescence of the two peaks above 243K. each peak representing averaged signaIs. 
~ 

j In the L.T :L.S. at 1B2K. ~ r~---
, 1 

,. 

~ 

~ 

"--v 
..... 
~ 
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Discussion 

The analytical and spectroscop~c properties of 18a,b and 19a,b ure 

consistent with "their forrnulati~n as [Cp2Ti(Jl-SRHJl-SSR)Mo(CX»4] and 

[Cp2TiSJ.L-SR)2Mo(~)4]' 'respectively. The lat ter complexes are anulogu,)s(~ 
10 11 of others reported for R = H • Me and Ph , which contain planaI' four 

~ 

:::::e r::::ys:~5~::e 1:: a:pe:::c::y ,X::cr mo::::~:: 

a,.,.\\II\\It\hl~II" g /,0, ~ ~.\I\I\\~h\III"\. g/o 

~I~~"co ~i~o"co 

\ 
. 

have shown that ~ exhlbi ts geometrical 
, 10 11 

isomerism in solution ' . 

Trans and cis isomers "ere present ~d gavé one Cp resonance and two Cp 

resonances, respectively. The cis isomer found in the sOlid
15

, 

11 predominated in solution . For 19. where R = Me, coalescence of the Cp 

11 resonances occurred above room tempera ture The Interconversion of 

~ and cis isomers in the analogue of 19. [Cp2T1(J,J.-SH)2W(CX>}4]' WaB 

li· 
studied by DNMR and a complete band shape ~lysls of the spectra 

obtai~d at various temperatures. gave' activation parameters for the 

Isomerlzation process, which was 76 kJ mol-1 at 

temperature of 357K1O . 

the coalescence 
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In l1ght of the above. 19a.b would be expected to have a planar 
f 

4-membered ring core structure. The bridged bis(thiolato) complexes 

19a, b contain, alkyl 'groups which are strerically more dernanding than 

those "previously observed in this type of complex. Even when R = Me 

significant steric interaction between the thiolate ligands and cp 
15 groups occurs The single sharp cp resonance observed in solution at 

aIl temperatures f.or 19a is consistent wi th the presence of only the 

less sterically demanding trans isomer. Molecular models suggest that 

the trans lsomer would be most favoured. lt seems unlikely that the cp 

ligand environments of 19a are exchanging rapidly at the lowest 

temperatures, since 1Ba,b and 19b were found to be in the slow-exchange 

region below 228K. 

Complcx 19b exhibited 3 sharp Cp peaks at 2041(. consistent with the 
, " 

presence of a mixture of trans and cis isomers in the ratio 5:2. Each 

sulfur atom in 19b consti tutes a chiral centre as a resul t of the 

tetrahedral arrangement of its adjacent groups and lone pair. as shown 

below. An isopropyl group in a chiral molecule has diastereotopic 

methyl groups and can therefore give 2 methyl doublets. but only 1 

27 methine septet in a NMR spectrum The presence of two chiral centres 
1 

in 19b results in 4 methyl peaks and tw~ methine peaks in ~tios which 

are consistent with the higher abundance of the ~ isomef (Figu!es 

ç Interestingly. even in the slow-exchange region aIl of th,e 

\~oprOPYl sigr:mls ôf' 19b are still broad. The loss of coupling in the 
1 

methyl and ~thine regions was not as pronounced for the isopropyl 
a 

groups of 1Bb. This difference may result because the isopropyl groups .. 
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Il' , 

o 

trans-1gb 

of 19b experience a greater restricted rotation. due pcrhaps to a more 

compact arrangement of alkyl groups arouncf the TiL2Mo core structure. 

where L = bridging ligand. Interaction of Cp and isopropyl groups can 

he envi saged. 

In 18a and 18b the organodfsulfano ligand can bridge to give oi ther .. 

a 4-membered ring wi th a /-L-r,I-SSR linkage. or a 5-membered ring with a 

J.L-J}l-SSR linkage. as shown below. Assignment of NMR signaIs to the 

~ 
4-membered trans-1Sa.b 4-membeted ~-18a.b 

L 
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( 

5-membered trans-lSa,b 5-membered cis-lSa,b-

.. 
/ trans and cis isomers of lBa,b does not require prior knowledge of ring 

size, since similar patterns should be expected for both 4- and 

5-membered rings. ~ 

Complex lSa exhibi ts an intense pair and a weak pair of Cp signaIs 

at 250K (the slow-exchange reglon). The assignment of the intense 

signaIs to the molecule containing a trans arrangement of ~-butyl 

groups, i s based upon two cons i dera t ions. First, molecular models 

indicate that the .!.ru::!-butyl groups. due to their large steric bulk. 

might be expeéted to favour the .!.!:mll! isomer. Second. the .chemicar 

shift seperation of the intense pair of Cp peaks is less than that for 

f the weak Cp peaks. A greater chemical shift difference might reasonably 

be expected between the two Cp ligands of the cis isomer since one Cp 

ligand ls adjacent to two ~-butyl groups. whereas the other Cp ligand 

is in a relatively unencurnbered environrnent. This effect has prevtously 

5 ~ been observed in bis(n -cyclopentadienyl)titanium systems. The ~ 
1 

, 
~-butyl signaIs' for lSa are relatively uninformative throughout the 

temperature range studied.' 

, 
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~ By analogy to 18a. the pair of Cp signaIs for the ~ isomeÎ' of' 

1Bb might be expected to bave a smaller chemical shift separation toon 

those of the cis isomer. The Cp region of a NMR spectrum of 18b nt 204K 

(Appendix 1) exhibi ted a peak slightly downfield from the others. This, 
1\ . 

peak is tentatively assigned to one of the two expected Cp peoks of the 

cis isomer. the other peak assumed as being obscured by peaka oue to 19b 

and the trans isomer of 18b. This assumption permi ts calculation of the 
c 

ratio of the trans to cis isomers of 18b. which was approx1mately 3:1 at 

204K. Thus. the trans isomer tended to be the most abundant geometrical 

isomer for 18a.b and 19a,b. Each sulfur bridge. in both isomers o( 1Sb 

constitutes a chiral centre. as shown below. Theoretically. the ~ 
, 

isomer of 18b should give 4 pairs of metqyl doublets and two methine 

septets in the NMR spectrum. due to the presence of diastereotoplc 
, 

isopropyl groups on the thiolato and disulfano ligands. Similarly. a~_ 
( 

fUL,ther different 4 pairs of methyl doublets and' two methine septets' 

would be expected for the cis isomer of 18b. However. due in part to 

peaks caused 
,.. 

by impuritles. 1Bb showed only â poorlyCresolv~d set of 

1 

o 
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, ' 

four pairs of methyl doublet~. plus other minor PeakS~ (Appendix 

2). Comparison of integrated intensities of ~ and Cp regions 

indicates that the major ~ signaIs might _ corres(pond to the 4 methyl 

doublets expected for the trans isomer of 1Sb. 

The Cp signaIs of~the trans i~omer of 18b show different linewidths 

ovar most of the temperature range studied. The up(ield Cp signal is 
" 

the broader. Restricted rotation of this Cp Jigand can be anvis~ed. 

due to interaction with an isopropylthiolato group on the sarne side of 

the dimer ring. The alkyl group of the isopropy,ldisulfano group of 
v 

trans-18b might not be expected to interact as strongly with the other 

Cp ligarid. since the alkyl group would be further displaced from the 

TiL2Mo core structure. 

, The bonding in the complexes can be formulated in a number of ways. 

On dimer formation an upfield shift in the NMR spectrum of approximately 

~ 0.7 ppm was observed for the Cp resonances and 11 ttle change was found 
... . ,( fi 

for the chemical shift of the R groups (Table IV.l). A similar shift 
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1 II III 

R' = R or SR 

o 0 

was observed on formation of"[Cp2Ti{~-SR)2Mo(OO)~(19) from CP2Ti(SR)2' 

where R = HIO • Me, PhIl. Therefore, structural typè 1 cao be excluded ' 

as a bonding possibility. since the depicted sulfur to molybdenum 

o a-donation would be expected to decrease the electron density on 

associated groups, thereby causing a downfield shift for Cp and R proton 

resonances. The shifts appear to indicate that el~ctron donation to Ti 

is occurring and thus participation of structural types II and III in 

the actual bonding seems feasible. Electron donation from Mo -> Ti 

would help titanium attain an 18 electron configuration. 

The Ti-Mo internuc1ear~tance in 18a, b would be expected to be 

greater' in a 5-m~mbered ring Ithan in a 4-membered ring. A planar 

f 5-membered ring ls unlikely due to its facile distortion2~ and a 

puckered ring should cause a decrease in molybdenum to titanium orbital 
. 30 

overlap compared to a planar 4-membered ring . These two effects would 

.reduce Mo to Ti electron donation and cause the Cp resonances in the 

NMR spectrum of 1Sa,b to be'at lower fleld~ compared to those of 19a.2. 

However. J:ké Cp re.sonances of lSa,b and 19a.b experience ~lmilar 
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chemical shift environments. lt theref.pre seems reasonabte to assume 

that lSa and 18b exist as mixtures of trans and cis 4-membered rings, 

l ' 
with ~-~~ -SSR and ~-SR bridges between metal-~etal bonded centres, 

as shown below. Molecular models of 

trans":'l8a,b cis-l8a, b 

A 

Mo{CO)4] (l8a,b) suggest Iess steric interaction between the R group of 
\1 

an organodisulfano linkage and the "Mo(CO)4 moiety, in a 4-mem~red ring 

'tban in a 5-membered ring. 

Bridging organodisulf~o ligands. ~-SSR, are a rari ty. Only one 

exarnple, bas been reported and ls believed to exist in an iSO-J.L-T?-SSR 

coordination mode, 

R 
1 

"- S 
'" ~ 

'" A ~. 

~ 

..I.J2-fJ-TJ 

bridging between two molybdenum 

. ' 

R 1'-< 
~ 

1 
§E-P.-TJ 

1 

16 centres . An ( 
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') 
,I~ 

alternate bridging the 
1 

coordination system is ~-J.L-Tl -SSR mode. The 

analogous disulfur geometries. which this nomenclature is 31 on based • 

have been observed in the complexes and 

as shown below. The alkylperoxldic 
"".. 

complex 

Me 

Me 

Et " 

~e\'<>;~-8 . 
. Et / 

S S, 

1 • . [C13<XX>2Pd-ocx:;Me3 ] 4 , which contains an iso-Ji-T} ~e3 ligand, has been 

structurally charactetized34. Thiolato bridged complexes containing a 

me taI-me tal bond typically have a distorted tetrahedral environrncnt 

around. the bridging sulfur atom15,35. A similar arrangement can he 

anticipated for 18a.. b and 198.. b., 

~\ 
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TIlé Eree r of abtivation at the coalescence temperature ... ene gy \. 

Aè (in kJ mol-1) for coale~'ë:~e' of singlets or mul tiplets, is oEten 
c 

carried out using the Eyring equation. as shown b:low27 ,36. 

AG* = 1.914 x lO-2r [9.972 +~og(T fAv)] ~ (IY.6) c c ç 

. .,. , 1 
" 

r , 
T 19 the coalescence tempera ture in K and Av is the chemical shift c , , 

difference in .... Hertz for a pair of coalescing signaIs in the low 

J' temperature 1 imi ting spectrum. Calculation of A9! for coalescence of ( 

the Cp signaIs in 18a, b and the ~ and aI signaIs in 19b is based upon 

two assurnp.tio~s. First, since both trans and cis isomers are observed 

in solution by NMR spectroscopy. i t is reasonable to assume that 

interconversion of trans isomers occurs via a cis isomer and vice versa. 

The application of Eq. IV.6 to cases were two equivalent transi tion 

states are separated by an energy minimum, as shown below for 18 and 19, 

~ -1 
intr~duces errors to AGe which May amount to ± 2 kJ mol for 18a,b and 

-1 . 
at least ± 4.2 kJ mol for 19b. The errors inherent in Eq. IY.6 when 

1 t is applied to 

Calculation 

compiex systems, 15 discu5sed by Sandstrom37 

~* of AG for 1 Sa. , b caJ.1 now be reduced to analysis of c 

coalescence of the pair of intense trans isomer Cp singlets, and for 19b 

to analysis of c lescence of the pairs of ClI:3 or aI Slgnals21,36 

The valu~ , of identical for , 18a, at are two 

{ 

- 1-
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E 

'-
Reaction Coordinate -

o 
\ 

in toluene concentra t ions for an 
li. 

in the 

as expected 

intramolecular process which does not" involve large changes 
'C) • 

dipole môment of the fluxional molecule27 . The value of AG; for !§b i8 c 
, 

within the range of error of that for 1Sa. .; '* The lower AC value Cor4J c 

~ethine compared to methyl signaIs of 19b may arise from an artificlally 

low Av value for the coalescence of methine sigl'lals, since the. chosen 

low temperature iimiting spectr~ for the methine signaIs may not 

exhibit a constant maximum value of Av, Therefore, the AC'! value fôr, ' c 

the methine peaks ~f 19b is considered less accurate than that for the 

methyl peaks ," However, both these AG* values fall within the range of c 

érror expected in tnese systems. 
" 

The AGt. value for 19b is slgnificantly lower than the values 
c 

, , , 
calculated for lSa,b and may result from the compâratively more compact 

.-$ 

..larrangement of thiolate groups in the Cormer, , whlch might cause~ partial" 

distortion of the ground state geometry, thereby permittlng easièr 

/ 
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-.. =at-t-a1nment or transition state "Structures during the isomerlzation 

"process. However t]lls reasonlng is merely speculative. 

The Cp signal averaging process in 1&.1>-- and 19b must occur by 

inversion of configuration at the brldging sulfur atoms. Th·is process 

,-would also exchange the ,methine and the dlastereotopic mèthyl groups of 

The meehanism of S inversion may involve either 

'metal-sulfur bond dlssoclation-rotation-recombination (Scheme IV.1), or 

inversion via a trigonal planar state {Scheme IV.2}. Comparison with 

data published for simllar ,complexes shows that the averaging proeess at 

the ftigh temperature limit ror lsa.b and 19b, most likely oeeurs via a 
'. 

3S 
triJonal planar state: ,[Fe2CO}}5L(J,t-SCMe3}2]' L = 00, 

1 .;" -1 77 kJ 1001- and L ::; ~J». AGc = 66 co kJ mol : trans-[CpRu(oo)-, 
39 * 1 -1 12 ~ 

(J,t-~Ph}J2 .' AGe = 58.7 ,kJ mol ; [Cp2Ti(Jl-SEt)2Cu(PPh:3)] ,AGc -; 

71 kJ mol-1. 
) 

In general. the rates of aulfur inversion for ~etal bound thiolates 

are about 1018 times faster than inversion at sulfur in sulfoxides 

. (whieh are aiso tricoordinat~). This may be due to the presenc~ of a 

~tal. which migh~llow more facile inversion th~ough the intermediate 

planar trigonal state due to. stabilization by overlap of metal 

40 d-orbitals with the BulEur lone pairs . 
ft 

" 1 
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Contributions tg Original Knowledge 

1. The new complexes Cp2Ti(X)(SSR) contain rare disulfano ligands, 

RSS-. They were prepared via oxidative-addition of the S-X bond irt 

2. 

3. 

RSSX to CP2Ti(CO)2' where X = RS-, phthallmido and Cl-. 

The reactions of Cp2Ti (SR) (SSR), where R = CMe
3

, CHMe2 , ~Ph, 
"" ' 

include~ 
j..I 

p-C6H4Me and CP~ 
r, 

a) spon taneous 1055 of sul fur to give Cp2Ti{SR)2 and, usually, 

polymerie and/or paramagnetic species; 
, , 

b) desulfurization by the nucleophile p~p, to give Cp2Ti{SR)2 and 

~PS: 

c) cleavage by the electrophile Ph~Br to form Cp2TiBr2' PhaI2SR 

and PhqI2SSR. 

The complexes CP2Ti{phth){SSR), where R = CMe3 , aIMe2 , Œ 2Ph and 

p-C6H4Me, react with R"OH t~ give Cp2Ti (OR'){SSR), where R' = Et 

and Me~ 

4. The sul fur ligands in Cp2Ti (SR){SSR) , where R = CMe
3 

and rnMe2, 

displace norbornadiene 

species of the type, 

fron"; ClIsMo(0»4 to give heterobimetallic 

1 
[Cp2T1(fl-SR)(iso-IJ.-11 -SSR)Mo~ro)4]' which 

! 

contain the rare bridging disulfano ligand. Variable tempera~ure 1 
IH mm spectroscopy permi tted evaluation of AG t for a 5ulfur 

c 

inversion process which 1nterconverts the trans and ~ isomers of 

this dimer. \ 



r 
159 . 

. G 

o 
\ 

.... 

( 

o \ 

, " 
- :-.;-

\ 

" 

\ 



....-.. 

-

r\ - " 

~ 

~ 

6 .B 

1& n. 

<il 

"-

\ 

la 

Jill lIK 

.lB 

"" 
~ 

'" 
'il!; 

19U l'NK 1911 

\ J 

~ 

~ 

tœJJ-D 1!!Ut-la. 

"' 

dtUl 
1171 • 

IIi' 1 lit .-~~ -.--J-"J" t 1 1 1 l' 1 1 l , 
SAI .... s. .... 5.s. .... ~ UO ~ UO 

Appendix 1: 

"" 

Cp Region of, the IH NMR Spectra.of [Cp2Ti(~-SCHMe2)(~-SSCHMe2)Mo(CO)41 (!§h). 

from 204K to 328K in Toluene da. 

a ' unidentified impurities. 
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013 , Region of the lH mm Spectrum of [Cp2T1(,.,.-SCHMe2)­
(~-SSCHMe2)Mo(CO)4] (18b) at 227K in Toluene de. 
a trans isomer of ISb. 
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