.
1] A )

4“\7

' y ’ " THE OXIDATIVE-ADPITION OF SOME ORGANOSULFUR .
. . [ 3 © X

. s ,ov - 5 -3 P .
- * COMPOUNDS TO BIS(n°~CYCLOPENTADIENYL )TITANTUM(IT)DI

N
. -
S , . >
.

J by . ’
‘ o
P ' Y .
* STEPHEN ARTHUR MORRIS - T
4 \ & 4
i 9 g
: Q% N
“’ . 3 T“‘“‘"‘::"““
- ' (- A thesis submitted to the - -
L ) " Faculty of Graduate Studies and Research
, R _1n partial fulfilment of the requirements for

the degree of Doctor of Philosophy.

¢ &~

. Depéi‘tment of Chemistry,
' NcGill University,
Nontréal, Québec, - .
) Canada. . November, 1987
L e ,
A 2 5

! > . ©
DA oo . ! . - -
L - M “ P S S S S POV S S



ot o,
/ :\\

Eaiie /“ 3 ‘ -0
/.

-

// 4 4 ! P

~ / * e . - s a
»

THE OXIDATIVE-ABDITION OF SOME ORGANOSULFUR CONPOUNDS TO . -

BIS(n°~CYCLOPENTADIENYL ) TITANIUM ( 11 )DICARBONYL
7 s N\
~ . i \ ; -
- Ph.D. . ) Stephen Arthur Morris =~ - Chemistry

(
ABSTRACT

*
Cp2Ti(Q))2. where Cp a'ns—cyclopentadienyl. reacted with RSSSR to

H

give the catenated sulfur complexes Cp;Ti(SR)(SSR). where R CMe

3'
CHMez. CH2Ph. p—CsH4Me and CPhB. These complexes, except for R = CPhs.

reacted with Ph(}lzBr to give Cp2TiBr2. PhCstR and PhCH2$SR as major

w

N\ products. szTi(SR)(SSR) desulfurized slowly in solution and rapidly in °
/\ ‘

o .the presence of Ph3P. giving szTi(SR)2 and PhaPé in addition to other

species. Similarly, phth-SSR, where phth, = phthalimide, oxidatively

added to Ti((l))2 to Cp2Ti(X)(SSR). where X = phth and R = CMea.‘

9 CHzPh and p—CSH 4Me. Solvolysis by MeOH and EtOH gave the species
where. X = OMe and OEt. In a similar manner PhB(SSCI added to szTi ((X))2
to give ,szTi(Cl)(SSCPha). Treatment of Cp2T1(SR)(SSR) with

(norbbrnad:tene)Mv::((X))‘1 gave the bridged dimers, . [Cp2T1(;.L-SR)-

CHMe

(u—SxR)Mo(CX))4]. where x = 1 and 2 and R = CMe, and CHMe,. The

3 2 )

complexes where x = 2 contained the rare j_t_sg—p—*nl-SSR ligand. In

o>

solution at low temperatures the bridging thiolato and disulfeno groups
% " 3

swere predominantly transoid. At higher temperatures, a dynamic process

that allowed averaging of cyclopentadienyl ring environments took place.

1H NMR studies permitted evaluation of AG: for the averaging process.
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RESUME p

~

[N

Cp'zTi(G))z. ol Cp = n5-cyclopentadiényle a réagi avec RSSSR pour -

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

szTi“(SR)(SSR). ol R = CMeB. CHMez. Cﬂzl’h. p—C6H4Me et CPhB", Ces
complexes, sauf dans le cas 03 R = C]’h3 ont réagi avec Ph(}lzBru\\pou? ,
donner szTiBrz. FhCHzSR et P}x(ZPIzSSR comme produits majeurs. Le
*complexe Cp2T1(SR)(SSR) s'est désulfuré lentement en solution et
riapidement en présence deg PhaP pour donner sz’l‘i(SR)2 et Ph3PS en plus
d’autres espéces. De facon similaire, des composés du type phth-SSR, ol
phth = pfxt:halimide. se sont additionnés de facon oxydante a Cpﬁ.,_"l‘i((l))2

pour danner Cp,T1(X)(SSR). od X = phth et R = CMej, CiMe,, CH,Ph et

¢p-C_.H Me. La solvolyse par MeOH et EtOH a donné les espéces oi X = OMe

6 4
et OEt, De méme, PhC3SSCI sladditioxﬁ\lg a Cp2Ti((I))2 pour donner
‘ Cszi(Cl)(SSéi’ha). Le traitement de Cp,Ti(SR)(SSR) avec le

(norbornadiéne)Mo{00) 4 8 donné les diméres pontés [szTi(u—SR)—
(u—SxR)Mo(CX))4] orx =1, 2 et R = Me, et E};I!Jez. Les complesces ‘ot x =
2 contenaient le rare ligand i_sq—u-nl—SSR. En solution & de basses
températures, les groupes pontants tlhi‘olato et disulfano sont transoides
de fa:;on prédominante. Aux plus hhutes températures, un processus

dynamique permet tant 1’obtention d’un signal moyen pour l'environnement

¢ a
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des anmeaux cyclopentadiényles s'effectue., Des études en RMN-IH,ont

- . - ] - r

- % i
. _ permis 1'évaluation du AGé de ce processus., .
.
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In times past, sulfur was regarded as a prc;duct of the Gods. In
the; \Book of Genesis, XIX, 24 -we read: "Then the Lord poured down on
Sodom and Gomorrha sulphur and -fire from the Lord oix-t: of heaven"l. The
Greek word felov means sulfur and God.

pontemporary first exposure to sulfur often comes from the
unappealing aronia of certain sulfur compounds. The sensitivity of the

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

t

natural selection, which developed this olfactory sensitivity as a way

of ‘protecting against the consumption of decaying food. Some of the

. products of biological decay are volatile sulfur compoundsz. Defense

secretions of malodorous sulfur compounds protect skunks from their

predator53 .

Sulfur has many effects on our_lives. On the cellular ievel sulfur

is important in -amino acids and metalloenzymes4. Sulfur comprises
o

0.052% of the earth's crust making it the 16th most abundant elements's.

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
. 2

sulfuric acid are produced, mostly from sulfurs. Other uses include:
metal sulfides as heterogeneous cgtalysts7; sulfuration of polyolefins

to Tform vulcanized rubbers; other sulfur-containing polymersgz

energy-conversion devices based on "metal sulfideslo; electrical

conductors such as tetrathiafulvalene-7,7,8,8-tetracyanoquinodimethane,

the first organic’metalu; and even construction materialsm.’ The

underlying function in many chemical applications is the "softness” and

high polarizability of the sulfur atom.

Covalently bonded sulfur is a major contaminant of nearly all crude

AN




for 0-0 is 157 kJ mol : and for S-S is 265 kJ mol

fossil fuelsl3. This is undesirable because sulfur oxides which are
produced during their combustion, are a major .cause of acid rainm.
Also, sulfur poisons the catalysts required for 'many . industrial

reactions, such as naptha refornation’zb'ls.

16,17,18

Sulfur has a propensity to catenate in all its forms Only

carbon 1is superior to sulfur in its ability to combine with itself to
form chains. The sulfur specgies, 82' has chemical and physical
properties analogous to those of oxygefxlg. The bond energy in O, is 498

1 1s 425 kJ mol™l.

-1 5

The covalent single'bond energy
-1 20

; that for S

kJ mol o

Simple
calculations thus show that O2 is stable with respect to polymerization
to a singly bonded species; 82 is not and forms SS' This' diffefence in
the behaviqur of two Group 16 elements may be due to the low-lying
unoccupied 4s and Sd‘brbitals of sulfur. Sulfur also tends to expand
its valence shell using d—orbitalszl. It is widely believed that theﬂ 4s
and 3d orbitals participate in bonding in a manner similar to that of

the 2s and 2p orbitals of carbonlg. Double bond character can result

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

k]

¢

another sulfur at:om22

The preferred dihedral angle between the two substituents of a

simple disulfide is close to 90° (Table I.1). This value is a result of




minimization of repulsion of lone pairs in adjacent 3p orbi talsza.

’

. ‘ o [} {
TABLE I.1: Dihedral Angles in Some XSSX Compounds
Sompound . Dihedral Angle (7) Ref.
HSSH - . 90.6° .24
CH,SSCH,, 84° ' 25
. ]
CGHSSSCGHS 95.2 26
r—\ ) & a [+]
0 NC(5)SSSC(S)N O 101.5 27
\_J/ /. . '
oL-S8 98.3 28
2 Transoid conformation. e o

¥z

Y
3

[
£ M )

The barriers to rota%:ionﬂabont the S-S bohd in a series of organic

-1 29

disulfides, PhCH,SSR, are ‘about 32 kJ-mol , and the free energy of
B Y

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

£,
bond_ dissociation energiés In a series of dialkyl polysulfides, RSCXR'

30 31 1

where x = 2, 3 and 4, are approximately 285 19077 and 15032 KJ mol” .
. ne

respectively. The value for the bond dissociation a:e‘gﬁnmrgy in SS is

-1 33

134 kJ mol The lower values for x > 3 and Sy can ﬁe'éxp,;!ained by

:

stabilization of the radicals forimed. by 7-bond resonance

delocalization, as ‘shown be'low23. The relative ease of chain pcission

°

[} ¥




/S\S/S\S/ — /S-\§ \S-;\ -

in higher polysulfides is coﬂsistent with formation of mixtures of di-,
%

. tri-, and tetrasulfides by t:hermals‘1 or phot:olytic35 dispr?porti:)nation

of organic grisuifides (Eq. I.1). . -
= 4 .
{A or i _
RSSSR > RSSR + RSSSR + RSSSSR 4 (1.1)
hv
A N -

Transition metal cat:lons‘an‘d sulfide antons are both considered to
be "soft" species and consequently- shoulda have an affiq{ity for one

another. This'( qua'l*%tative approach explains at least in part the large

number of binary metal. sulfide536 and the occurrence of sulfido

(82-)37.38

liga?nds. in inorganic ‘and organometallid' confpounds.. The coordinating

b

, thidlato (RS_)BQ and to a’ lesser extent thioether (R28)40

ability of these ligands is related to the ‘polarizibility of the lone

pairs of the sulfur atom, which decreases in the or'der‘io,.‘

£ -

A

- §°7 > Rs” > RS. *

.

L

Addition of one sulfur atom to each of these ligand types gives

disulfido (S,°7),disulfano (RSST). and dithioether (RSSR)\ ligands.

-

However., these ligands are less common than the simpler ligands

éonta:lning one sulfur atom: Exampled of compounds containing such

N
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sulfur ligands are shown in Table I.2, which clearly shows the
structural diversity of sulfur containirig complexes’. Bonding modes
increase as fewer organic groups are attached to the sulfur atom(s). due

to the increased number, of available lone pair electrons,

TABLE I.2: Known Geometries of RSxR. RSX- and Sx?'—. where x = 1 or 2

4

and R = alkyl or aryl

. Structural type ‘ Example® Ref.

Ia u——ﬁ/ (00)Cr(SEt,) 41

R :

@ ' Ib :}i Pt Br, (u-SEt,), . 42

!

IIa M-—S(R , liCpFe((I))z(PhSSMe)]B}T‘ ' 43
"S—R
m g Re, Br,,(C0 s ph " . 44
M/ : . L 92 1‘2( )6](“—77 P 2) .

Illa M—-S—R  Cp,Ti(SPh), \ , ‘ 45
"f | |

IIIb M/S\M - [Cp,T1 (1-SCH,) Ho(00) ] 46
R -

111 | J[R (00) ., (1o-SHe) ] o 47

C e ~oMe
, M/E\.M 3lH3 | 74 /




o'
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TABLE 1.2: (cont’d)
Structural type Exanu:lea Ref.
IVa Me—S—S—R CpW(G));SS—p-CGH Me 48
Vb rgin Cp¥(NO) (n2-SSR)R ' o 49

o ) ' LT

& R k™
I ’ ‘
T .
, 1 /
IVe Mo., (NC.H Me). (S.P(CEt).)..S(0.CMe) (is0-p-1 -SSEt) 50
H/S\H . 2( 64 )2( ) ( )2)2 ( g e)(_S.Q‘au‘n )

Va MemS  ©  [NbS(SCH,CH,S)(SCH,CH,SCH,CH,S) JPPh, 51
Vb M—S—H  [(t-BuCJH,),Zr(u-S)], 52
Ve Me==S==M K (o[M00,]) 5 [Moo(CN),,(1-S)].5.320,0 53
VA Me=S==M  [CpCr(00),ly(n-S) 54
Ve M’j‘n | [CPT1 15 (1y-8), , : 55"

II‘ . .
ve H/E\M Reg(()3p(uyS)y 38
Vg Hj\:u Pt0s ,(C0) , 5 (PPh) (1,-S) 56

57

Vh R: [ (CgHN) (C0)gFe, 1-11,~S-[Fe, (00) (S(CLH, )]

]

el Y



]

® 8
Y ' /
J;-::"ﬁ;( T - .
}'ABLE I.2: (cont'd) ' .
Structural type ‘Example® Ref.
Vit H,/S\\K’ Osg(00) = (H5~S)[W(C0) 4 (PPh,)] 68
MM ’
2 | ' b
.Vla | [MeCpl,V(n™=S,) , - *59
‘ 1.2 . -
VIb l CpyFeq(C0) (k1" n"-8y), 60
I/ . ’ 1 : '
Vic M/S . [((Nﬂs)sRu)z(antl-—u—n —82)]014 - 61
Vid M/S—S\M \ Meszvz( m—uml-sz)zs 62
S
Vie u<g|)>u Mo (S,) S(u2-S,), 63
) - -
B
VIE S [Heg®plyOr(S,)(8) (tsewn 8,) 64
| 1 2.4 o .
Vig < - MeCpT1,(0),(S,) (S) (kn".n"-8y) 65
VIh- "/SI\H [CpFe],(8),(u-n'-S,) L 66
?




9
. »
TABLE I.2: (cont’d)
Structural  type . Examplea Ref. ‘
1
VIi I ) 4(00)15(32)(11'15 -n Sz) . T 67
M\s/.H . G v ‘
1 ‘
viy | [Cog(C0)S1(1-n S,) : 68

2 The mode of [sulfur bonding is described only for the structl*ral type
of interest.\

4

The simplest systems are those containing thioethers which can
. '& R “
function e€ither as monodentate (la) or bidentate (Ib) ligands, as a
result of two lone pairs on the sulfur atom. Thiocethers are relatively

~

poor o-donors and w-acceptors# but a large number ‘of complexes have been
synthesizedl. particularly for Qroup 8-10 metals4o. Complexes containin,;
.dithicether as a monodéntate or bridging ligand are comparatively rare.
Only a handful have been gtructura,lly characterized and are represented
by the monodentate (ITa) and bridging (IIb) compiexes as shown 1n
Table I1.2. Theoretically, other bonding modes should exist for RSSR,
but have not yet been observed. This may be due in part to the ease of
S-S bond" cleavage by low oxidation epate m;tals to give thiolate

complexessg. In metallothioether complexes of the type, LxM(SR2). where

!(’is a "soft" metal, molecular orbital celfu/lg‘tions did not detect
L]

S |

[}
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‘pa;ticipation of the vacant d-orbitals of ‘sulfur in metal to sulfur

bond:lng70 .

»
e N

Thiolate 1ligands can bind to metals in a variety of ways. The
presence of tliree lone pairs of glectrons on the tchiolate anion, permits
-~
the formation of singly, doubly or triply bound systems, as .shown by
structural types Illa-c. -
- Monomeric complexes of ‘the type [M(SR)x]y- ;Ve,re relatively rare

until recently. These approximately tetrahedral species usually contain

sterically demanding R groups. for example in [M(SPh)‘l]z_—. where M = Fe,
~-

71 ; - 72
Cd, Zn, Mn, Co, Ni °, [Ti(S-—2.4.6—C6H2(CHMe2)3)4] . and M(SCMe3)4.
wiete M = Mo and W2, as shown below. Bulky groups appear to be |
2 L' >
SCME3 | 4 >\
L] ‘ " .
¢ . - .?l
< <
/ "I,II//// s v
- ’ ///// -
. . W
\ « /S CMe, -
? Me3CS '
SCM93 B
b a
effective in preventing- auto redox reactions such as lEIq.I.272'7“1 and
h . ° ' el . )
[M(SR),]” + RS™ —> [M(SR),]*" + 1/2 RSSR (1.2) :
also prevent dimerization of the complexes. Numerous complexes

containing the chelating ligand, dithiocarboxylate, are known and are




reviewed elsewhere75. A large number of complexes exist which contain

/7 4

[

x_.fc\{ -
. \s .

[&

terminal thiolates in association with other ligand t&p'es. These mi:fed

ligand complexes have been extensively reviewed76. Some representative

) 3
examples are [(O)Mo(SR),]"". .cis~(Ph,P),Pt(SR), C. CpH(C0),SR'>, and

. Op,TH(SR), ™. .

Molecular orbital calculations by Hoffmanr et al. suggest that

" sulfur donor atoms in terminal thiolates can contribute to the stabili'té

{
of 116 electron metal complexesgo. For example, the species

«

CpMo (NO) (SPh) \\has unexpected stability for a 16 electron system. This

has been contributed to pr —> dr dénatéon from the thiolato ligand to
, \ ‘ & .

an empty Mo 4dxy rbital®l, as shown below.
' z

-




PE

"2.464, 2.489 and 2.346

\
A .dominant feature of metal thiolates is the tendancy o form
bridged binuclear complexes. Comemds such as [CpFe(G))(u-‘S.R)]282 and

[szlloz(u-:SMe)3(01))2]Br83 are examples of type IIIb. The sulfur atom

-

b

/Fe /F e -

NS

!

R .

£

of a pz-bri}ging thiolato ligand still possesses a free .lone pair of

!
- -

. electrons available for donation to "a third metal centre. "Such a

p3-bridging system may be, symmetric as in [Re’((I))B(u:S-SMe)Tf;\(\type

I1Ic) or asymmetric as in [Zn!‘de(SCI*lMe‘,?'):]8 where the Zn-S distances im‘e
X 84. Review articles have been published on
both‘doubly and triply bridging thiolates and th;y will no}: be discussed
further here38'85. 4» . §

The main thrust of this research was ‘theds.ynthesis of ) complexes

containing the MSSR linkage, which is an analogue of organic disulfides,

~

—
RSSR. This particular metallosulfur system has been little studied.

Structurally characterized complexes containing a linear MSSR system of

structural type IVa, are: CpW((D)3SSR48; gig(Ph3P)2Pt(b8H4N02)SSR48;

and a copper(II) disulfane, Cu( tet—b)SSCHz(I)zss. The complexes .
87 88 .
Cp2Ti (SSCHMe2)2 and (PhBP)zer12(OO) 6 5 have also been reported.

" "‘“' “‘m e/ .

)

o
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* Cyclic systems containing an organodisulfano group include the complex
[Nx(szocsns)(saocsns)]. which readily loses sulfur upon addition of
PhaP. to give [Ni(Sz(IZGHS)z:]SQ. " Addition of sulftir reforms the

disulfano linkage as shown in Eq. I.3. Labelling studies using 3:1S

/8 s, e

»

‘ PhyP : :
: AR\ —_— s
, Ph——-(@\u\s/c—-—m — Ph-t—— i{ )C——Ph (1.3)

b 3 i * (-

c M confirmed that t‘.hev sulfur atom adjaceni: to the carbon atom was labilesg.‘

The complex ('qs—C‘,:.’H‘lR)2’1‘184011:'z 0 is similar to the titanium complex >

’ ‘
4 !

N



-

L1

- ,’ -
. .
.

mentioned a,bove87. This cyclic species is not desplfurized by Ph3P.

3
o
)

. .\\\\\\\\\\\q\ | CR | ‘
L / \ / 2

R

»

The RSS ’'anion can aliso bind in an nz mode as shown in structural -
) type IVb. Only two examples are known. The osmium complex

[0s(n>-SSHe ) (C0).,(PPh,).]G10,2! (1) was formed by methylation of a
2 G104

coordinated disulfur ligandgz. as shown in Scheme I.1. ?
v -
’ ) +
PPh3 U PP h3 ] )
O¢y : 0 1
—Cl 1S F: Ci
““lh.()s“”"n" I CH3SO3C 3 'i“ll I“”““T
oc®” | "Ns: ' oc? ‘S\
, o CHy
PPhj ’ PPh,
L
T~
B
ﬁ SCHEME I.1
2 49
The tungsten compound CpW(NO)(n"-SSCH,SiMe,)(CH,SiMe,) (2) was
synthesized by sequential insertion of sulfur into M-R and M-SR bonds,
as shown in Scheme I.2. The n2-SSR unit in 2 ultimately rearranges in
solution to form a bisthiolate complex, §93. Both 1 and 2 attain an 18 ' )




‘ - =S
i . j
R i8S, & w8 S, X _1 S
' 8, | . Sb> | /3N — |
M —R M — SR AN M — SR
' - 2 3
- . M = CpW(NO)
1]
P SCHEME 1.2
04

. electron configuration via side-on coordination of the nz—-SSR ligand™ ~.
Interestingly in 1 the Os~-S2 bond distance (2.426 X) is shorter than

o1 (2.442 X). whereas in 2 the W—82 distance

that the 0s-S! distance
(2.479 %) is longer than the W-S' distance (2.452 ). An 1so-u-n'-SSR
configuration has been postulated for a molybdenum dimerso. as shown in
struct'ural .type IVc in Table 1.2, and is the only o.ne of its kind.
Unfortunately, a structu;'al analysis has not been published. Other
possible C'Onfigurations%of organodisulfano gremps, as yet unreported,
are possible due to the number of lone pairs on the RSS ligand.

A single sulfur atom can act as a two (Va-b), four (Vc,Ve,Vg) and
six (Vd,Vf,Vh-1) electron 'Adonor, which results in structural diversity37
and preference for cluster compounds. \The sul’fur ligand may bond from
one metal (M=S) ﬁto five metal atoms ( (us-S)).
< - / In counting electrons allvbonding partners are regarded as neutral

particlesBS. For example, structural type Vf can be considerﬁe'd as a MSM

A
~ analogue of organic sulfides, ‘RSR, with the two remaining lone pairs on

S acting as two electron donors to each of the other two metal centres.




0

16

-

The sulfur atom is therefore a six electron donor. The sulfur atom in

type Vg is considered as a four electron donor with a lone pair of

electronsss. This is simila) to SF495. The lone pair in type Vg acts

F~~ .
y ’ \ \\‘(\/T> l80

Fly,,, Q\\
.S N :
> / ‘

/
F / ‘
“/

as a Lewis donor to form the unusual complex, Os (CX))]‘S(M.5 S)-

[W((l))4(PPh3)], in which sulfur is in its highest known coordinative

L

statess. as shown in structural type Vi. The number and variety of

‘W(CO)PPhy

;s(C())3

14

-

[}
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for further deta11537'38'40‘96. . C

Finally, the disulfido group is discussed,a vhich has a staggering
number of possible binding modes97 (types VIa-j) many of which are
extensions of the basic structures‘exhibited by Rs; and Sz— complexes.
The simplest system 1is side~on-bound 82 as shown in the complex
[Ir(d?pe)282]+ 98. It is proposed that the <’82 group binds to the metal
centre by o 6verlap of a metal dzz+pz hybrid with 82 ™, and po orbitals,
and by in—-plane w overlap of a 82 1r"* orbital with a metal p};:l—dxz

hybridgg. as shown in an approximate manner below.

y 5

X

O L oo
aSe Qe
, O CIENNCAN

o *
o overlap, L —_— dz2+pz g oveurlap. ™ — px+dxz

!

-

Thus there appears to be no need té invoke S d-orbitals to explain M-S
2y
bonding in many MSX. MSXR or MSxR2 moieties, where x = 1 and 2, in

: contrast' to the bonding between two sulfur atoms. ' A_large number of
dis)u;;\yeomil:xes are described in the excellent article by M'lil‘lel' et
als" . Longer Sx?‘_ chains, where x > 2 occur in transition metal

\é
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polysulfides, and hav.e been the subj;nct of intense studyls. Compounds

such _as (NH4)2Pt(/SS)3'2H20101 and Cp2T185102 have been crucial in

stimulating research in this field. The area has been recently

B ¢
reviewedlo3 ) ! .

| sl\s T
B T
\l'i ,,u\n\\“s\ BN S S\ /S
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Scope of the thesis ' " - .

v
@

This work introduces some novel synthetic methods for the forma\tion
of* MSSR species. Bis(ns-cyclopentadienyl)tita.nium(IV) systems are
' ‘stqdie bécaus%e of the stability of compounds of the type Cp2Ti){Y , and
because of the availability of (;pzTi(d))z. a well known precursor to
szTi(I%{) complexes.via oxidative-addition reactions. szTi(CO)2 reacts
with RSS\lg/ﬂtq,/give szTi(SR)z. The reactions of szTi(OO)2 with organic

compounds, containing . RSS~SR, RSS-N and RSS-C1 bonds to produce the

desired disiIfano linkage, are reported. The relevance of these
products to other organometallic and inorganic sulfur containing

complexes is discussed. The reactivity of the TiSSR group with selec{ed

nucleophiles and electrophiles is assessed. Useful methods for the

characterization of metallosulfur systems are reported. The reactions

L]

-of these systems with other complexes, leading to bridged dimers, are

also described. 5
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i? . N LU
U THE SYNTHESES, CHARACTERIZATION AND REACTIONS OF
° S5
[/‘ ¢ . (n"-CgHR),Ti(SR')(SSR'")
» .
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Few | metal complexes contAining a linear catenated sulfur ligand
- ‘ ,
(ie. RSx,‘ where x > 1) have been prepared. This may in part be due to a

. lack of suitable synthetic approaches, since the analogous organic

species, RSyR. where y = 1 - 6 are commonl. Recently the complexes,

. ' N )
CpW(CX))BSxR. where x = 2, 3 and R = CﬂzPh. p—C6H4Me. were prepared by

reaction of the sulfur-transfer reagent Rs;jimide with CpW((X))SSIlz. In

a similar manner Ci‘)z'l‘i(SH)2 gave szTi(SSCHMe and szTi(SPh)(SSSPh).

D)

the latter a product of'a rearrangement and containing the only
Lo .
structurally characterized organotrisulfano ligands. Recently an alkyl

disulfano copper(II) species (CuSSR) was isolated during model studies
on the possible bonding modes in certain copper(II) \enzymes4. The
3), which contains an nz-SSR ligand,

5

was recently prepared by insertion of elemental sulfur into a W-C bond™.

complex CpW(NO) (CH,SiMe.,)(SSCH,SiMe

The bisthiolato complexes, Cp2Ti(SR)2. where R = alkyl, .aryl and
PCy2, have been made by oxidative-addition of RSSR (2) to szTi(('X))2

(_1_)6'7 and by other methodss. Sulfur-sulfur bond cleavage also occurs
in the oxidation of 1 by S8 to give szTiSSQ. ’I'hereforg it seemed

reasonable to treat 1 with organic trisulfides, RSSSR (3)., as a route to

complexes of the type szTi(SR)(%SR).

-




Experimental B

o . . s ‘ s

Reagents and Solvents

All manipulations were carried out wunder an atmosphere of
prepurified nitro\gen (Union Carbide) using sitandard techniques for
handling alir sensitijve compoundslo. unless otherwise stated. All
solvents were; reagent grade with hexanes (bp 68-—70°C). diethylether and
toluene being refluxed over sodium/benzophenone, and CH2012 being
refluxe;l over P20 . All solvents were freshly distilled under Né Just
prior to use. The NMR solvents CGDG’ CD013 and CD2C12 were dried ove|r
* molecular sieves (Linde 4 X). Benzylbromide (Kodak) was distilled: the
fraction boiling at 100-107°C (41 mmHg) being retained. Phenyllithium
(2.0 solution in cyclohexane/Et,0). OéX‘i(?lz and the compounds
di(tert-butyl)sulfide, di(isopropyl)sulfide, d’ibenzylsulfide.- dibenzy‘l-

disulfide, di(p-tolyl)disulfide, dibenzyltrisulfide (3¢c) and

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

disulfide and di(isopropyl)dis‘ulfide (Faif'field) were also used as
’

received. The unsymmetrical sulfides RSQ{2Ph. where R = CMe3 (_'73)11 and

CHMeZ (7_19_)12. were prepared by a standard methodls. The triphenylmethyl

,
substitufg}( compounds Ph3CSZ. where Z = H, Cl’h3 and SCF'h3 were kindly
uppli by Mr. Charles Williams. Di(iéopropyl)trisulfide (3b) and

di(p-tolyl)trisulfide (3d) were prepared by an extension of the route

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

67X for 3b (via benzimidazole), and 64X and 59% for 3& (via
benzimidazole and 1,2,4 triazole, respectively). The compounds

di(triphenylimethyl)trisulfide ,(3e), di(tert-butyl)trisulfide (__3g)15.




» : h'«
N

e t:riphenylmethylchlorgdisuIf:lde16 and the complexes szTi(SR)z. where R =

Me, (52)!7. Citle, (s0)'7. CHPh (50)%° end pCHMe (5)%°. wero
prepared by literature methods. ° RszTi((X))z (1), where R = H ond Me,
were synthesized by the method of Demersemen g_g:___s_x_l_._la. ﬁ
Reaction products were identified in the following ways: organic
sulfides by means of comparison of GC parameters and NMR> spectra to
those of authentic samples and where appropriate by means ,°f their
GC-mass spectra; disulfides by their GC-mass spectra; triphenylphosphine
sulfide and szT:l(SR)2 l')y comparison of the NMR and mass spectra to
¥ those of authentic samples. \
Thi;x layer chromatography was performed using BDH 150F254 aluminum

sheets. Deactivated alumina used for column chromatography was prepared

by a published metl’xod8a using activated alumina (Anachemia 80-200 mesh).

%

Physical Measurements

IH NMR spectra were measured on a Varian XL-200 spectrometer and .

' 11 data are reported in ppm relative to TMS as an internal standard and
are considered accurate to * 0.05 ppm. All NMR spectra were measured at

ambient temperature (19°C + 2). Gas chromatography (GC) was performed
8

on a Shimadzu GC-8APF instrument eqﬁipyed with a flame {onization

t

detector. ' The capillary column used was of 30 m x 0.25 mm I.D. with a

1 um film of Polymethyl- (5% Phenyl) Siloxane (coating (A)) bonded on
ftlsed silica. The temperature was raised at the rate of 20°C/min from

100 to 26000. with a column N, flow rate of 0.5 mlL/min. ‘Gas

2

chromatography/Mass spectrometry was carried out on a Hewlett-Packard

5984A spectrometer with a 2m x 2mm I.D. 6% OV101 Chromosorb W;"HP column,

a . '
i

N




C | -
or on a Finnigan Model 700 Ion Trap Detector coupled to a:Varian 3500
, ' Gas Chromatograph (Column’ 30 m x 0.25 mm I.D. with a 0.25 pum film of
- coating (A) on fused silica). Mass spectrometry was performed by dire.ot
Linlet at 70 eV on a Hewlett-Packard 59844 or on a DuPont 21-492B
' spectrometer using ion sources at 21®°C or 250°C, respectively. Spectra
are reported as: m/z, assignment, rel. int.. X
Visible spectra were recorded on a Unicam SP800 UV-visible
spectrophotometer. Infrared spectra were measured usiﬁg a Perkin-Elmer
» A 457 or 297 spectrometer calibrated using the 1601 (:m_1 band of
polystyrehe, and are reported in cm_l. All reactions of RCp2Ti(CD22 (1)
with organic trisulfides were monitored, by following the decrease in
 intensity of tile ‘characteristic CO bands of 1l in the IR spectrum of the
C reaction solution. . ‘ >
Melting points were determined in sealed tubes under vacuum on a
Thomas-Hoover Melting Point Apparatus, and are uncorrected. Elemental
d . analyses were performed by Spang Microanalytical Laboratory, Eagle
Harbor, Michigan.” ‘ X ) 0

©

Preparation of Bis(ns—cyclopéntadienyl)(tert—butyl thiolato)(tert-butyl—

' disulfano)titaniun(IV), Cp,Ti(SCHe,)(SSCHe,) (4a).

3)
(Me30)283 (32) (4.99 g, 23.7 mmol) was added to a solution of

Cp2Ti(CD)2,, (1) (5.32 g, 22.7 mmol) in tgluene (80 mL). The reaction
mixture was stirred for 45 h to give a vef'y intense emerald green
solution, which was stripped to dryness. A NMR spectrum of the residue

(L indicated that 4a accounted for 96X (integrated intensity) of the

~N
cyclopentadienyl containing products. The only other product was
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~

Cp2Ti(SC14e (52). The residue was extracted with hexanes (10 x 50 mL)

3)2
and the volume of the filtered extracts was reduced to 100 mL: Slow
cooling to -78°C gave an intensely emerald green powder (5.33 g, 60X, mp
85-87°C (dec)). .

b

;)
Anal. (%) Calcd. for CISH288 Ti: C, 55.65; H, 7.26; S, 24.76. Found:

C5571H737S2472.' )

'H MR (CD,): 55:531/ (s. 10H, CH.), 1.66 (s, OH. SO(CH,);). 1.42 (s, °
OH, SSC(CH,),). s

'H NMR (CDCL,): 86.20 (s. 10H. Hs) 1.46 (s. 9H, SC(CH,),). 1.32 (s,
QH.‘SSC(CI{3)3). ) ‘

Iy (CD,Cl,):  66.19 (s. 10H, CH.). 1.43 (s<9ﬂ SC(CH h)3) 1.32 (s,

OH, SSC(CH,),). | .
IR (KBr): 3080 (m), 2950 (s, br), 1435 (m). 1354 ?m)." 1150 (s), 1008

(m), 800 (s), 640 (s, br), 580 (s). 420 (m). 7
. 4 .

MS (NHy C.I.): 389 (M'™+H’, 13.7), 211 (CgH Sy +H  or C H ST1* +H’, <

4.8). \'

Visible spectrum, A (CH,Cl,) = 570 nm (e 3.30 x 10 L mol” cnrfi1

Preparation of Bis(ns—methylcy¢lopentadienyl )(tert-butylthiolato)(tert-

butyldisulfano)titanium(IV), MeCp2Ti(SCHe3)(SSCHe3) (da')~ \l
y [

MeszTi(’(X))2 (1.99 g, 7.59 mmol) was added to a sclution' of 3a

(1.67 g, 7.94 mmol) in toluene K'(4O mL) As above, a residue was
obtained which showed a NMR spectrum in which 4a' ac:ounted for 94% of
the methylcyclopentadienyl containing products. Extractiqu of the
residue with hexanes (4 x 20 mL), concentration, and slow c,é:oling. to

' —78°C. gave an emerald green-powder. The supernatant was decanted and

\ | \
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o*

| SC(CH,),). 1.44 (s, OH, SSC(CH,),)

v .
the powder dried under vacuum at ~78°C.  The powder was washed with

hexanes (2 x 5 mL) at -78°C, and dried again at ~78°C. Warming the
product to -20°C gave a viscous oil (0.95 g, 30%). A secoml crop was
<

similarly obtained from the supernatant (1.50 g, 47%) and was used as

the analytical sample.

Anal. (%): Caled. for C, H,. S, Ti: C, 57.67; H, 7.74; S, 23.09. Found:
203273 ! e )

C, 57.60; H, 7.76; S, 23.16.

1

H NMR (CGDG): 66.13 (m, 2H, C5H4)' 6.06 (m, 2H, fCSH4), 5.96 (m, 2H,

CSH4). 5.7 (m, 2H. CSH4)' 1.90 (s: 6H, C5H4_(_?!_13). 1.70 (s, OSH,

1
H NMR (toluene dg): 86.05 (m, 2H, CH,), 5.97 (m, 24, CjH,), 5.90 /@n

2H, CH,), 5.64 (m, 2H, '05@). 1.89/(s, 6H, C/HH), 1.63 (s. 9H,

SC(CHy),4). 1.39 (s, o, SSC(CHy) 5) -
IR (KBr): 2010 (m). 1441 (w. br), 1360 (m). 1148 (m). 1020 (w. br). 809
(s), 642 (m, br), 589 (s). 418 (vw, br).

[an’
. + o . g’ 4o . 4o . .
MS: 415 ‘(M -H", 2), 205 (M ~CH S, . 24). 271 (M —CgH S +H . 3),

ey P X . . +o
239 (M -c_H H', 14), 225 (M —CH,S,-CH™, 4), 210 (CgH, 8",

81872 ~
49). N

.

Preparation of Bis (ns—cyclopentadienyl )(isopropylthiolato)(isopropyl-

disulfano)titanium(IV), Cp2Ti(S€HMe2) (SSCHMe,, ) (4b)

(M320H)283 (3b) (0.30 g, 1.65 mmol) in toluene (10 /nL), was added
via canula to g solution of 1 (0.29 g, 1.24 mmol) in toluene (50 mL) and

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

lsolution. A 1 mL sample of t};is solution was stripped to dryness and

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

.
\ ' ~
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+and Cp,T1(SSCHMe

»

the Cp containing products.
1

f «

H MR (Cglg): 8581 (s, 10H., GgHg). 3.76 (septec.. IH, J =,6.6 Hz,
SCH). 3.11 (septet. 1ff, J = 6.8 Hz, SSCH), *1.46 (d. 6H. ] =~&.6 iz,
SCH(Q__HB)z), 1.34 (d, 6H, J = 6.8 Hz, SSCH(_CI_-I3)2). .

The assignment of methine and methyl resonances in the NMR spectrum of—
4b was confirmed by decoupling expf;rimenté. Cp,T1(SCHMe, )., (5b) (85.75)°
o)y (6B) (65.85) made up 3% and 4% respectively of the
total integrated inte‘nsi'ty in the Cp reglon and were assigned based upon )
the\ir Cp and isopropyl resona.nceg. which were identical to those of
authentic samples o6r literature valueswa, A pure sample of 4b could

not be obtained due to persistent contamination with 5b and 6b after

attempted purification.

Preparation of Bis(ns—cyclopentadienyl }(benzylthiolato)(benzyl-

disulfano) titanium(IV), Cp,T1(SCH,Ph)(SSCH,Ph) (4c)

(PhCH,)),,S

®
via canula to a solution of 1 (0.63 g, 2.69 mmol) in tgluene (50 mlL) and

3 (3c) (0.75 g. 2.69 mmol) in toluene (10 mlL), was added

the resulting solution was stirred for 43 h at 12°C. then allowed to

rise to room.temperature to give a deep purple solution. A NMR spectrum

of the residue obtained upon drying of a 1 mL sample of this solution

indicated that 4c accounted for 81%~ of the Cp and CH, containing

2

products.

o

5), 5.71 (s, 10H, CSHS). 4.39

(s, 2H, SCH,), 3.94 (s. 2H, SSCH,). ' N
The complexes Op,Ti(SCH,Ph), (5c) and Cp,Ti(SSCH,Ph), (6c) [ MR

(Cst): ] 55.72 (s, 1OH, CSHS)' 3.97 (s. 4H, CH2). phenyl region

\
\

'H MR (CD;): 67.44 - 7.03 (m. 10H. CH




C g
obscured] made up 14X and 5%, respectively, of the total integrated
intensity in the CH2 region. A pure. sample of 4c could not be obtained

~due to persistent contaminaticﬁ with 5¢c and 6¢ after attempted

purification. . ,

Y

Preparation of Bis(ns—cylcopentadienyl)(4—méthylphenylthiolato)—

(4~methylphenyldisulfano)ti tanium(IV), Cp,Ti (S-—p—CGH 4Me) (SS—p—CGH Me)

(4d)

p——

(p—-CGH4Me)283 (3d) (0.27 g, 0.97 mmol) was added to a solution of }

(0.22 g, &94 nnndgl) in toluene (20 mL) at -20°C and the solutio was
stirred at ~20°C for 9 h and then for 12 h at SOC. The deep purdle
solution was stripped to dryness@ room temperature. A NMR spectrum of
c " the residue showed that 4d accounted for 84% of the Cp containing
products. The only other signal in \the Cp region was due ' to
szTi(S—p-C6H4Me)2 (8d). The residue was ;xt'racted with CS2 (25 mL) at
OOC and the solution was filtered through Celite into a receiving vessel
ocoolgd ‘t6° o’c. The solvent was stripped at 0°C and 'the residue

recrystallized from Et20 (40 mL) at -20°C to give deep purple

microcrystals (0.069 g, 16%, mp 136-—13800). which were stable to air for

! ¢

short periods.

Anal. (%¥): Calcd. for C24H2483Ti2 C, 63.14; H, 5.30; S, 21.07. Found:

C. 62.83; H, 5.50; S, 20.84.

1 .

HNMR (CgDg): 57.64°- 6.98 (m, 8. CgHy). 5.77 (s, I0H, Cgllg). 2-11
(s, 3H, S-p—CgH,CH,). 2.03 (s, 3H, SS-p-CH,GH,).

C IR (KBr): 3104 (w). 3010 (w). 2920 (w), 2860 (w). 1486 (m), 1440 (m),

!

1178 (m), 1014 (m), 830 (s). 821 (s). 812 (s)., 504 (r. 488 (w).

L 4




ree
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v as
r )
° » A
MS: 424 (M'°-s", 2.4), 301 (u*’-c,}L,sz'. 27). 278 (C14H1483 . 39),:246
+eo
(Crgfly4Sp - 100). 235 "G HS, " CHg", ). .

/"\

[

Preparation of Bis(n -cyclopentadienyl)(triphenylmethylthiolato)- c. .

( triphenylmethyldisul fano) titanium(1V), C‘p2Ti (SCPhS) (SSCPh,) (gg_)

(PhyC) oS,y (3e) (0.68 g.' 1.17 mhol) was added to 1 (0. 27- f 15

mmol) in toluene (20 mL) and the solution was stirred for 32 h¥

dark brown solution was stripped to dryness. A NMR spectrum of th

residue showed thz?.t 4e accounted for 34X of Cp containing products. The
other produc&s were unidentified. Chromatography on activated aluminz; (2
x 20 em), eluting with 1:9 GI2012 :hexanes, gave a colourless organic
fraction and a slower moving purple band. Elution with (3‘1'12C12 gave thec,
purple band which was stripped to dryness and washed with hexanes (2 x 2
mL) to give the product (0.17 g, 19%, mp 6—12é°C). ’

(%¥): Calcd. for C, H, S.Ti: C, 75.¥7; H, 5.30; S, 12.64. Found:

48114053
C., 75.65; H, 5.49; S, 12.53.
) .

~JH MR (G,D;): 87.74 - 7.10 (m, 30H, CgH ). 5.44 (s, 10H, CH,).
THMIR (acetone d.): 67.50 - 7.26 (m, 30H: CH.). 5.78 (s. 10H. CgHg).
'H MR (CDCly): 67.50 - 7.21 (m, 30H, CgHg). 5.63 (s, 10H. Cgiy).

IR (KBr): 3045 (). 2044 (v, br)\, 1482_ (w). 1468 (m), 1258 (w), 1076
(m, br), 1016 (m, br), 817 (s), 739 (m), 696 (s). 614 (w). 496 (w, br}

: oy .2). 548 (C toon”,
MS: 759 (M 0.42), 626 (C 1-135s 0.2) (CIANCR 2
0.52), 409 (C 2H25

Reaction of Cp,Ti(00),, (1) with Ph,CSSSCHe, (3f)

« 3f (0.19 g, 0.48 ‘nlpol) was added to a solution of 1 (0.11 g, 0.47
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s
mmol) and thé solution was stirred for 28 h. The dark green solution
H

was ,stripped to dryness and a NMR of the residue showed that

szTi(SCPIb)(SSC'Mes) (4f) and szTi(SCMes)(SSCFhB) (42) accounted for
45% and 4% respectively of the Cp containing products. - The remainder of

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

o

unidentified products. Flash chromatography on activated alumina (1 x
20 cm), eluting with 50:50 CH2012 ‘hexanes, gave a single turquoise band. \

This band was collected and stripped to dryness and the NMR spectrum of

s
the residue (0.026 g) showed that the mixture consisted of: 4f with 84%

. of the Cp region integrated intensity, 1l-I NMR (C6D6): '65.65 (s, 10H,

1 .
=Hz), 1.41 (s, SH, CH,): end 4g with 16X, 'H NMR _(CeDs): 85.69" (s,

IOH C H5) 1.71 (s. SH, C!-13) The phenyl regions were .overfapping. No?

further attempts at seperation and isolation of the producté were made.

N

¥

Reaction of Cp2Ti(Cx))2 \(1) with RSSSR (3) in Refluxing Toluene . .

Since a similar procedure was followed for R = Cle, (3a). CHMe

(3b). CH2Ph {3c) and p-C_.H Me (3d). only one example, R = p—C6H4Me, is

64
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). 'I’hegreaction mixture was refludegd for 1.5 h after =
which the presence of a mixture of szTi(S-p-C H Me)2 (5d) and
C‘p2T1(S-p-C6H4Me)(SS-p oy H Me) (4d) was detected via TLC analysis. "'I'he
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 spectrum (C ) of the residue indicated that 5d now accounted for

96X of the cyclopentadienyl resonances, the remainder being due to 4d. .




- consisting of Cp2Ti(SCHMe

hlcanil : W

R = (HMez. Similarly 1 and 3b after refluxing for 74 h gave a solution

o)y (BB) (85%) and Cp,Ti(SCHMe,)(SSCHe,) (4b)

(8%). in addition to other unidentified speciesy

R = Cﬂzl’h 1 and 3c after refluxing for 15 h gave a solution consisting

of ép2Ti(SCHzPh)2 (5c) (88%) and CpyTi(SCH,Ph)(SSCH,Ph) (4c) (12%).

R = CMe3 1 aﬁd 3a after refluxing for 67 h resulted in an emerald

green solution consisting predominantly of (MeBC)ZSx (x ='2, 3) and o
species with a véry broad resonance in the regio;m §7.0 - 5.0 ppm. Bands
assigned to traces of szTi(SCMeB)(SSCMe;) (4a) and (;pzTi(SCMe3)2 (5a)
_vere detected. A substantial amount of brown powder was present as a

precipitate (0.24 g, 48%), which was insoluble in toluene d, or CDCl

8 3’

Anal. (%¥): Calcd. for CIOHIOSI SOT 0.80° C, 55.45; H, 4.65; §, 22.20. °

"Found: C 5542 H, 488 S, 2223

1 - -

Reaction of szTi((X))2 (1) with (PhCH2) (3c') in Toluene dg at 80°C

A NMR sample was prepared containing (41 mg. 0.18 mmol) and 3c

(52 mg. 0.19 mmol) in toluene d, and was heated at 80°C for 48 h to give

8
a purple solution. A NMR spectrum gave bands due to szTi(SCllz?li)z (Be)

(45%). | Cp,T1(SCH,Ph) (SSCH,Ph)  (4c) (21%) and a very broad band of

a

cyclopentadienyl . resonances (34%) in the x&'/ange 66.5 - 5.9 ppm.,

4

Thermal Desulfurization of szTi(SCHZPh)(SSCH2Ph) (4c)

2)283 (3c) (2.21 g,

/The complex 1 (1.82 g, 7.77 mmol) and (PhCH
7.94 mnol) were reacted, as described earlier, in toluene at 12°C to
give (NMR analysis ofg Va\ dried aliquot in CD) a mixture voi

szTi(SCl-Izl’h)2 (5¢c) (\28% by 1integration of the Cp region),
AY

N
. ‘
2
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Cp,T1(SCH,Ph)(SSCHyPh)  (4c) (58%) and Cp,Ti(SSCHyFh), (6e) (14%).

without residual 1. The toluene solution was then refluxed for 42 h, at
) thich point neither 4c nor 6c could be detected by NMR. A band due to 5S¢
A _ (80%) was the Enajor resonance in 'the cyclopen;:adienyl region.\ in
® additi;m to a broad band from 8§6.4 — 5.8 ppm (20%¥). The solution was
stripped to dryness, dissolved in 1:1 hexanestCH2C12 and applied to a

column of ‘activated alun]ina (4 x 30 cm). Elution with hexanes (1.5 L)

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

was sho}vn by NMR to contain (PhCH where x = 2 and 3. Elution with

Z)ZSx'
CHzCl2 gave a red-purple band which was collected, stripped to dryness

and then washed with pentane (5 x 100 mL), to give pure sz’l‘i(SCHzPh)2
‘ oo . (5¢) (1.39 g, 42%). The pentane washings were stripped to dryness °

295

i C (0.90 g)_and were shown by NMR to consist predominantly of (PhCH
| Specific attempts to detect SS via TLC in

with traces of (PhCH2)1283.

all of thé fractions collected, were unsuccessful. ° &\

Desulfurization of Cp,Ti(SR)(SSR) (4a-e) by Ph.P

f{\. . Two NMR samples, A and B, were prepared in CGDG for each of 4a-e
} > ( toluene d8 was used for ‘_1_4;); For R = CHMe2 (4b), CHzPh (4c) and
p—CGH‘iMe (4d) the samples were generateg ir? situ. For R = C‘Me3 (4a) and
CPh3 (4e) pure samples were used. - é
A slight excess of one equivalent of Ph3P was added ‘to sample A.
"I'he NMR signals due to 4a-d decreased in infensity over several days ,
concomi tant wit\l:\ the increas%?_in intensity of peaks due to szTi(SR)L; a /
C ‘ (Sa-d), and Ph3PS. None of the starting complex could be ‘detected f.or R l

¢ = CMey after ‘11 days; CiMe, after 12 days: CHPh after 3 days: and



p—06 4Me after 1 day. For R = CMes. after 11 days the cyclopentadienyl
signals due to Cp2T1(SR)2 (5a) ’accoun‘ted for 22/%}?/) the 1ntcgrated'
intensity in the Cp region, while a broad resonance in the region 66.9 -
5.9 ppm accounted fpr the remainder. _For R = C}{Mez. a similar result
was obtai;\xed. For R = CPi\B. after 3.5 days the NMR signals due to the
starting material had decreased (9%) concomitant with formation of a
broad cyclopentadienyl resonance (91%) in the region 66.9 - 5.6 ppwm.
Only a small amount of PhsPS was detected: )

After the same period for the B samples the ratio Cp2T1(SR)(SSR)=
Cp2Ti(SR)2 was §:3 for R = CHZPh. Lza.nd 2:1 for R = p-CSH‘*Me. No
Cp2Ti(SCHMe§)(SSCHMe2) was dete”cted after 12 days. For R = CMe3, the
cyclopentadienyl region consisted of arvery broad signal in the region
8.9 - 5.9 ppm (77%) and signals due to szTi(SCMeB)(SSCMe:,’S (7%) and

szTi(SCMe3)2 (16%). For R = CMe, and CHMe,, in both samples A and B,

3 2°

significant quantities of R2S;c, where x = 2 and 3 were observed. For R
= CPh3 in sample B after 3.5 days a precipitate had formed and NMR
signals due to Cp‘.z’l"i(SCPh3)2 (3%) and a broad band at 66.9 - 5.5 ppm

(97%) were observed. NMR signals due to szTi(SC?hB)(SSCPh3) wvere not

- —

detected.

Desul furization of Cp,T1(SCH,Ph)(SSCH,Ph) (4c) with Ph.P, Preparative

Scale

( PhCH2 ) 283

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

(3¢c) (1.20 g, 4.31 mmol) was added to & solution of ]

was stirred for 50 h at 12°C followed by 20 h at 20°C. tobgive a deep

purple solution. A 2 mL aliquot of the solution was stripped to

i
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dryness. A H NMR spectrum of the residue indicated a mixture of

C‘pzTi(SCHz}’h)2 (5c) (38%, integrated intensity of the Cp region),
§

szTi(SCH2Ph)(SSC3H2Ph) (4c) (49%) and szTi(SSCH2Ph)2 (6c) (13%). The

solution contained no residual 1. A slight excess of Ph3P 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 P}13PS

were the major constituents, with traces of (PhCHz)zsx (x = 2, 3) also-

present. The reaction mixture was stripped to dryness. Chromatography
on activated alumina (4 x 30 cm), eluting with 1:2 Et20=hexa.nes. gave

two colourless fractions which were stripped to dryness and identified
1

4P and (PhCH,),S,:

72%) . Elution with C’HzClz gave a red band which was collected and

as: (1) a mixture of Ph and (ii) PhsPS (0.91 g,

stripped to dryness giv_ing red-purple microcrystals of 5¢ (1.12 g, 61%).
®

Desulfurization of szTi(SCMeB)(SSCMeB) (4a) by Cp2Ti(CI))2 (1)

1 (0.08 g, 0.33 mmol) was added to a solution of 4a (0.13 g, 0.33
mmol) in toluene (10 mL) giving an emerald green solution. The
temperature 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

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

Cp2Ti(SCMe3)2 (5a). The light brown residue remaining (0.09 g) was

soluble in CGDG and a NMR spectrum indicatéd the presence of a large

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

57.2 - 5.7 ppm.
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Anal. (X): Caled. for C M, S) 2oT1) 3, C. 54.75; H, 4.59; S, 11.40.

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

M

Reaction of Cp,Ti(SR)(SSR) (4a-e) with Benzylbromide

- N A
Toluene solutions of szTi(SR)(SSR) (the species, where R = CM03

(4_a). ('JI—IMe2 (4b). CHzPh (4c) and p~C6H4Me (4d). were prepared in situ as

described above) were treated with two equi\;alents of PhCH2Br and then
refluxed for 4 h to give orange-red solutions. A 2 mL \iample of each

was carefully concentrated, to avoid evaporation of volatile products,

]

and was shown to contain Cp2TiBr2. RSCHzPh (Ta-d). éRSSCHz

S and (PhCH2)2 (for 4a only) by means of NMR and GC-mass

(PhCH,),
spectral analysis. The reaction solutions were concentrated to about 30
ml. and cooled at -16°C overnight to give QazTiBrz as dark red crystals,
which were collected by flltration and washed with a small quantity of
Et,0..

A toluene solution of szTi(SCPhB)(SSCPha) (4e) was treated with

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

orange-red solution. In a similar manner, a mixture ofj
L}

Cp,Ti(SCPh,)(SSCMe,) (4f) and Cp,Ti(SCMe,)(SSCPhy) (4g) (prepared
described above) also gave an orange-red solution: Both reaction
mixtures were carefullj; concentrated and were shown by NMR to contain
sz’l‘iBr‘2 and Cp2T1$5 as miflor)products. in addition to a very broad
band in the region §7.0 - 6.0 ppm and a great many organic products.
Neither 1H NMR nor GC-mass spectra were helpful in elucidagion of the

4

composition of the ‘reaction mixture.

i

&
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.a ~
Preparation of Bis(ns-cyblopentadienyl')bis(triphenylmethylthiolato)—

titantun(IV), Cp,T1(SCPh,), (Se)

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

Phenyllithium (4.2 mL of a 2.0 M solution in cyénlohexane/Etzo. 8.4
M?l) was addéd by syringe to a soluﬂtioneof .triphenylmethanethiol
62.12 g, 7.67 mmol) in THF (MIOO ml) and the solutionﬂwas st;rred at 0°C
for 30 min. A ‘solution of Cp2T1C12 (0.64 g, 2.56 mmo’l?? in THFQ (100 mL)
was added dropwise to the ‘sol,uti_on of LiSCPhy over, a period of 20 min.
mf;.re;iction mixture was allowed to warm to room - temperature and
stirring was continued for a_further 3 h. The deep red solution was
fiI(tered through activated alumina (2 x 6 cm) .and then stripped to
dryness. The residue was extracted with CH2C12 (80 mL), the extracts
wvere k%iltzered through Celite and the filtrate was stripped to dryness t;o’
give a red powder. The powder was washed with Et20 until the washings
were very pale pink (80 mL) and was then dried under vacuum (0.60 g,

32%, mp 176-177°C (dec)).

\\\
Anal. (%¥): Calcd. for 048H4082Ti: C, 79.10; H, 5.53; S, 8.80. Found:

1

H NMR (CgDg): 67.71 - 7.05 (m, 30H, CgH). 5.47 (s, 10H, CcH).
1 .
H NHR (CDCl,): 67.39 - 7.11 (m, 30H, CgH.), 5.63.(s. 10H, CgH).

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

(w). 1017 (m), 817 (s), 738 (s), 696 (s), 618 (m), 495 (w).

Preparation of Triphenylmethyl{tert-butyl)trisulfide, Ph:,'CSSSCMe3 (3f)

g
A solution of MeB(SH (0.54 g, 5.99 mmol) in Et20 (20 mL) was added

over a period of 20 min to a suspension of Ph3CSSCI (2.00 g, 5.83 mmol)

in Et20 {80 mL) at -78°C. The solution was allowed to warm slowly to



-

room temperature with stirring, over a period of 90 min. The solvent

was stripped off and the residue was recrystallized from hexanes. Two

crops of white microcrystals were obtained (1.15 g, 50%, mp 98—100023).
1

HNMR (CDg): 67.58 - 6.98 (m. 15H, CgH.J, 1.19 (s, OH. CHy).
'H NMR (CDCl,): 67.33 - 7.25 (m, 15H, CgH). 1.20 (s, OH, CH).

Preparation of Unsymmetrical Benzylsulfides, RSCH,Ph (R = p-CGH‘LMe (7d)
and CPh, (Ze)') i

The preparations of these sulfides were very similar and therefore

_only that for R = p-C.H_Me is given.

64 .
An aqueous solution (30 mL) of KOH (4.75 g, 84.8 mmol) was added

over a period of 15 min to stirred neat p—MeCsH4SH (9.57 g, 77.0 mmol).
To the reaction mixture was added PhCHzBr (15.18 g, 77.0 mmol) and the
solution was stirred for 4 h at 60°C. The solution was extracted with

CH2012 (2 x 100 mL) in a seperatory funnel and the extracts were dried

over Na2SO4 and filtered. Fractional distillation 'olf the extracts gave

’

7d (13.12 g. 80%, bp 118-124°C at 0.45 mmHg, mp 43-44C).

For R =° CPhB. KOH was added as a 1:1 H20=EtOH solution.

Recrystallization fgom hexanes gave 7e (3.83 g, 794, mp 87-89 C).

o
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sults
The reaction between Cp,Ti(C0), (1) ahd RSSSR (3). where R =‘CMe3
(3a), CHM(I2 (3b), C"lzl’h (3¢). p-CGH‘IMe (3d) and CPh3 (3e). ih toluene,
was monitored by observing the decrease in intensity of OO0 bands due to
*1 in the mfrgred spectrum. For 3a-d the products consisted of mixtures
of Cp,Ti(SRHSSR) (4a=d)., Cp,Ti(SR), (5a=d) and Cp,Ti(SSR)y(b.c). as

i shown in Eq. II.1. A similar result was obtained for the reaction of

«

~
. Mesz’I‘i(G))2 with 3a. The relative compositions of the product
mixtures, as determined by NMR analysis, are given in Table II.1. In

the feaction of 1 with 3e the complex szTi(SCPhB)(SSCPh3) (4e) was the

4
only product identified by its NMR spectrum. The other species present

o
gave a broad band of resonances in the Cp region at 57.0 - 5.6 ppm. The

-200
> szTiik + Cp2T1<SSE + szTiQ ' (11.1)

CpyT1(C0),+ RSSSR

1 3a-d 4a-d Ba-d 6b,c

Major Product

reaction of 1 with the unsymmetri"cal trisulfide, Ph3CSSSCMe3 (3f). gave
a mixture in which two species assigned to Cp2Ti (SCPhs) (SSCMes) (4f) and
Cp2T;l(SCMe3)(SSCPh3) (4z) were present, in addition to a broad band of
resonances in the region &67.0 - 5.6 ppm. The NMR spectral data for the
complexes 4a-g, Ba-e and 6b are given in Table II.2.

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

the R group and the reaction temperature. In general lower temperatures -

favoured 4, with the ratio of 4:5 being: 24 for 3a at 22°C; 31 for 3b at

2

i
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TABLE II.1: Products of Oxidative-Addition of RSSSR to 2Ti(('1))2a

K

R " Cp Ti/SSR Cp Ti’SR Cp..Ti
, 2 \gr 2 sr ; 2" “ssr
, |
Clle,, 3a 96 4 | 0
CilMe,, 3b 93 3 4
CH,Ph 3c 81 C 14 ’ 5
!
pCiHMe  3d 84 16 ‘- 0
CPh, 3e .. 34> o  \ o0
’ ™~

a Percentage, based on NMR integration of the peaks due to Cp and/or R
groups at the point in the reaction when all Cp,Ti(00), was consumed,
as determined by IR.

The other products were in the ‘form of a broad band in the r(’égion 67.0
- 5.6 ppm, and were unassigned.

b

I
|
22°C: 5.8 for 3c at 12°C; and 5.3 for 3d at -20°C (Table II.1). The
'solubility and chromatographic properties of 4, é and § were very
- similar, maki seperation difficult however analytically pure samples
of 4a, 4d and 4e\were isolated by recrystallization: or chromatography.

Complexes 4b-e wqre intensely deep purple in colourf while 4a was very

s ) 1

dark 'emerald green. The bisthiolato complexes 5a-e were red. AlLl"

. disulfano species obtained were ‘air—-sensitive, but /could be handled in
air for short periods. The respective dithiolates 6b—d were relatively

air~-stable, . whereas 5a andée decomposed slowly in air. Attempts to

L
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TABLE I1.2: 'H MMR Data for RCp,T1(SR')(S R'‘). where x = 1 and 2°

v T Assignment
Complex \  RCp CH (1{2 CH3
Cp,T1(SCHe,),, 5a 5.89 1.64
Cp.T1(SCHe., ) (SSCHe.,) v 4a 5.91 1.66
2 3 3
o 1.42
MeCp,T1 (SCHe.,) (SSCMe ) 42’  6.13m 1.70
6.06m 1.44
‘ 5.96m
e 5.70m
. 1.90 &
- \ ) b b
Cp, T4 (SCHMe,)., .  5b 5.75 3.62 1.43
Cp,T1(SCHMe,, ) (SSCHMe,, ) 4b 5.81  3.76% . 1.46°
2 2)(; 2 3 7% . v %
Cp, T4 (SSCHMe,), ' ' ' 6b - 5.85 3.21° 1.35°
, Cszi(SCHzPh)zf 5¢ 5.72 4.31
J g
Op,T4{(SCHyPh) (SSCH,Ph) 4c i5.71 439
Cpy T4 (S-p-C,H Me)," 5d 5.72 2.12
T1{S-p-C H Me)(SS p-C H Me) 4d 5.77 2.11
2.03
’ J
CpyT4 (SCPh, ), Se 5.47
CpyT1 (SCPH) (SSCPh,)* 4  5.44
Cp2Ti(SCP113)(SSCMe3)1 4f 5.65 . 1.41
Cp,T1 (SCHe,,) (SSCPh,)! 4 5.69 ( 1.71

C,,D° in 6 ppm, all pea.ks are singlets unless otherwise noted.
b J(H-H) = 6.9 Hz. © J(H-H) = 6.6 Hz. <J(H-H) 6.8 Hz.
e J(H-H) = 6.7 Hz. L CyHg = 7.45 - 7.05. 305}15:—744—703
R CaH, = 7.83, 7.00, AB quartet, J(H-H) = 8.1 Hz.
"1 cHy =7.64 - 6.98. J Cllg = 7.71 - 7.05. ¥ CHg = 7.74 - 7.10.

! Combined C4Hg region = 7.72 - 6.95.
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grow s}ngle crystals of 4 were unsuccessful pqséibly due to t{ue presence
of small quantities of RSBR which were of ten observed. Polysulfide:; are
sometimes used as softening agents in rubber and rubber substi tut0548
Reaction of szTi((IJ)2 (1) and 3b-d in\refluxning toluene gave Sh-d
as the major products, with the ratio of 4:5 being: 0.09 for 3b after
74 h: 0.14 for 3c after 15 h; and 0.04 for 3d -after 5.5 h.. Significant
amounts of starting trisulfides ,3b-d, were detected in these reactions.
In the case of 3a only traces of 4a and 5a were detgcted in the NMR

\spxectrum of the crude procuct; however a very broad band appeared in the

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

¥ peaks due to (Mesc)zsx. where x = 2 and 3. When Cp2Ti(CX))2 (1) and 3¢

\ 3
were reacted at SOOC in toluene d8 for 48 h a sﬁ:n’ilar broad band in the

o
Cp region (66.5 - 5.9 ppm) was detected, in addition to resonances due
to 5¢ and 4¢c. This latter reaction was also performed in tolucne on a

preparative scale (Eq. II.2) and the crude product mixture was

) ey _.
CpyT1(C0),, + ‘PhCH,SSSCH,Ph —-> Cp,TH. ) ‘ (I1.2)

1 3¢

)

chromatographed on a column specifically developed to seperate a

g Complex 5S¢ was isolated, but

no SS was detected, nor was 88 detected in any of the reactions using
sensitive TLC techniques previously developed for this purpose in this

/laboratorng. The species responsible for the broad band in the

[

standard sample consisting of 5c and S

Eaed

-
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tyclopentadienyl region did not sgrvive the ‘colum. Various attempts

~ .
were made to isolate the species causing the broad Cp region band

wi%hoﬁt success. .
“ When 1 and. 3a were refluxed for 6@ in toluene an ix:}soluble

material was obtained, the elemental ‘analysis of which is consistent
with the empi{(gc“g)l formula, CIOHIOSI.SOTiO.BO' The rapid reaction
between 1 and 4a also 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 with fhe empirical formula, CIOHIOSO.7§T11.34' |
Recrystallizatio;xs of these materiéls were unsuccessful, as were ng.ss
spectra. -

The NMR spectra of szTi(SR)(SSR) (4a-e), in CGDES ortoluene d8’
were monitored over time. Pure samples of 4a and 4e were used and the
other samples prepared in_situ contained thek appropriate amounts of
‘szTi(SR)2 (5b-d) and sz'l‘i(SSR)2 (6b,c). whe‘r;e applicable (Table II.1).
The samples did not contain any residual 1.

For 4c and 4d peaks due to Sc and 5d. respectiv‘elf"\{ grew in '
,..inteinsity at the expense of the former until-the ratio of’ 51_=§'was: 5:3
for ¢ after 3 days: and 2:1 for d after 1 day. The peaks due to the
. ,
disulfano'\sppcies 6c diminished in ‘inte’;xsity more rapidly than 4c. The
addition of approximately one equi}ralent of Ph3lP to the fresh solutions
accelex:ated, the loss of sulfur such that only 5S¢ and 5d were detected
after 3 and 1 day(s). respectively. Peaks due to PhaPS wer}e_.observed.
Cp2T1(SC32Ph)2 (§_é_) and PhaPS were subsequently isolated from a larger

scale reaction, in 61% and 72X yields, respectively.

-
<5
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¢ For the NMR samples containing 4a and ‘4b without Ph3P. the spectral
chax%ges were dominated by the growth of a broad band in the Cp region.
While pea]&s due to 4a and 5a were detected, the broad band accounted for
TTX of the integrateci intensity@ in the Cp region after 11 days.. After 3
da;(rs‘ no 5b was o})se‘rved. but 4b was still present (39%) and the bro¥d
bar;d accounted for 48% of t'he intensity in the Cp region, while anot;%r
sharp resonance tentatively assigned to sz'l‘:l(SSCI“lMez)2 (6b) accounted
for the remainder. For both 4a and 4b I;eaks due to RSXR. .where‘ﬂ'x = 2
and 3. were detected.x_ In the presence of Fh3P. the complex 4a was not
detected afdter 11 days, while 5a accounted for 22% of . t:he" vintegrb.ted
intensity and the broad l;and made up the remainder. Peaks cTué to ﬁb. 5b

. - .

and_the broad band were detected in the relative ingensities‘ 1:1:2,
respectively, after 3 days in the presence of i’h3P. No 6b was\ obser\ie;l
after 3 days. For both 4a and 4b peaks due to Ph3PS and RJ:;R.“where X =

N Q- . ) i
2 and 3, were also observed. Attempts to desulfurize 43 cleanly using

MethP. Et3P. MeBP. (Et2N)3P and CH3NC led to intractable -mixtures.

In the case of d4e without the presence of Ph,P. a broad band in the
Cp region (97%) dominated the spectrum after 3.5 dz_xys. only a trace of
5e' was present (3%), and the solution was red in colour. In the
presence of Ph3P only a small quantity of Fh3PS was detécted after the
same time. The Cp resonance due to 4e accounted for only 9% of the
integrated int?hsity 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 the type szTi(SR)z. where R
= GMe, (S0). GLPh (5c). Ph (5E) and (GHy),Ody (5g). with two

equivalents of PhCH2Br in refluxing toluene, gives Cp2TiBr and the

2

]




a

appropriate sulfides RSCHzPh (7b,c,f,g)20. Similar treatment of
. - 5l

Cp2Ti(SR)(SSR) (4a-d) gave Cp,TiBr, and the appropriate sulfides RSCHth

(7a-d) and disulfides RSSCHzPh (8a—d). in approximately the expectefl

ratio as determined by NMR and GC techniques (Table II.3). In additioen,

small quantities of the sulfide (PhCH )28 were observed for the

, 2
) reactions of 4a.b,d with PhCHzBr. Dibenzyl was also detected by NMR and
> q GC in the reaction with 4a. 1H NMR values for the products of the

reactions are shown in Tables II.3 and II.4. Control reactions
involving refluxing 3a-d in toluene for 4 h with two equivalents of

PhCH.Br showed no evidence for sulfides or disulfides. The calculated

> 2
) * ratios for RSGH2Ph=RSSCHzPh. as shown in Table I1.3, have been corrected
for . the _presence of Cp2'I‘i(SR)2 (52a-d) and szTi(SSR)2 (6b,c) which
C always accompany the in situ preparation of 4a-d, but which were easily
I'*x _ measured b}i integration of the NMR spectrum.

~
e

e
The .reaction of triphenylmethyl’ qontaini@g speciesP 4e-g with two
t;,':

equivaleﬁts éf PhCHzBr gave low yields of C}laleiBr2 and Cp2'1‘18521 as

detected f:y NMR, in addition to a mixture of organic products. GC-mass
spectra “of the mixtures showed the presence ,of PhacH as the major
~~component; however the instabiility and lack of volatility of compounds
containing the triphenylmethyl group pree»l\udes the conclusion that Ph3CH

. -
is inde€ed the major product in the crude reaction mixﬂtures.
. w0

T~
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TABLE II.3:- Products of Reaction of Cp,Ti(SR)(SSR) with PhCH,Br

\

Products (%)% ~Rsc1i2Ph/Rssc:H2Ph _

§ b c - d
R CpyTiBr,  PhCH,SR  PhCH,SSR (PhCH,) oS (PhCH,) 5 Calculated.  Found
e, 4a 100 25 41 3 ) 31 1.08 0.61
CHMe,, 4b 63 40 54 6 0 0.98 0.74
CH,Ph 4c 66 60 ‘40 NA o 1.20 1.50
p-CoH M 44 18° 64 35 1 0 1.38 1.83

- d- \’

2 The percentage yield represents: the. isolated yield for Cp,TiBr,: the calculated yield by ‘H NHR;
analysis of the crude reaction mixture immediately after completion of the reaction for all R
groups, except R = CH,Ph, which was calculated by GC comparison to known standards.

b iy MR (CeD): 56.00 (s. CoHs). \
¢ ‘H NMR (CyDg): 67.17 - 6.96 (m, CeHs), 2.74 (s. CH,).
The calculated yields are corrected for the presence of 5 and 6 formed in ch>preparation of

Cp.Ti(SR)(SSR) (Table 1I.1).

€ Low yields of pure Cp,TiBr, were obtained, due to cocrystallization of organometallic and organic
products of the reaction.

N\
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TABLE II.4: M MR Bata for RS,R'. where x = 1, 2 and 32
|
Assignment P
Compound H  CH, CH CaH, CoHs
(Me30)2s 1.34
(He,C)oS, - 1.22
(MesC) oS, 3 1.97 N
(Me,CH) S 2.78" 1.16° Sy
b b
. (Me,CH),S, 2.79 1.16
(Me,CH),,S, .3 3.00° C1af? Y
(PhCH,,) .S Tc 3.34 7.14 - 7.07
(PhCH,,) S, 8c 3.3¢ '’ 7.14 - 7.07.,
(PhCH,)),,S, 3¢ 3.72 ‘ 7.09 - 7.05
(p-C.H Me).S ‘ 1.94 7.40, 6.75°
6477272 d{ 1.97 7.33. 6.75°
(p-CoH Me),S5  .3d 1.94 7.33, 6.75
af 1.98 7.35, 6.73
(Ph,C) S 7.75 - 7.00
(Ph,C),S, 7.75 - 6.90
(PhyC) S, 3e 7.47 - 6.98
Ph,CSSSCHe, 3f 1.19 788 - 6.98
PhCH,SCHe,, Ta 3.56 1.19 7.31 - 7.08
thzssa«eBg 8a % 3.74 1.19 obscured
PhCH,SCHMe,, 7  2.58" 3.5 1.0 . 7.22 - 7.06
PhCH, SSCHNe, & gb 2.47' 3.62 1.05% obscured

{

/
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TABLE II.4: (cont'd)

P
pZ
- Assignment ot
- Compound CH .CHZ CH3 CGH 4 C {5
PhClizs—p-CSH4Me 1d - 3.81 | 1.99 7.19 - 6.7§/
PhCH,,SS-p~CH 4Meg 8d 4.28 1.93 obscurec%
Te 3.39 T7.65 - 7.00

PhC!&SCPh3

a CeDe in 6 ppm unless otherwise noted. b J(H-H) = 6.8 Hz.

©AB q. J =8.4Hz. 9 Toluene dg. © AB q, J = 8.3 Hz.

fAB q, J=8.1H.

€ Obtained from the reaction of CpoTi(SR)(SSR) with 2PhCH,Br and was not

isolated. @ J(H-H) = 6.7 Hz. ' J(H-H) = 6.6 Hz.

“
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'?'he presence of the novel TiSSR linkage in 4a-e is consistent with
their physical and chemic;a.l properties. The complexes 4a-d display
1H NMR spectra which are signifuicantly dif ferent from those of closely
related 5a-d. but whi:h are in achrdance with 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, MeszTi(JSCMeB)(SSCMeB)
(42.). clearlyrshows the presence of two different sulfur containing
ligands. The spectrum consists of two _t_ei:zl:_-butyl resonances as
previously seen for 4a, a singlet due to equivalent methyl groups on the

substituted cyclopentadienyl rings, and a total of four bands in the Cp

region. The latter arises from the apparently diastereotopic

‘ gnvironments of the ring protons, as shown below. By comparison, the

. complex MeszTimz. which can possess a mirror plane through the

titanium and the MeCp rings, exhibits only two bands in the Cp region22
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The NMR signals 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 RSxR. where x 2 1 (Table.1I.4), while the signals for

the other R groups are similar to those observed for Sa-d. It scems

reasonable t;o assume that the R groups of the disulfano ligand, SSR,

1
N

account for the higher field peaks. The R groups of the thiolato
ligand, SR, in 4a-d and 5a-d, are in lower Tfield environments,
presumably due to their closer proximity to the metal centre (Table
II1.2).

Qualitatively, it appears that the rate of oxidative-addition of
RSSSR (3a-d) to 1 may be related to the electr_'onegativity of the R

[

subs'tituent in the order,

- }%
p-CsH 4Me > CH2Ph > CHMe2 > CMe3.

° 3d 3¢ 3b 3a

A number of mechanisms can be, envisaged for the reaction which results
in S-S bond cleavage in 3a-d. Since aryl thiolate anions are known to
be better leaving groups than alkyl thiolateszs. the observed relative
rates of reaction are consistent with a mechanism in which the stablility
of an intt;,rmediate thiolate anion plays an important role (Scheme II.1).
This type of mechanism has previously been proposed by Floriani et al,
for the reaction of 1 with disulfides, RSSRS. The oxidative-addition of
RSSSR might also occur via initial dissociation of a CO ligand from _1_50.
The .slow rat(es of oxidation olzf 1 by 3a a‘nd 3e may be caused by steric

hinderance due to the large bulk of the tert-butyl and triphenymethyl
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groups, In addition, the titanium sulfur bond strength may be smaller

— -

/‘O " co ./S"‘SR' B .
% ,l\CQVS\/S;R.—_’ C’;{Ll \JSR C/\r

0 i

SCHEME II.1 !

in these cases than for less sterically demanding thiolate li,gands24.

The spontaneous conversion of 4c,d to 5c,d (Eq. II.3) at room

C temperature in toluene is consistent with similar behaviour observed for

9
-

Cp‘V((X))aSSI{2 (Eq. II.4). The qualitative order of rates of S loss from
4a-d under thermal conditions, or in the ﬁresence of Pth. are similar

to those observed for the rates of oxidative-addition of 3a-d to 1, as

&

discussed above. 7
Cp2T1 (SR) (SSR) > sz’l‘i(S}l?L)2 (I1.3)
4c.d 5c.d
# .
CpW(00),SSR —> CpW(C0),SR i (I1.4)
Some organosulfur compounds exhibit "spontaneous” loss of sulfurzs.
A TN J
c : This has been observed to occur via | th€rmal, photochemical, or
solvent-related pathwaysze-. For example. sulfur-bridged carbocycles can

U
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be induced to lose S via irradiation, using phosphite as a solvent, as

shown in Eq. II.5 27. )

hy

- (11.5)°
(C8H170)3P

S

"spontaneous" desulfurization to thiosulfonates in polar solventze.

mechanism involving solvent-stabilized sulfenium lons was proposed for

this phenomenum, as shown in Scheme II1.2. Elemental sulfur was
0 -
R—S—-—!\ S —R—> R —8 L § 4+ * —
] ;
o o - %

ty \/

(R = p-CgH Me)

K u /\ I 0

R—S +S+ S{* —> R—S —S —R+ S
I i
. 0 ) (o)

recovered from this reaction. In light of recent considerationgzs. this
may not be an accurate picture and the mechanism of desulfurization may
involve production of 82 or SS rather than sulfur atoms (Scheme

11.3)2%2:28

]




61

0] o | ‘\

— —~8—R—>R-—S8 S-—S—R ‘
R ﬁ S —S—R- S T \
0 0 0 0
i ]
R—S—S-—S§ —R R—S —§—S—R »
b 3 I I ,
0 e 0
S o
-RSO_SR | I

R—~8—§—S§—R—>R—S S-—S—R °
TR " TR Ad
O S o O S o
‘ . 1 . | i
1 C R—S—§g—S—R R—S —§—S—R
| I 1 .
0 0
(R = p-CgH Me) , ‘
?_
o S O Sy *+ RSOSR
. , ~RSO,SR | /
: >R —8§ —§—S—R
! \
0] SS+RS025R

-

SCHEME 1I1.3

A branch-bonded sulfur intermediate is implicated. The release of 82 or
SB‘. by acquisition of additional sulfur atoms, could then follow.
Structures analogous to the thiosulfoxide intermediate have been

presented in the literaturezg. for example in S2F230.

| - ,«’w’_’
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Solutions of 4a-c,e lose sulfur to give the respective dithiolates
Sa-c,e. The reactions result in formation of other products: first,
species that exhibit broad bands in the Cp region of the NMR spe&trum;
and also organic di- and trisulfides RSxR.' where x = 2 and 3. The broad
band and the signals due to RSXR tended to be of a larger integrated

intensity compared to 5 when .bulkier R.groups were present. This may

" indicate that not only do sterically demanding R groups undergo

oxidative-addition more slowly (/;a.rs discussed above), but also favour
loss of the sulfur-containing ligands to form RS _R.

Some possible mechanisms ‘for sulfur loss from the disulfano linkage
in 4a-e are shown in Schemes II.4.A and B. Mechanisms involving
hamolytic scission of S-S bonds are not discussed since this normally
occurs only under photolytic conditions or at temperatures greater than
180°C31. The mechanisms presenuted differ \i& initiation processes, but®
both implicate branch-bonded sulfur intermediates in later stageszsa‘zs.
In Scheme II.4.A initiation occurs via intramolecular attack of a sulfur

[

lone-pair of the thiolato ligand in 4 onto the adjacent disulfano ligand
and results in formation of a side-bound n2-SZR moiety. This type of
sulfur bonding has been repor ted . for the complex
[Os(n°-SSHe) (C0) o (PPh,), €102, In Scheme II.4.B. intermolecular

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

.
© & . \
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group in /a disulfano linkage. Attack of either of the terminal sulfurs

of 4 on another molecule of 4 is also feasible, but would seem less
\
likely since the effect of the metal centre should r ducebthe

availability of these sulfur lone pairs. Both of mechanisms A and B
involve attack of the anion RS on the metal centre. Sulfur readily

forms compounds in which it has formally accepted electron densi ty33 and

17a

anionic sulfur speciesTSUCh as LiSR are often used in synthesis The

complex Cp4T1286. which exhibits a TiSSSTi unit, has been reported in

the 11 terature34 .

The net result of either of the mechp.nisms outlined above is loss

&

of the S adjacent to the metal centre. Other possible schemes resulting
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'SCHEME II.4.B

in loss of the S adjacent to the R group in the disulfano ligand would
"appear less likely, since either relatively unstable R species, or very
rare anionic complexes of the tvpe Cp TiLL' ™~ , would probably reslult.
Disulfur or SS are shown as pro;kin Schemes 1I1.4.A and"B. However

in the thermal desulfurizations of 4a-e elemental sulfur, 38’ was never

detected as a product of the reactions. The fate of the sulfur lost

from the disulfano linkage in 4 is discussed later.

o
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Addition of P113P ‘to solutions of 4 resulted in clean

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

formation of 5c¢c,d and Ph3‘P=S (Eq. II.6). :
. 3 .
CpoT4(SR)(SSR) + PhyP ——> CpyT1(SR), + PhyP=S . (I1.6)

4c.d ¥ - 5¢c.d .

g_j_g-(_l’h:;f})th(SSG{zPh)(phth) + PhyP

> eis—(PhyP),Pt{SCH,Ph)(phth) + PhyP=S . (11.‘7)k

?

-~

a '
1

The enhanced S loss in the presence of a nucleophile is consistent with
similar behaviour for CpW(C0),SSR” and eis-(Ph.P),Pt(phth)(SSR)™, where
278

and occurs with formation of S5a,b,e, in addition to species responsible

_phth = NO,C H4 (Eq. II1.7). Sulfur abstraction from 4a,b.e is not clean
)

for a broad band in the Cp region' (~67.0 - 5?5 ppm) of the NMR spectrum.
Organic disulfides RSSR, are not in general desulfurized ’by
phosphines. Only acyl, thiocacyl and vinylogous acyl disulfides are
desulfurized by triphenylphosphine; benzyl and diethyl disulfides (among
others) fail to 1=eact37. Previous studies have 1indicated that
desulfurization of simple organic disulfides ca1;1 occur on treatment with
aminophosphinesBS. Desulfurization using (Et?.N)BP can be rationalized
as nucleophilic attack on the more .negatively pola'rized sulfur atom.

Thus for C6HSSSCHé the observed products result from the attack on the

sulfur adjacent to the methyl group (Scheme II.5) which is probably due
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to the greater stability of the arylthiolate 'anion. SN2 attack of the

mercaptide then gives the sulfide and (EtzN)3P=S. This ionic mechanism

| has been suggested by Harpp et al. 38,39

For S loss from 4a-e _in the presence of PhsP a number of mechanisms
O ) are possible._,By reasoning similar to that presented .above, ionic

mechanisms are considered, as shown in Scheme II.6. In the mechanism

° D)

\ A Ti—8§-—S§—R~—> |Tt —S +8 —R| —> Tt —8 —R
, , , V4 ,

i +
-l-Pl’h3 . SaPPhs

S~ L

scﬂ /b )

B. T{i —S“%8§—R-—> |1{-—~8% 8§ —~R| =—> T1 —8 —R
Lo . L_.I ‘ +
| +prmy S<PPh,
O\ SCHEME 11.6 .o



- which hinder nucleophilic attack on sulfur.

67
4 .
prese'nued.n in Scheme II1.6.A phosphine attack :occurs on the S which might
be expected to be the most negatively polarized sulfur atom. This type
of aitack {s consistent wicth 9Scheme II1.5. Schgme I1.6.B which seems
more feasible, but is as yet unproven, involves nucleophilic attack on
the S adjacent to the metal centre: which wéuld be exf:ected to be the
s
most positively polarized/ S atom. This attack would be favoured on
electroﬂsitatic grounds. The proposed intermediates are similar to known

compounds, for example, the thiolate anionl?a

and a metal bound
triphenylphosphine sulfide ligand as observed in LMoOClB(SPPhB)] in
which the Mo-S and P-S bond lengths are 2.460 and 2.041 &,

}espectively‘io.

=g

— , 0 . .

N or~111.3°

. ) Mo
\\\ c1{1/ gﬁ—_s?‘—?ms T )

The observed qualitative rates of desulfurization of da~d with Ph3P

'show that loss of sulfur occurs faster with more electronegative R

grdups. Scheme II1.6.B 1is consistent with this observation. Other

mechanisms which result in S abstraction are discussed elsewﬁere38'41.

¢ r
The complex 4_13 is desulfurized only very slowly on addition of various

nucleophiles. This result -is in accordance with “the behavior of

(Me3C);282 which does not lose sulfur even on addition of amino-

phosph:lnesa8 ., presumably due to the presence of bulky alkyl groups

Treatment of 4a-d with PhCH,Br gives Cp,TiBr,, and the

5 \
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| L
:.ms-ynmetrical sulfides RSGHzPh (6a-d). énd disulfides RSSCHzPh (7a-d).
in a ratio which 1is consistent with the presence of = Cf)él'ji(SR)(SSR)
species. This reaction represents a convenient method to characterize
complexes containing thiolato and disulfano ligands. The
RSCHzPh:RSSCI-IzPh ratios found ivn th; cases of 4c,d are too high {Table

II.3) probably due to the conditions of the reaction (120°C). which tend

to accelerate the conversion of 4c,d into 5c¢c,d prior to reacticn with

\

PhCHzBr. While 4a,b are more resistant to conversion into Ba,b, as
shown in the NMR scale desulfurizations, the sulfides MeBCSClizPh (7a)
and Me2CHSCHzPh (7b) are 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 ppss,ible
I

N

mechanism for this ligand replacement reaction is shown in Scheme II.7.

quTIBr Br > Cp,T1Br,
- ( @
SCHEME I1.7
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Complexes of the type, szTi(Cl)SR, are knownsa.

Although initial
attack on PhCH,Br by the disulfano ligand is depicted, attack by the~
thiolate ligand would be equally possible. A similar mechanism has been’
proposed for the reaction of PhCHzBr with the molybdenum persulfide
PP 43 , . .
species, (NH4)2[(32)2M0(82)2Mo(82)2] . The sulfur atoms in Cp2T1(SR)2

(8) have also been shown to be quite sensitive to electrophilic attack

- by acylchlorides (Eq. II.8)6. 7

\

) )
I o
OpoT4(SCH,Ph), + 2PhCH,C — Cl ——> Cp,TiCl,+ 2PhCH,C — SCHyPh (I1.8)

a - , G ® -
Minor quantities of other/ organic compounds were observed -in the

; .
reactions of 4a-d with PhCH Br (Table II.3). More dibenzylsulfide was

2
ks
deitected in the reactions of 4a.,b than in 4d. This is surprising since
e =

4a.b react more slowly with PhCHzBr to give szTiBrz. than other R

, Broups. Reflux of 4a,b alone in toluene gave materials which may contain

a bridging sulfur moiety Ti-S-Ti (as discussped below) which might lead
to ‘(PhCﬂz)zs on reacticn with PhCHzBr. Dibenzyl was observed in
sign{ficant quantities in the reaction of 4a with I’hCHzBr. It is known
that a’lkyl and alkylar)h halides, RX, are reduced by many low-valent
transition metal compounds, often via organometallic intermediates.
Mixtures of RH and R—ﬁ are commonly formed in proportions depéending on

the specific halide, metal, ligands and conditions used44\ For example,

Y
it has been rEported that vanadocene, Cp2V. reduces benzyl chloride to
bibenzy145 (Eq. II.9). °The organic trisulfide, _IB_aTb was observed as a

"

™
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Cp2V + PhCH201 — Cp2VClw+ 1/2PhCHzCHzPh ‘ (I1.9)

minor product of the reaction of 4a with PhCHzBr. One can envisage the

—

reductive-elimination of 3a from 4a to form a reactive "titanocence"
7

intermediate which might then react with PhCH,Br to form bibenzyl.

2

In the thermal and Ph3P desulfurizations of 4a-c,e broad bands in

the NMR spectra were observed, generally in the region 67.0 - 5.5 ppn.

The width ard integrated intensity of this band varied with reaction’

conditions and R group. The breadth of the band might beo due to
paramagnetism and/or polymeric cyclopt‘entadienyl ti tanium species. A
cyclopentadienyl titanium sulfido cluster has been ol‘)served from the
reaction of szTi((X))2 with HZS in toluene at 80°C46. ,The structure of
thisg pentanuclear compound, (Q)TI)SSG, is baseéd upon a distorted
trigonal bipyramid of titaniuh atoms. Sulfur bridges the triéngular

faces of the cluster (Note: Ti-Ti bonds are omitted for clarity). This

S

[}
] ’
¢
-

NN
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species is paramagnetic and very soluble in toluene. A monomeric
cyclopentadier‘iyl titaniu.m(uIV) sulfide whichexliibixs broad and complex
resonances has been synthesized by reflux of Cp2T185 in xylenes‘17

Migration of the m—complexed organic fragment to the inorganic sulfur

ligand occurred to give B—CIOHIOSSTL

%S
- s PN
S

.
‘
t ’

e~

RT U

The reaétion of 1 with 3a or 4a in refluxing toluene produced "

insoluble or soluble products, res‘pectivel'y. Elemental analyses and
physical properties of the products indicate that both species contain a
CIOH,IO moiety and tha(‘t the titanium and sulfur ratios vary from 1.5:0.8
(mkoluble material) to 0.78:1.34 (soluble material). The soluble
mterialn exhib}ted the typical broad band in the Cp region, as 'seen in

many of the reactions of 4a-e. Apparently, 1 abstracts e; sulfur atom

from the disulfano linkage in 4a to form 5a and the soluble material.

Since the latter does not analyse for "Cp2TiS". Cp exchange and perhaps
rearrangement of Cp and S ligands has occurred. Similar transformations
l;light also occur to give the insoluble product in the reaction of 1 with

3a. The structures of both species (or mixtures of species) are not



b

J

v

4

known. However, the possibility of S attack on the Cp ring and the
presence of Ti-S-Ti linkages, cannot be exgluded even in the sulfur
"deficient” material. The similarity of the NMR spectrum of the soluble
product, to that c;f the broad bands obtained in the NMR spectra of the
products of other reactions of 4a-e, might indicate that similar species
are present in both cases.

" If indeed ;hz_a thermal desulfurizations of 4a-e result in formation

of 82 ag \shown in Qeme 11.4, one would expect SS to form (Eq. II.10).

—> 1/8 S (11.10)

<

However, elemental sulfur, SS' is not observed in these reactions. *‘S2

s
25b. and thus mig‘\t react with the
{

is known to be more reactive than S8
organometallic complexes present in solutions of 4a-c,e, to form
paramagnetic ‘and/or polymeric species that give the broad band in the Cp

region of the NMR spectra. This hypothesis cannot be proven at present.

el
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CHAPTER III
THE SYNTHESES AND CHARACTERIZATION OF

P-CHg ) T4 (X) (SSR)

X = PHTH, OR' AND C1 -
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Iggzﬂuc tion

Sulfur-rich complexes which contain 'a sulfur-sulfur bond may play
an important role in hydrodesulfurizationl,. redox enzymes‘?J and energy
storages. Consequently, a better understanding of polysulfur-metal
chemistry would be of interest. :

The preceeding chapter presented the preparétion of disulfano
complexes via oxidative-addition of the sulfur-sulfur bond of organic
trisulfides. There have been a few reports of oxidative-addition of
suli't.u'—nitr',ogen4 and suli’ur—chlorine5 bonds to Ti(II) species. This
chapter presents the reactions of RSy)g with szTi((I))2 (l)’ to give
szT:l(X)(SyR). where: y = 1, 2 and X = phth; ?nd y=2and X =Cl. The
subsequent reactions of szTi(phth)(SSR) with R'OH, where R’ = Et and
Me, are described. Thus it is appropriate at this point to brie“fIy

discuss the chemistry of titanium N- and O- bonded complexes.

Amido and Imido Complexes of Aum

Titanium amides are very numerouss. Complexes of the -“type

Ti(NR2)x. where x = 3, 4 and R = alky17. aryls.\ are obtained by treating

the appropriate titanium chloride with lithium a:hidesg‘ (Eq. III.1).

TiCl, + xLiNR, ——> Ti(NR,) + xLiCl (I11.1)

Heteroleptic amides, Ti(NRZ)x(NRé)B—x' where x = 1 and 2, are also
6

. known ", Titanium(1V) amides (are monomeric, whex;eas titanium{I1I)

species are dimeric, except when R is a bulky group such as SiMe37c'lo.
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Significant Ti-Ti interaction is proposed for [Ti (NMe2)3]2. «in which the

amido groups were shown to undergo rapid exchange at room, temperature

Titanium(IV) amides react with H20. alcoholsn. thiols12
' 13

and even
acidic hydrocarbons such as /cyclopentadiene

(Eqs. III1.2 and f).

Ti(NR,), + 4HA —> MA, + 4R (111.2)
i NRo)4 T MAg R o
A ='OR' and SR’
v i ‘
Ti(Nie,),, + CoHy —> CpTi(Miey), + Me N : (111.3) -

Titanium(III) amides tend to disproportionate . to Ti(II)(NR2)2 and

" Tb
Ti(IV) (NRz)4
The complexes Ti(NMez) have been prepared from Cp ’I‘iCl , where
= 1 and 2, using LiNMez’rb M. The yellow species sz 1(1m1do)2 have, .

lg ’ Ay
15. via reaction of CpTiCl with

been -reported by Issleib and Btz
alkali metal derivatives of pyrrole, indole, carbazole and phthalimide.

However, attempts to repeat this preparation have been unsuccessfu116

a1

Although bonding of the imido group through .the nitrogen atom was

proposedls. no structural evidence was produced. A fully characterized
example of the Cp2Ti moiety binding to two nitrogen atoms is found in

the substituted phenanthroline complex shown below, which was formed by

!
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. 1 . .
react:.znmof szTi(C!))2 with 3:4.7.8-—tetramethyl-1.10—phenanthrollne17,.

Cyclopentadienyl titanium amides also react with weak acids such as

if\
_ ) % \
Lo
N, N= |
“ -~ \ ./ PR
Tl ) 3
sz
alcohols, thiols and terminal acetyienesls (Eqs. I1I.4 and 5).
’ EszTi(NMez)]z'a- 2Et0H ——> [Cp,T1(0Et)], + 2Me2NH ‘ (II1.4)
v (’ ]
. MeCpTi(NMe,), + PhCCH, —> HeGpT1(C=CPh) (NMe,y),, + Me,NH (111.5)
. PR . B :
F‘{g | | ) o
lkoxide and Aryloxide exes of Titani

Complexes - Eontaining the /ti tanium-oxygen bond have been heavily

studiedlg. due in part to the industrial applications of metal

5
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. }
- ° \
alkoxides, which include: "Zeigler-Natta olefin polymerization
catalystszo;\ Meerwein-Ponndorf-Verley  redox catalysts; ° polymer
hydrogenation\ catalystszl: acgelerators for the dryiﬁg of pdints .and
inks . and in heat, resistant paints?z.
- N
~Sulfur and oxygen atoms are simultaneausly bound to titanium in the
carboxylate species shown be10w23. : A
\ .
\ v
s -

. N\Ti/sai |
- %\0-—%.
- _

-

The alkoxide ligand has generally been recognized as a one electron

e
donor in metal complexes. However, recently reported molecular

structures of Cp,T1(C1)(OEt) and the dimer [CpTiCl,1,0,Co(CH,),. 'gave

evidence for m-donation by alkoxide ligands%4. It is suggested that the

oxygen atom donates three electrons to the metal centre, with the alkoxy

ligand exceeding the chloro group in w-donor ability. It is proposed

Ti e 0"

. \R

that szTi(Cl)(OEt:) achieves an effective 18 electron configuration by

this oxygen v—bond;ng‘%.

aliyl, ary1®®%,

Complexes of the type Cszi(Cl)(OR). where R

: + I
o Pt T “
Ll T R b S

¢
-
4

—

~
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and Cp2T:l(OR)2. where R = alkyl™, aryl™ ,{are monameric, relatively
: 23,28 -~ a
e stable and have been reviewed elsewhere .
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Materials and Methods T -

All manifulatiops carrifed out and all" "s“oivents used, were as
descrﬂ;ed in Chapter II. Methanol and ethanoluv“rere both dist%lled over
Mg turnings uhder anh,ydrouS cpnditions. The ’reagents N-(isopropyl-

. dithio)phthalimide  * (9b). N-(benzyldithio)ghthalimide =~ (9¢)..
N-(4—-méthy1phenyldithio)phthalimideP (9d). were made - byu published
procedureszg. N—(t__eg_g-butyldi_tilio)phthalimide (9a) was received as a
gift from Mr. Dominic Ryan. The compounds, N-(isopropylthio)-
phthalimide (15b), N-(benzylthio)phthalimide (15¢) and N-(4-methyl-
phenylt};io)phthalimide (15d) were kindly supplied by Ms. Bernadette Soo, N
Lum, Mr. "Riccardo Turrin and Mr. Pierre-Yves Plouffe.(l‘espectively.
These compounds were made by a literatur€& methodao." Triphenylmethyl- ~
chlorodisulfide was made by the method of Hgrpp and Ashsl. - Other
compounds and materials used vere prepared as described in Chapter II.

Reaction produc;ts were identified by 1I-I NMR comparison to authentic

#
\ 32 7
samples of szTi(SR)z. where R = CI-12Ph and p—06H4Me , Cp2T1012.

dibenzyf’disulfide. phthalimide, triphehylphosphine;y triphenylphosphine
sulfide .(Aldrich) and di(isopropyl)disulfide (Fairfield). All physié&al

measurements were determined in a° manner similar to that deseribed

“previously.

-

\  Preparation of Bis(ns-cyclopentadienyl )(phthalimido)(tert-butyl-

e

disulfano) titanium(IV), Cp,Ti(NO,CH,)(SSCHe,) (10a) )

N-(tert-butyldithio)phthalimide (9a) (1.72 g. 6.44 mmol) was added

4
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Found: C, 59.26; H,.5.27: S, 14.48.

, (s. SH, CH3). . o

disulfano)titanium{(IV), Cp,Ti(NO,CsH ) (SSCHMe
. 2 2874

}

{:’3 . . . . “‘.‘
to a solution of CB,Ti(C0), (1) (1.51 g, 6.44 mmol) fh toluene (25 ml)
at 22?0. The reaction mixture was stirred for 4‘11 h to give a purple

solution. A deep purple powder (1.76 g, 61X, mp 163—16500) was obtained

after filtration, 'washing (Et20. 10 mL). and vacuum-drying.

Anal. (%¥): Calcd. for 022H23N0282Ti: C, 59.32; H, 5.20; 8, 14.39.

Y

1 ), 6.35 (s, 1081, CSHS).?IAE)

H NR (CDCl,): 67.64 - 7.49 (m, 4H, CgH,

-4

IR (toluene): 1664 (vC__o). T

Preparation of Bis(ns—cyclopentadienyl)(phthal imido) (isopropyl- '

5) (10b) o

N-(isopropyldithio)phthalimide (9b) (1.21 g, 4.78 mmol) was added

to a solution of 1 (1.12 g. 4.78 mmol) in toluene (20 mL) and "the
rea(;tiori mixture was stirred for 44 h. A deep purple powder (0.88 g,
43%, mwp . 128-130°C) was obtained after filtration, 'washing (Et,0.

3 x 10 mL) and vacuum-drying.

Anal. Caled. for CyH, NOS,Ti:"C, §§.46; H, 4.91; S, 14:86.
Found: C, 60.94; H, 4.92; S, 12.60.
1 o

H NMR (CDCl,): 67.61 ~ 7.48 (m, 4H, CgH,). 6.32 (s, 10H, CH.). 3.31

(septet, 1H/ J = 6.8 Hz, %H) .1.43 (d, €H, iJ = 6.8 Hz, CHS)'

IR (tolue

): 1663 (vc__o).

Preparation of Bis(ns—cyclopengadieny'l)(phthalimido)(benzyldisuluf‘ano)—

titanium(IV), Cp,T1(NO,CyH,)(SSCH,Ph) (10c)

N-(benzyldithio)phthalimide (9c) (1.40 g, 4.65 mmol) was added to a




J
¢ \IR (toluene): 1651 (UC*-O)‘

4

L<4

" solution of 1 (1.09 g, 4.65 mmol) in toluene (40 mL) and the reactiom
‘mixture was stirred for 8.5 h. A red-purple powder (0.83 g, 37%,
mp,138-140°C) was| obtained after} filtration, washing (hexanes, 2 x 5 mL)

and vacuun;-dry ing. .

Anal. (%): Calcd. for/C25H21N0282T1: C. 62.63; H, 4.41; S, 13.3

I8 N
Found: C, 62.50; H, 4.49: S, 13.38.

1 . i}
} HNMR (CDCLy): 67.61 - 7.47 (m. 4H. Cgll,). 7.40 - 7.20 (m. SH. GgHg).

6.20 (s. 10H, CcHg), 4.20 (s, 2H, CH).

IR (toluene): 1665 FDC-O)'

17 1

Preparation of Bis (ns—cyclopentadienyl )(phthalimido) (4-me tﬁylphenyl—

disulfano)titanium(IV), szTi (N02C8H4) (SS—p—C6H4Me) ) (10d)

'Nf(4—methy1phenyldithio)phthalimidz (9d) (1.48 g, 4.92 mmol) was

added to a solution of 1 (1.15 g, 4.92 mmol) in toluene (40 mL) and the
&

reaction mixture was stirred for 28 h. A purple powder (0.79 g, 34%,

mp 146-14900) was obtained after filtration, washing (hexanes, 2 % 5 mlL)
&

.and vacuum-drying. i N,

Anal. (%): Caled. for CygHy NOSS,Ti: C, 62.63; H, 4.41; S, 13.37.
Found: C, 62.02; H, 4.29; S, 13.27.
Iy mr (cnc135: 57.64 - 7.51 (m, 4H, NO,CGH,). 7.43, 7.16 (ABq. 4H,

=,7.8 Hz, CgH Me). 6.40 (s, 10H., CgHc). 2.36 (s, 3H, CHy).

»

— ' v
Preparation of Bis (ns—cyclopentadienyl) (ethoxy)(tert-butyldisul fano)-

n

Q

titantum(IV). Cp,T1(CEt)(SSCHe,) (132)

. N-(tert-butyldithio)phthalimide {Sa) (1.67 g. 6.23 mmal) was added
/



4 4
to a solution of 1 (1.46 g ?23 mmol) in toluene (25 mL) and the
reaction mixture was stirred for' 47 h.  Filtration, washing (Et,0.
10 mL), and vacuum-drying gave a deep purple povv«'iexi of. which NMR
analysis indicate‘d the presence of pure 10a. Adgi;i‘tion of the powder to
EtOH (35 nlL) followed by stir‘?ipg for 20 m{n. gave o dark orange
soluFion which was taken 'to dryness in vdcuo. Flash chromatography on
dégﬁ‘tivated alumina (4 x 6 cm), eluting with CH2C12. gave an orange band
which was collected. A dark orange oil (1.24 g, 58%) was obtaint;d ‘aftor

=

stripping the band to dryness.
N N

"Amal.  (%): Caled. for CH,0S,Ti: C. 55.80} H, 7.02; S, 18.62.
Found: C, 55.63; H, 7.11; S: 18.72. !

'HNMMR (CDCly): 66.14 (s. 10H, CHo), 4.23 (q. 2H, J = 6.8 Hz. Gi,).
1.37 (s. 9H, C(CHy);). 1.00 (t. 3H, J = 6.8 Hz, CH,CH,).

1

H MR (Cg): 65.88 (s, 10H, CHg), 4.16 (. 2H, J = 6.8 Hz, CH,),

1.50 (s, 9H, C(CHy),). 1.06 (t.-3H, J = 6.8 Hz, CHCH,).

IR (KBr): 3090 (w), 2940 (m, br), 1718 (w, br), 1650 (w, br), 1430 (m).

1355 (m), 1095 (s, br), 1056 (s), 1009 (m). 908 (m). 800.(s). 712 (w).

560 (m}), 400 (m). R
k
. 4 " o4 @ .?.o .
MS: 344 (M7, 1.5), 242 §10H10T152 . 2.7), 223 (-CHS,, 21), 210
’ + o . . 4.
(C ol oTiS" " 1.2). 205 (M -CHS, -HO0'. 5.5), 178 (C;H; T1" . 10).

10710

Preparation of Bis(ns—cyclopentadienyl }(ethoxy)(isopropyldisulfano)-

titanium(IV), Cp,Ti(OEt)(SSCHMe,) (13b)

N-(isopropyldithio)phthalimide (9b) (1.10 g. 4.35 mmol) was added
to a solution of 1 (1.02 g, 4.35 mmol) in toluene v(15 mL) and the

reaction mixture ’ivﬁsﬂstirred for 48 h. Filtration, washing ,(Et20.

¥

L




Found: C, 54.36; H, 6.80; S. 19.19.

3 x 10 mL), and vacu'um-drying, gave a deep purple powder of which NMR
analysis indicated that 10b was; the ;rtajor constituent, with a trace of
phthalimide also present. Addition of the powder to EtOH (35 mL)
followed by stirring foi;' 10 min, gave a dark orange solution v@ich was
taken to dryness in vaﬁt%o. Flash chromatography on deactivated alumina

$

(4 x 6 cm), eluting with CH2012.

collected. Stripping of the band to- drirness gave a dark orange pbwder
- ¥

gave an orange band which was

/

(0.47 g, 33%, mp 61-63°C).

Anal. (X): Caled. for C,.H,.,08.Ti: C, 54.54; H, 6.71; S,.19.41.~

15722772
//

1 ’ ’
H MR (CDCly): 66.13 (s, 10H, CH.), 4.25' (q. -2H, J = 7.0 Hz, CH,),
2.86 (septet, 1H J = 6.8 Hz, CH), 1.32 (d, 6H. J = 6.8 Hz, CH(CH,),).

5
1.01 (t. 3H, J = 7.Q Hz, CH
1

otH,).

H NIR (CgD 55.83 (s. 10H, CHg). 4.14 (a. 2H, J = 6.9 Hz, CH,),

):
6
3.01 (septet, 1H, J = 6.8 Hz, CH), 1.43 (d. 6H, J = 6.8 Hz, CH(CH,),).
1.02 (t. 3H, J = 6.9 Hz, CH,CH,). _ :
“IR (KBr): 3100 (w). 3070 (m). 2050 (m), 2910 (w). 2820 (m), 1432 (m),
a - N

1360 (m, br), 1095 (s). 1058 (s), 1008 (m). 910 (m). 800 (s). 560 (s),

“

404 (m).
Ms: 330 (M.’ 2.0), 208 (¥'-s", 0.2), 265 (M''-SH’, 0.8), 254
+o . ' v + o S e X .
(M -CHS', 41), 223 (A —CJH;S;t 34), 210 (CGH, TiS™", "40), 178
d ” -«
(cwulo'ri‘ , 39).

. Preparation of Bis(ns—cyclopentadiényl)(ethoxy) (benzyldisulfano)*

N -

titanium(IV), Cp,Ti(OEt)(SSCH,Ph) (13c)
N-(benzyldithio)phthalimlide (8c) (1.24 g, 4.12 mmol) was added ‘to a

L4
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solution of 1 (0.98 g, 4.12 mmol) in toluene \(40 mL) and the reaction
mixture was stfi‘re0d for 26 h. . Filtration and vacuum-drying 'gave a
red-purple powder of wgich NMR analysis indicated‘ that 10c was the major
constituent, with a trace of phtglalimide also present. Addition of the
powder to EtOH (35 mL) followed by stirring for 30 min ga’vcﬁa dark
brown-orange solurt“iC{n which was taken\j to dryness in_vacuo. Flash
chromatography on. .deactivatedl a.lumina (4 x 6 cm), eluting with C}izclz.
gave an orange band which ‘was“ col{ected. Stripping of the b_anci to
dryness gave a brown powder (0.44 g, 28%, mp 84-86°C), " )

Anal. (%): Caled. for C,,H,,0S,Ti: C, 60.31; H; 5.86; S, 16.94.

192272
Found: .C, 60.15; H, 5.80; S, 17.10.
1 , -
H NMR (CDCl,): 67.36 - 7.31 (m, 5H. CgHg). 6.11 (s, 10H, CH.), 4.30

- /
(a. 20, J = 7.0 Hi, CHCHj)., 3.83 (s, #H, CH,Ph), 1.05 (t. 3H,

J =7.0Hz, CHy). , ' )
1 ” /

~"H-NMR (CgDg)i ™" 67.38 - 6.96 (m. SH. CgHg), 5.77 (s, 10H; CJl.), 4.13

(@. 24, J = 6.9 Hz, _Cl_‘IzCHS).

J = 6.9 Hz, CHB) . L

£~

IR .(KBr): 3078 (w), 2960 (w, br), 2630 (w). 1488 (w), 1430 (m), 1366
{

3.95 (s, 2H, CH,Ph), l1.00 (t. 3H,

(w). 1343 (m), 1048 (s, br), 1010 (s), 9S00 (;r)’*jv\/ 795 (s, br), 686 (m),

558 (s), 472 (m), 406 (m). : \\\
. \

A

-

Ms: 378 (M'°, 0.0).

Preparation of Bis (ns.-cyc(lopen tadienyl) (e thox!l( 4-me thylphenyl-

|

. disulfano) fitanjum(IV), Cp,Ti(OEt)(SS-p-C.H Me) (13d)

N-(4-methylphenyldithio)phthalimide (9d) (1.§5 g, 6.48 mmol) was

added to a solution of 1 (1.52 g, 6.48 mmol) in tolyene (40 mL) and the

&
LS

] \
s .
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reaction mixture was stirred for 23 h Filtration and vacuum-drying

2

gave a purple powder of which NMR analysis indicated that 10d was the
major constituent, with a trace of phthalimide also present. . Addition

of the powder to EtoH (35 mL) followed by stirring for 45 min gave a

K

dark brown-orange, solution which was taken te dryness in vacuo. Flash
chromatography on deactivated alumina (4 x 6 cm), elutipng with CH2012.
gave a brown band which was collected. Strippi;lg of the band to drymess

gave a brown, powder (0.85 g, 35%, mp 104-106°C).

Ahal. (%): Caled.. for CH,,08,Ti: C, §0.31; H, 5.86; S, 16.94.

Found: C, 60:17; H, 5.85; S, 17.05.
1 :

1

H NMR (CDCl,): 67.40, 7.07 (ABq, 4H. J = 8.2 Hz. c ). 6. 12 (s. 10H,
CcHg). 4.18 (q, 2H, J = 6.8 Hz, CH,). 2.30 (s, 3H. CgH,CH,).-0.95 (t,.
3H, J = 6.8 Hz, CHyCH,). : - ’ &

1

H NMR (CDg): 67.72, T.00 (ABq, 4H, J =-8.0 Hz, C oH,). 5.80 (s. 10H,

HS)‘ 4.11 (q, 24, J = 6.8 Hz, CH2), 2.10 (s, 3H, C6H4CH ). 0.98 (t,

- v
I3

3H, J = 6.8 Hz, CH,CH,).
IR (KBF): -3070 (w). 2055 (w), 2840 (w), 1478 (w), 1432 (m), 1362 (m),
1348 (m), 1264 (w), 1090 (s)..1062 (s, br), 1008 (s), 914 (m). 794

(s. br), 562 (m), 480 (m), 390 (w).

Preparation of Bis (ns—cyc lopentadienyl ) (methoxy) (4—me_thy11;heny 1-

disulfano,titanium(IV). Cp2T1(OMe)€SS—p—CGH4MeS (13e)

N-(4-methylphenyldithio)phthalimide (9d) (1.62 g, 5.38 mmol) waé
adcled to a solution of 1 (1. 26 g, 5.38 mmol) in toluene (40 mL) and the
reaction mixture was st}rred for 18 h. Filtration, washing (hexanes.

Tl :
2 x 5 mL), and vacuum-drying gave a purple powder of which NMR analysis




~ J

4 - @ J ‘ ‘
indicated that 104 ,was the major constituent, with a trace of
phthalimide also present. Addition ‘i?f the powder to MeOH (;35 ml.)
follbwgd by stirring for 10 min gave a dark orange solution which was

taken to dryness in_vacuo. Flash chromatography on deactivated nlumim]

.

£
(4.x 30 cm)., eluting' with 50:50 CH2012:Et20. gave an orange band which

was collected. Stripping of the band to dryness gave an orange oil

50 at ~16°C to give dark
N

orange microcrystals “(mp 87—8900) that were used as the analytical

o

(0.59 g, 30%)., which was recrystallized from Et

sample.

Anal. (%): Caled. for C gH, 0S,Ti: C, 59.33; H, 5.53; S, 17.60.,. Found:

C, 59.44; H, 5.42; S, 17.67. ’

Iy o (CDCly): &67.39, 7.08 (ABq, 4H, J = 8.2 Hz, CgH,). 6.14 (s. 10H,

CgHg). 3.94 (s, 3H, OCHy), 2.30 (s, 3H, CH,CHy).

1g NMR (CgDg):  67.67; 6.98 (ABq, 4H, J = 8.2 Hz, CgH,), 5.78 (s, 10H,

CsHs). 3.88 (s. 3H, OCH,). 2.08 (s. 3H, CgH,CH).

IR, (KBr): 3088-(w), 2891 (w), 2773 (w), 1470 (m), 1420 (m), 1282 (w),
,'«,

1240 (w), 1065 (s, br), 997 (m), 790 (s, br), 506 (m). 470 (m). ?

./
Preparation of Bis('qs-cyclopentadienyl )(chloro)(triphenylmethyl-

disulfano) ti tanium(IV), Cp,Ti(C1)(SSCPh,).1/2-CH,Cl, (11)

Ph3CSSCl (1.64 g, 4.79 mmol) was added to a solution of 1 (1.12 g,

!
4.79 mmol) in toluene (30 mL) at -78°C.  The temperature ‘of bthe stirred

2 o
. reaction mixture was allowed to rise slzwly to 22 C over a period of

2.5 h. A dee1§ purple powder was obtained after filtration and washing

(hexanes, 2 x 10 ml). Addition of the washings to the mother-liquors

with cooling ‘to -15°C, gave a second crop ff powcjer. Flash

2
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chromatography on deactivated alix‘mina (1'x 6 cm),’ gluting with CH2012,

gave a pﬁrplé band. ' The band was stripped to dryness, then
- _ o
recrystallized from 01{2012 layered with hexanes, to give a deep purple

powder (1.48 g, 54%, mp 155-157°C (dec)). Once ngain the powder was
recrystallized at room temperature from CI—12C12 (10 mL) layered with

hexanes (30 mL). Dark orange crystals were obtained that were used as

the analytical sample. k .

Anal. (X): Calecd. for C H}S CiTi.1/2 CH/Cl,: C, 62.88; H. 4.65;

29''25°2 22
S, 11.38. Found: C, 63.14; H, 4.65; S, 11.71. °
L ,
H MR (CDCly): 87.47 - 7.19 {m, 15H, CgHc). 6.12 (s, 10H, CH.).

1 -
H NR (csnéf:\ 57.72 - 6.98 (m. 15H, CH ). 5.72 (s. 10H, CgH).
IR (KBr): 3108 (m. W#J, 3050 (m, br), 1588 (w. br). 1484 (m), 1442 (m).

1268 (w), 1183 (w). 1078 (w), 1016 (m), 820 (s), 737 (s). 700 (s), 620

(w), 501 (m). g - o

MS:  520/518 (M''-2H", - 0.39/0.28), 482 (M"'-2H -HC1®, 0.96), 448
X . . L] X . - ' . .

(M”28 -HCl ,—H2S , 0.96), 409 }4 ~2H -HC1 ~H,S'-CgH, ", 1.03)&/

Addition of Ph P to szTi(OEt)SSSR). where R = CMe, (13a) and p—CBE‘ilie_‘

(13d), in CGES w

@

TWQ< NMR samples, A and B, were pyepared ig C6D6 for each of 13a and -

7
13d. A slight excess of one equivalent of PhBP was added to sample A.

R = CMeB (13a). No changes in the NMR signals were observed in either
. o

sample' A or B over a period of 5 days.

R = p-CH Me (13d). The NMR signalé due to _1_3_g in sample A decreased in

intensity concomitant with an increase in intensity of peaks due to

CpyT4(OEt) (S-p-Cel Me)  (14).

<

) P . J.
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W NR (cDg):

'85.77 (s, GHy)i 4.25 ta. J = 6.8 Hz, Cy), 2.18 .
' »

(s, 06H4QH__3).‘1.10 (¢, J = 68 Hz, ~Q‘!2Qj3).._' the aryl regfons”wera
obscured. . R ' ‘¢ v

’szTi(S-p—CsH‘iMé)z (5d) was'also detected. After 5 days the relative

proportions of 13d:14:5d were 17:49:34. In addition, peaks due to PhyPS

Sy

.~ o

v;ere‘“’& served. In sample B v_%spectr_al changes were.observed aver a

p?riod Of, 5 days.

”~
< B . ) !
1]

. v .
Reaction of Cp,Ti(Q0), (1) with Phth-SR, where R = CHMe, (15b) and CH,Ph

(15¢): Preparation of [Cp,T{(NOCH,)], (16) A
_ R=Cife,. N-(isopropylthio)phthalinide (I5b) (1.47 g. 6.65 mmol)

was added to a solution of 1 (1.56 g, 6.65, mmol). in toluene (40 mL).

The reaction mixt;xre was stirred for 47 h.' at whi;:h 'poi;xt no res@dﬁal 1

was present, as? d&_err.nined “ by an IR . spectrum o.f . the supernatant °
solutipn. . Filtration ga\;e' a turquoise powder and an orange ‘i:iltra.te.

Washingj( tol-uenef 2 x 5 mﬂ). and vacuum-drying ga've the I;OWder as the

analytical San;ple {0.38 iag. 18%, mp 209-211"C (aec')).‘ ‘

16l 4NOTH: C. 66.68: H, 4.35; 8, 0.00. Found: -
C. 66.89; H, 4.24; S, 0.00. ° ’ ST

Anal. (%ft Caled. for. C

at

-IR (toluene): 1582 (v,_j). ) ‘\

MS: 324 (M, 64). 259°M''-CGHD .7 100), 230 (M''-CJHZ -CHO',40), 215
4o . . i + o . » ) +eo

(M —CSH5 -G)é. 18), 188 (M -‘:C5H5' -NC202H . 24), 178 ((?IOHIOTI . 6).

The orange filtra?é‘é w%ﬁ/ stripped to dryness. A NMR spectrum of the

residue indicated that szTi(phth)(SCmdez) (17b) was the major.
constituent (80% of the 1nte?gra‘ted intensity in the Cp’region). é/

. .
gm (CDCly): 67.62 - 7.48 (m7 4H, CGH,). 6.31’ (s. 10H, CHc), 4.75
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~ 7 “\iseptet, 1H, J=66Hz CH). 1.57 (d. 6H, J ='6.6 Hz. Giy).

In \adifition, peaks attributed to (Me CH)2 5. and phthalimide were
detected. ’ " .

‘R = gjzgh. In a manner similar to above, addition of

' N-(benzylthio)phthalimide (15¢c) (1.46 g, 5.43 mmol) to a solution of 1 -

(1.27 g, 5.43 mmol) in. toluene (40 mlL), resulted in formation of 16

. (0.35 €. 20%). The red-orange filtrate was stripped to dryness. A NMR
spectrum of the residue indicated that Cp Ti(phth)(SCH Ph)- (17¢c) was the

major constituent (80% of the integrated intensity in the Cp region).

l 2
H MR (CDCly): 66.35 (s, 10H, C 5) 5.42 (s. 2H, CHy), the aryl

regions were obscured.

In addition, peaks attributed to Cp,T1(SCHyPh), (20%). (PhCH,) S, and

phthalimide were detected.-
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, Results -
o’ The complex Cp2Ti((D)2 (1) cleaved a S-N bond in toluene sblutions

- . of phth-SSR (8a-d) to give the complexes Cp2T:l(phth)(SSR) (_1_%_—'_4). where

phth = phthalimido, . as shown in Eq. III.G.‘ The novel disulfano

e 6

. _— a
Cp,T1(00),, + phth-S8 --299»/ Cp,Ti (phth) (SSR) . (111.6)
1 - % 10a: R = Cle, -
10b: R = ClMe,
10c: R = Gi,Ph
10d: R = p-CgH Mo

complexes precipit%te;l from the reaction mixtures over periods ranging

@ \ from 8.5 h (10c) to 44 h (10s) in ylelds of 34-61%. They could not be

1 JU,

recrystallized or chromatographed due to decomposition in solutioh and

in the solid- state under N2. Satisfactory microanalytical results were

obtained for all of .complexes 10a-d. The compounds were slightly
soluble in toluene, insoluble in hexanes and diethylether, and dissolved
with decomposition in CH2012. » The 1H NMR' spectra were consistent with

£ - their formulation (Table ILI.1). The phthalimido ligand resonances ‘

Tx

appeared as a symmgtri,'s mueltiplet at higher af:ield than in phth-SxR.

Q

wheré x= 1 and 2, and in free phthalimide (67.9 - 7.7 ppm in 'CDCIB).

' The chemical shifts of the methine and methylene resonance of 10h,c are

%shifted to higher field than those of their analogues szTi(phth)(SR)

R
(17b,c).
The <¢carbonyl stretching vibrations in IR spectra (benzene
O , solutions) of organic phthalimido derivatives, phth-R33. and sulfur
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‘TABLE III.1: Spectroscopic Data for szTi(phth)(SxR), where x = 1 and 2
* 1HNMRAssigmnem:a',
¢ - ° . , 2 b
R X CeHy i |, ay Cell, Cells phth:  IR(ve o)
CMe, . 2 10a .~ 6.35s © 1.49s T . 7.647.49m 1664 ¢
N RS
. Ed
CiMe,, 2 10b  6.32s- 3.31gept’® - 1.43d° 7.61-7.48m 1663
Q\L -
GH,Ph 2 10c  6.20s 4.20s__ 7.40-7.29m  7.61-7.4Tm 1665
Nt . b ]
. (‘:" 4 ‘ \
pCglile 2 104 6.40s , %.36s 7.43, 7.16 ABq 7.64-7.5lm . 1651
i i r'd
(e, [ 17b  6.31s 4.T5sept” 1.57d° : 7.62-7.48m
(1-12th 1 17c  6.35s 5.42¢ °
~ ‘

a In COCl; in & ppm.

b Toluene in cm™".

f

s = singlet, d = doublet, ABq = AB quartet, sept = septet, m = multiplet.

C

L e

s

J=6.8Hz. 4J=7.8Ha.
Phenyl and phth regions obscuréd by impurity peaks.-

® ;. 6.6 Hz. ,
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transfer reagents, phth-SSR29 (Sa—-d) (Table iII.2). appear as two bands
in the region 1720-1750 cm_l. with the higher frequency band being of 4

_much lower intensity. The bands are shifted to 1585-1620 cm“1 in the

phthalimido anion33. The IR spectra (toluene) of 10a-d (Table [II.1)

showed a single strong Ve-0 stretching wvibration in the region
"1651-1665 cm-l. The spectra were of low concentration solutions duc to
the low solubilities of 10a-d. Freshly made toluéhe solutions of 10a-d

exhibited a v band due to phthalimide (1746 cm-'l) after less than
0y

C-0 © er e

10 min in an IR cell. ’ , r.zc’

LY

If the reactibng,of'_ with 9a-d was not performed under rigorously

£y L]

=2 .
conditions, or if slightly impure 1 was wused, the

'int;r“q ‘atrﬁozx;laeric
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 cz)llected prior to total ;:onsumption of 1
due to instability of the former over periods lo}xger than 8.5 h.

» Treatment of Mesz’I‘i(CD)2 with 94 gave an intractable pale 'oranée
powder, the NMR spectrum of which indicated - the presence of MeCp and

phth groups in the ratio 1:1. .

szTi(m)2 (1) was readily oxidized ﬁaby PhBCSSCI in toluene at

, —78°C. and after evaporation of solvent gave a crude product, which gave

a NMR spectrum consi;tent with szTi(Cl)(SSCPhB) (11) as the major Cp
containing species.\’ In addition, weak peaks due to C;;zTIClz (12)-and
" other unidenti;'ied Cp containing speci;s were observed.
Recrystallization gave 11 cbntaminated with 12. Flash chromatography on

deactivated alumina, using CHZEI/% as the eluant, gave pure ]l1, as

determined by its NMR spec'trum and elemental analysis. The reaction of
\ ' -

o




x
.
' - g , N ! ’
Snen 4 -
4 .

g
TABLE III.2: Spectroscopic Data for phth—SxR, where x = 1 énd 2 - .
}H NMR Assigmnenta
o e o N
R x CH o, o Cetly Cebls ‘IR(vg_g)
e, 2 o T 1.42s 17;1}/
h‘ ° P
1 - 15b 3.48sept® 1.20d° o o 1742
(HMez ) . ‘ ¢
. d - d’ ‘<.
2 % 3.36sept - 1.30d 17427 ©
%
1 15¢c . 4.12s o . 7.87-7.19m 1743
CH,Ph ’ /
2 g _4.31s 7.55-7.28m 1741\
» é) - - - .
1 154 - 2.32s  7.63, 7.17 AB¢® - ' 1743
p-CgH Me ‘ - ° "y
2 o 2.20s  7.48, 7.12 ABq ' 1745

a CDCl; in 6 ppm.> Phthalimido region omitted. s = singlet, d = doublet, ABq = AB quartet,

sept = septet, m = multiplet.

1

b Toluene in cm™ . d

Only tﬁg more intense band is listed. ¢ J =6.6 Hz. J = 6.5 Hz. Q2
eJ‘=7-9H2- fJ-—-S-OHZ. - - ¢



PhSGSCI with 1 in toluene at room temperature gave a reduced yielﬁ of
11. Complex 11 is air-stable for months and is soluble 1n.CH2C12 and
toluene, giving intensely purple coloured solutions. ‘

Treatment of 10a-d with ethanol and 10d with methanol gave

Cp,Ti(OR')(SSR)  (13a=e) in high yields. as shown in  Eq. I11.7.
Vi

Cp,T1(phth) (SSR) 2% cp Ti(0R")(SSR) + pheh-H (111.7)
10a-d “ 13a: R = CMea; R' = Et i
13b: R = CHMe,: R' = Et
13c: R = CHzPh. R' = Et
| 13d: R = p—CsH‘lMe: R' = Et i -
13e: R = 13—C6H4Me: R' = Me

Treatment of 10d with one equivalent of PhCH2OH in toluene, produced an
intractable mixture, of which a NMR spectrum (CDCIS) gave resonances
attributable to szTi(OCHZPh)(SS—p—C6H4Me) [66.20 (s, 1OH, C5H5). 5.%7
(s, 2H, CHQ). 2.25 (s, 3H, CH3). aryl regions obscured], in addition to
unidentified products. \

c ? 5&

The highest ylelds of 13a-e (28-5%¥, based upon 1) were obtained by
allowing the oxidative-addition reactions of 9a-d to 1 to proceed to
completion, as indicated by the absence 'of V-0 bands of 1 in the IR
spectrum of the reaction solution, and then adding EtOH. Flash

chromatography on deactivated alumina separated 13a-e from phthalimide,

to give the analytical sample after work-up. 13b-e were air-stable
powders, 13a was an oil and all complexes were air-stable in 00013 and

CGDG .

y
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1

H NMR spectral data for 13a-e are given in Table III.3. The’peaks

due to Cp and R groups are similar in chemié.l shift to those of the

analogous species 10a-d. The signals due to ethoxy groups were

considerably shifted to lower field relative to free EtOH. The infrared

spectra of 13a-e gave a broad band in the region 506-562 cm—l. which is

the approximate frequency expected for a V150 stretching vibratiox122'34

(Table III.3).
Triphenylphosphine does not react with 13a, ~but with 13d over a

period of 5 days. led to partial desulfurization, giving -the complex

szTi(OEc)(S—p-C6H4Me) (14) with concomitant formation of PhBPS as |

detected by 1H NMR spectroscopy. In addition, peaks “due to

szTi(S-p-06H4Ma)2 (5d) and unreacted 13d were observed. The resonances
due to the bisthiolato complex 5d grew in intensity only in the latter

stages of the reaction. ¢

The reactions in toluene of szTi(CX'))2 (1) with phth-SR, where,

R = CHMe2 (15b). CHzPh (15¢c) and p—CSH4Me (15d), gave different results

than those observ;d with 9a-d. The reactions of 15b and 15c with 1 gave
a very'spari’ngly ;oluble. air-sensitive, turquoise powder, 16, of which
the elemental a:mg.lysis was con§istent with the empirical formula
CISH14NO2T1. The mass spectrum of 16 gave ions and a fragmentation
pattern consistent with Cp2'I‘i(phth). The powder was only sparingly
soluble ip CSDG and exhibited a broad band of resonances in the region
67.5 - 6.2 ppm inc the NMR spectrum. Immediate reaction occ;urred upon
solvolysis in CDCIS. giving a dark red solution exhibiting a large
number of sharp pea.ks‘ in the Cp region (866.7 - 6.3 ppm) of* the NMR

spectrum. An infrared spectrum of a very dilute toluene solution of 16

-
’
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TABLE III.3: Spectroscopic Data for szTi(OR')(SSR)

1 NMR Assignment®

. . , b
Complex C!5H5 CH CH2 CH2 CH3 CH3 C6H4 or CéHS Solvent IR(DTi—O)
% . - ’ .
Cp,T1 (OCH,CH, )~ .
211 (%% 6.14s :.23q° . 1.37s. 1.00t® c .
(ssc(a,),) 13a . ) i ‘ 560
)3 « ¢  5.88s 4.16q° 1.50s 1.06t° d
Cp. T4 (OCH. CH. )- -~ ®
.2 2735 6.13s 2.86sept® 4.25q" 1.324° 1.01ef c®
(ssai(cd,),) 13b ' . 560
“32 . 5.83s 3.0lsept® 4.14¢% 1.43d% 1.02¢% d
Cp,Ti (OCH,CH ) - . .
2 SRS . “4.30¢" 3.83s 1.05tf  7.36-7.31m c
(SSCHSPh) 13¢ A ‘ « 558
' 5.7Ts © 4.13¢® 3.95s 1.00t® 7.38-6.96m d
+ CpyTi(0CH,CHY )~ . -
2 % 6.12s - 4.18q° 2.30s 0.95t® 7.40, 7.07 ABq" «
(SS-p-C_H ) 13d ) . 562
- 64713 5.80s 4.11q° 2.10s 0.,98t° 7.72, 7.00 ABq' d
Cp,Ti (OCH)- . '
2 6.14s 2.30s 3.94s 7.39, 7.08 AB® c.
(SS-p—C.H ) 13e * 506
6'473 5.78s 2.08s 3.88s 7.67, 6.98 ABq" 4

% Ins Ppmn. s =
. m = multiplet.
bKBI' in em .
€ J=6.8Hz.

14 C d

singlet, d ghdoublet, t =

CDCls. CeDg -

triplet, g = quartet, ABq = AB quartet, sept = septet,

101
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showed a single weak band at 1582 cm °, which is 80 cm ~ and 140 cm

lower than the band qssigﬁed to the Yoo stretching vibration in 10a-d

~

(Tabke III.1) and 15b-d (Table 11I.2), respectively. 16 dedomposed very

. 7
rapidly in toluene and phthalimide was deftected within minutes by its IR
. &

e .
spectrum. ¢

An orange filtrate obtained after collectioz;l of the powder, 16, was
stripped to dryness. A NMR spectrum of the residue showed resonances
consistent with the presence of phthalimide, RSSR and szTi4phth)(SR).
where R = CHMe2 (17b) and CH2Ph (17c). The Iatter could not 'be

-~
separated from phthalimide. The reaction:of 1 and 15d gave very impure

-

szTf(S—p-CsH4Me)2 (&d). 1 ' ?,
J 4

“ .

o ‘ ) h rd

o a

-«
.
£ e

L

‘. J

o .

g”.



e ”}O
4

N

e

~

Discussion ‘ L
The complexes Cp2T1(X)(SSR).,where X = phth (10a-d) and Cl1 (11).
were formed via oxidative-addition of a S-X bond to sz'l"i((X))2 .

Previous workers have shown that phth-SSR can oxidatively add to

. 35 ,
(PhyP),Pt(CH,) to form cis-(PhaP)th(phth)(SSR)‘ and can anlso give

CPH(C0);SSSR on reaction with CpW(CD)BSHBS. The oxidation of 1 with

tetrasulfur tetranitride was shown to give at least two products4.

8
“ " &

S,

N . N=S=N
RN /}\/I’N ._,Ai_. N/ NS g

N\ % - | % \N___ ___N/

N

T 13%

' ‘Q/\Nﬂ/*_\\_ ,'

A

f

The OO ligands in 1 are easily displaced®. — Substitution by
ketones, aldehydes, acyl halides, carboxy}ic acids and haloalkanes have
been reported37. Recent w:)rk by Basolo et al. 1indicates that
dissociation of a‘ carbonyl ligand is the first step in the reaction38

¢ I

Thus, the rea/étion of phth-SSR with 1 may proceed via ({initial

» v

coordination’ of a sulfur atom to the titanfum centre of the highly

coordinatively unsaturated species szTi((X)). as shown in Scheme III.1.

ot

*
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(=1

1

a-d

E————

SCHEME III.1

¥

a

The products 10a-d are fairly unstable. This must be due to the
¢ ’
presence of the phthalimido ligand, since the analogous thiolates,

Cp2Ti(SR)(SSR) (Chapter II). and alkoxides, 13a-e, are more stable.

Homolytic scission of the N-Br bond in N-bromosuccinimide 1is well

-

£

-
] ] N
) ? -
) ]
.
'



" 105

-

documentedag. Homolysis of the N-Ti bond may account for -thé occurrence

-

of phthalimide in ' solutions and precipitates of 10a-d. NMR and IR

spectroscopic data are consistent with a linear TiSSR linlmge'rand/

R

coordination of *~ the phthalimido group through the nitrogen atom.
However, no splitting of carbonyl absorptioﬁé was observed. which is in
absorptions -expected for coordination of

C-0 ,
33,35
an imido group involving no metal-oxygen interactions .  Therefore,

contrast to the pattern of »

L]

bidentate coordination of the phthalimido group in 10a=d to titanium

using both oxygen and ni trogen atoms, cannot be ruled out. -
Interestinély, the oxidative-additions of phth—Sli (15b,c) to _1_{ gavy ,

turquoise powders, 16. which exh‘ibited broad 1H NMR resonances
1\

consistent with a d Ti(III)’ species. Com})ounds such ag [szTiCl]z‘io

and [szTi(i}Me2)]27b are paramagnetic dimers with chlorine and nitrogen

1

atoms bridging between the metal centres. The value of the Voo

‘ ‘
stretching vibration in 16 is close to that of the phthalimido anion?’3

A}
’

Since a poorly resvlved IR spectrum was obtained due to the insoluble

1

nature of 16, it was not possible to discern if a lower intensity.
' ( .
Voo band was present, as might be expected for a

phthalimidd ligand bound only through a nitrogen atom33'35.

higher f requency,

't .
The phthalimido group has three sites available for coordination,

Az k8
but due to structural limitations all three donor atoms cannot

-

coordinate to the same metal at:c:m‘11 Some possible monodenate and

bidentate phthalimido coordination modes are presented below. It ' 1s
well known that as a result of coordination through the carbonyl oxygen,
thé€ double bond character between carbon and oxygen is reduced42. The

molecular structure of g__s_—(PhBP)th(phth)(SSR) shows no Pt-0




ald

»

1nteraction35. However, a decrease in the Vo-0 stretching vibration is

v ,
observed compared to that ‘of pht:h—SSR43. indicating reduced C-O_ bond

, .
order. Urea can bind to a metal centre via the nitrogen or the oxygen
0

) . [
* 1) L
- H H i -

&

%

atomsa. The unused lone pair on the nitrégen ﬁ,!tom of the phthalimido
ligand in structural type I might thus ‘be expected to exhibit some

nucleophilic .character, thereby pen!nitting formation ' of type III, as:

s

shown above. - ,
) C .

The lack of additional data on 16 prevents an unequilocal
assignment of struc't}fre. However, it seems probable that the specieg is

of the< type, [CsziX]n. “where X = phth and n 2 2, with the bridging

phthalimido groups acting as in either of structural types III or IV.

Polymeric complexes, for example whene X = O and S(CH2)I;S. have been

discussed in the literature_23. /

The mother-liquors left after removal of 16, contained thg expected

/!




e gm e

"n = 2, but 'values of n > 2 are also possiblé. The
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~
thiolato complexes szTi(phth)(SR) (17b,c). in addition to approximately
0.5 equivalents of RSSR. The formation of organic disulfides likely

accompanied the reduction of the,TizIV) species, 17b,c. to 16.' The

[

accessiblity of varipus,oxidp.tion states is relatively easy for

23,44

titanium The disulfano complexes 10b,c do not produce organic
. - 1 .

1}

. tetrasulfides. - o ’ \ )

Three speculative méchanisms for reduction of 17b,¢ are pres‘énted

in Scheme III.2. [CpyTi(phth)] (16), is depicted ak'e\umxc. 1.e.
[N L 4 *

1H NMR' resonances

of alkylthiolate groups in 17b,c are shifted to lower field than those
2 (M

. ‘ .
> A. RS _cation , ’ o

» . .

f

»

R
S

N\ —y
- /SR/\ (?NR .

' o + .
, c{pzri\n + TSR ——> OpT1\” — [Cp,Ti-N1". + RSSR . .
. . _ U ‘
) / ’ . h : . + .. " o
: [ L, , -
[Cp,Ti-N]~ + [Cp,Ti-N] ———-—>\ [Cp21‘;-f1]2 R P S
\ P
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B. BS _radical ’
- Ve ' —
sz'ra\N ——> [Cp,Ti-N]™ +
~ 2RS" ——> RSSR ‘
) . -
‘ 2[0921‘1—?{].' —> [CpyTi-N], ~
- T - (.‘ N r ' ’ .
* SR _ ‘ .
, szTi\N _ [szTi‘-N]"' + "SR | . .
G" e {-\ N . \ . .
o T VSR '; : '
Cszi\N + "SR ——> [Cp,Ti-N]~ + RSSR -
- y + - ) ©
‘ [poTi-N]" + [Cp,T1-N]™ ~—> [Cp,Ti-N], . .
| . s & - .
| ’ v . o -

-
- c
, i ) ( -
/’ «
' | - SQHEME 111.2 (cént’d)

. - B \

‘ of perhaps suggestive of loss of RSt as .the first Etep in
G reducti of 17b.,¢, as shown in Scﬁeme IIT.2.A. Radicals of the type

- : ‘ a
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RS‘. where x 2 2, are more stable than RS’ due to resonance

- Q

{

x
46

stabilizatdion on a catenated sulfur chain™. Thus Scheme III.2.B seems -

an unlikely mechanism since the first and probably slowest s-tep in the

analogous reduction of szTi(phth)(SSiﬂ (10a—d) would be more favourable

L]

< .
~than that of Cp,Ti(phth)(SR) (i7b.c). and reaction of\lOg-—Q does not

appear to 'occur. Scheme 1II1.2.C cannot be ruled out since anionic
sulfur species such as LiSR are known47. "
The subtle effects of ligand substituti%n complexes }10a-d and

. !
17b,c 1is__ further 1illustrated by the attempted synthesis of

MeszTi(phth)(SS—pTC H4Me). Methyl substitution on the cyclopentadienyl
ring will inu_eaa'jthe ligand to metal electro_nic donation, thereby

48

heightening metal basicity Increased electron density on the metal

centre may cause formation of the observed products, which consist of a

prédominant Cp containing species, tent}.t ively assigned as

MeCp,Ti(phth),,.

S

The reactions of 10a-d with EtOH are acid-base displacements of thé

phthalimido ligands, The mechanism may involve initial protonation of

the nitrogen atom, as shown below in Scheme II11.3. Another possibility

—SR ——SR
n’s /S

-

S—SR S—SR

Cp,Ti ——> Cp,Ti —> Cp ——> Cp, Tt
2 \N< o 2&\ﬁi< 2}+ H——NZ 2 \oﬁ‘:\
R'O—H “po” B RO o ‘
SCHEME 111.3 ~ R

involves SN2 attack by the oxygen lone pair of ethanol on the titanium
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atom, leading to an 18 electron intermediate prior to losg of

phthalimide®®, ‘ . , )
The alkoxigde complexes 13a-e show upfield shifts in their NMR

spectra for the Cp and RSS ligands, relative to 10a-d (Tables II.1.and

3), as would be expected for replacement of an electron™ withdrawing

phthalimido group by an alkoxide ligand. The R groups of the disulfano

~

ligand are in a similar high field environment to those observed for

organic disulfides, ﬁSSR. The possibility of w-bond donation by

alkoxide a(.nd even disulfano ligands in 13a-e cannot be ruled outz:,i. 13c
was examintd by variable temperature NMR spectroscopy and no evidence
for an n2-SSR coordination mode was found. ‘ ?

The addition ofJPh3P to solutions containing 13a or 13d resulted in

' .
sulfur abstraction from the disulfano ligand, only in the case of

= p—'Cel-lziMe. _Nucleophilic attack on the TiSSR moiety of 13a thus

appears to be 1nhibiteda by the presence of a bulky tert-butyl group.
This phenomenon was ﬁserved in the attempted desulfurization of

szTi(SCMe (SSCMea) by PhsP and other nucleophiles (Chapter II). Also,

3)
the desulfurization of 13d may be favoured by the greater electron

s

withdrawing properties of p-tolyl vis-a-vis tert-butyl groups, which

would help stabilize an intermediate thiolate anion. A pos:sifble

' mechanism for sulfur abstraction is shown in Scheme III:4. The complex;

"

Cp2Ti(S-p*-C6H4Me)2 (5d) was also observed as a product of addition of

PhBP"to 13d. However, no evidence for szTi(OEt)z. a possible product

»

EN ’ {
of disproportionation of 14, was observed. Previous workers have noted

unsuccessful attempts to synthesize Cp2Ti(0Et)250.

The oxidative-addition of Ph308801 to 1 occurs with relative ease,

.
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*

PP AL ""3"

Cp,T /SE SR—- [ Ti’SI{SR]“> Cp,T §t+1’hpa§
134 ~ L

R = p-Cgli Me N Lo

" SCHEME I1I.4

'
4

as ﬁ\ight be expected for cleavage of the reactive sui\‘ur-chlorine bonds.

The product Cp2Ti(C1)(SSCPh3) (11) . is relatively stable towards -

decomposition compared to 10a-d and ]3a-e. The thiolato complexes

Cp,T1(CI)(SR). where R = CMe o, Me. Et, Ph and CH,PK>', are

3’ 2

known. Pentafluorophenylchlorodisulfide adds to Vaska's complex via
52

)

CHMe

S-Cl bond cleavage to give (1’1'131’)211‘012((1))(SSCGF5

’ . -
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CHAPTER IV

-

.
. & -

THE SYNTHESES, CHARACTERIZATION AND VARTABLE TEMPERATURE

1

il 4

1

H NMR STUDIES OF [(n°-Cg),T1(1-SR) (11-S,R)Ho(C0) 1.

r

&
WHERE x = 1 AND 2

-

el ~
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Introduction
Interest in molybdenum sulfur compounds is due in part to the

widespread use of sulfided molybdenum/A1203 based hydrodesulfurization
1,2

catalysts and to the presence of molybdenum and sulfur in the active

component of certain enzymes. Even '"simple" binary molybdenum
polysulfides ha\;e a variety of composiations. In these sy~stems the

sulfide (S2—). disulfide (Sg_) and tetrasulfide (Sz—) groups can appear

2—3and

s

as ligands in complex anions such as [(S4)2MoS]2—. [0M02$12]

95104 , 11lustrated below.

- ¢ 6 ‘ -‘] 2_
T\ s ] |
S

/M\/ N,/

Studies on nitrogenase enzymes have suggested that a molybdenum

<

atom is present in a cluster containing Fe and S atomss. Edmundson

L]

et al. have postulated that a protein beund disulfano anion, RSS,
undergoes  nucleophilic attack during the catalytic cycle of xanthine
oxidases. another molybdenum containing enzyme7. The relevance of low
<t . ’
oxidation states of Mo to biology is. uncertain, although Mo(II) and
Mo(III) may be involved during the catalytic\ cycle of nitrogenases.
Reactivity studies on well-defined Mo~S complexes might give a
basic understanding of t)}le interact;ions of or?nosulfur compounds on
molybdenum sulfide surfacesg° and to the nature of active sites in

mélybdenum containing enzymes. The availability of szTi(SR)(SSR) (4)

suggested combining this species with molybdenum precursors. Dimeric

-
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¢ .
titanium species containing bridging thiolate ligands are common, for

example, [szTi("p-SR)zMLx]. where: R = Hlo. Me, ,Ph11

M = Mo(CO), (19)(Ea. IV.I): R = Et and ML_ = Cu(PPhy)'? (Ea. IV:2):/>

*and

X
R = Me. Ph and ML_ = Fe(N0),'> (Eq. IV.3); and R = Ph and ML_ = TiCp,'*

(Eq. IV.4). !

L]

, R
5, i | —
Ti(SR Mo(00),, ——=> © (IV.1
CpaT1(SR), + Cligho(C0), OpliGM (@ vy
wR I,' °
C7H8' = norbornadiene . - -
- . | ° Et )
x, , BPh.. St .
Cp T1(SEt), + @Gu(CH,CN) PFg ———> szTi/s\Cu-—PPha 'PFG (Iv.2)
~4CH.,CN
. o |EOW .
. \ -
r“ - ) R S
. i 2o )
Cp,Ti(SR)., + 1/2Hg[Fe(00).N0O], ——> Cp Ti/s\Fe (1v.3)
2 2 [Fe(00)5N0], 2NN
. R
- . \
LY
Ph .
CpyT1(SPh), + Cp,T1(00), 22> Cp2Ti<z/\Ticp2 (1V.4)
Ph
‘ ¢

The dimers shown in Eqs. IV.1 and 2 have been postulated to contain
¥
metal-metal bonds, based upon electronic absorption spectra and

A
crystallographic studies which gave Ti-Mo and Ti=Cu bond distanc?s a

12,15

3.321 % and 2.803 or 2.840 X. respectively ¢ consistent with single




. ol . v
. bonds. The diamagnetism exhibited by the dimer shown in Eq. IV.3 was
- ~‘

interpreted as evidence for Ti-Fe iﬁteractionls.
<%

There are no structurally characterized examples of .a bridging

polysulfano ligand, RSx. where x > 1. Noble has recently described a §

complex containing a RSS ligand bridging two Mo(V) atoms'®.  Conforma-

~ -
M v
-

?‘ -~

. h OEt g
\ »

. I

-

‘tional isomers. wegz observed via variable temperature 1H ‘and 311’ NMR,
\‘\i

consistent with the assignment of a u~n1—SSR bridge. Accordingly, the
reactiong of CpéTi(SR)(SSR) (4) with C.?HSMO(CI))‘1 were investigated as a

possible route to heterobimetallic dimers bridged by RS.and RSS ligands.

i
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Materials and Methgs . A \\

All manipulations carried out and all solvents used, wére as \
desc¥ibed in Chapter II. 1(saqe3)(sscxe3) (4a) and an mpure sample
of Cp. Ti(SC}Me2)(SSC1-M¢32) (4b) were prepared according to the procedures
described previously. Th; comple;es szTi(SR)2l7. where R = 0!33 (Sa)

- and Gﬂ{e2 (_5_1;). and C7H8Mo((1)) 418 were prepared by literature me thods.

i / - 0
Physical Measurements i

lﬁ NMR spgctré were measured on a Varian XL-300 s];ectrometer and

- &

all data afe reported in ppm relative to TMS. Referencing was achieved
q -
using the 62.09 ppm pentet of residual toluene d., and ‘are considered

accurate’ to + 0.05 ppm. All NMR spectra were measured at "ambient _

-

temperature (292K + 2) unless otherwise indicated. Variable temperature
controllers calibrated- with methanol and ethylene glycol gave
temperatures that are considered accurate to-+ 0.5K. The coalescence

temperatures were estimated visually from the recorded spectra and are

N

consir)azia:curate to within + 2K of their true values, This was taken
into acco in the estimat;ion of error limits for the calculated AG

values. Following the -experiments the: in_tegrity of the. samples was

{
5 :

&
x

rechecked at ambient temperatures. a

3 .

The desorption chemical ifonization (NH3) mass spectrum was obtain
on a ZAB-HS spectrometer (VJ Analytical, /England) at the McGill
é -
University Biomedical Mass Spectrometry Unit. The spectrum is répor:ted

as: m/z, assignment, rel. int. All other physical measurements were

-
.

» LY \/
”




Visible spectrum, Amx(G{zCIé') = 573 nm (e 3.99 x 10" L mol
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determined in a manner similar to that described in Chapter II.

t

Q

Preparation of Bis(ns—cyclopentadienyl ) titanium(p-tert-butylthiolato)~ "

(u~tert-butyldisulfano)molybdenumtetracarbonyl, [Cp2Ti (u—SCMeB)—

(n-SSCHe, )Mo(C0), 1. (18a)

ICC7H8M0(G))4 (0.30 g, 1.00 mmol) was added to a stirred solution of

Gp,T1(SCHe,) (SSCHe,) (4a) (0.39 g. 1.00gmol) in toluene (SO mL) and the

reaction mixture was.stripped to an oil at 10°C over a period of 50 min.
Fresh toluene (50 mL) at 10°c was —;dded to the vily dark green residue
and tﬁe solvent stripi:ed again. The process was repeated a further 3
times 1n order to remove I'iberated C’?HS The oil was extracted with -
hexanes (5 x 50 mL). The solution was filtered through Celite and the

filtrate collected . in a flask cooled teo OC. The solution was .
concentrated to a volume of iOO mL and;ﬂ';"lowly cooled to -78°C. The

[P

©

supernatant was decanted, leaving a dark green powder that melted on

warming slowly to room temperature under vacuum, to give a viscous green -

3

oil (0.35 g, 59%).

-

Anal. (¥): Caled. for C 9oHog0,S,TiMo: C, 44.30; H, 4%8; S, 16.13.

Found: C, 44.18; H, 4.92; S, 16.24.~

1 55.63 - 5.00 (m, 10H, C.H.), 1.56 (s, SH,

H NMR (toluene d =He

):
8
SC(CHB)B)' 1.43 (s, 9H, SSC(CHB)S).

1H MR (CD,Cl,): 85.90 - 5.50 (m, 10H, CgHy). 1.69 (s, SH, SC(CHy),).

1:58 (s. SH, SSC(CHa)s)". i
’ 3 -1 -1
cm ).

R

w
-
o N \j
!
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Preparation of Bi s(ns—cyclopentadienyl Jti tahium(bi s(u-tert-butyl-

. thiolato))molybdenumtetracarbonyl, [Cp,Ti(p-SCMe,) Mo(C0),], (139a)

szTi(SCMes‘)2 (8a) (0.19 g, 0.53 mmol) was added to a solution of
C.ZI-ISI*(o((X))4 (0.16 g, 0.53 mmol) in toluene (20 mL) and the reaction
mixtureﬂ was stirred for 2 h, then&stripped to 2 mL in volume. Fresh
toluene (20 mif) was added to the dark purple oil and the solvent was
stripped agaixf. This process was repeated a further 17 times. The.
residue was dissolved in toluene (50 mL) and an IR spectrum of an
aliquot of the solution showed almost "complete consumption of _'
C7H8Mo(00)4. Finally, the solution vg'.s reduced in volume to 5 ml;and

hexanes (10 mL) was added, leading. to precipitation of a deep purple

powder. The powder was collected by filtration and washed (hexanes,

Y .
were stripped to dryness and washed (hexanes, 2 x 2 mL) to give a

2 x 2 mL) to give the pl:oduct (0.19 g, mp >275°C). The\mother-11iquors

[
further quantity of powder (0.06 g) for_a combined yield of 84X,
Recrystallization from toluene (3 mL) layered with hexanes (10 mL) gave
the analytical samplel asq deep purple microcrystals.

22287472

Found: C, 46.88; H, 5.05: S, 11.46. °
1

Anal. (%): Calcd. for C, H,.0,S TiMo: C, 46.81; H, 5.00; S, 11.36.
H NMR (toluene ds): 65.25 (s, 10H, CsHS)' 1.58 (s, \'181-1. CH3').

4. . -
Preparation of Bis(ns—cyclopentadienyl)titanium(bis(u—isopropyl—

thiolat:)))molybdenumtetracarbonyl. [szTi(u—SCHMez)zMo(m)4] (19b)

szT:l(SCHMe (8k) (0.92 g, 2.80 mmol) was added to a solution of

2)2

'C7HSMO((D)‘1 (0.83 g, 2.77 mmol) and the red-purple reaction mixture was

stirred/for 2 h,. then stripped to 2 mL in volume. Fresh toluene (50 mL)
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was added to the dark purple oil and the solvent\ was stripped 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 this solution did
not show the characteristic Vo0 bands due to C7H8Mo((D)4. Finally, the
‘volume of the solution was r:educed to 10 mL, leading to precipitation of
a deep purple powder. This was collected by filtration and washed with
hexanes (3 x 5 mL) to give the product as a deep purple powder (1.00 g.
67%. mp 193-195°C). Addition of the hexanes washings to the

mother-liquors with cooling to -16°C, gave a further quantity of 19b

¢

(0.07g, 5%). s \ )
Anal. (%): Caled. for C,H,,0,S,TiMo: C. 44.79; H, 4.51; S, 11.95.°
Found:\C, 44.82; H, 4.47; S. 11.80.

'H NMR (toluene dg):  65.04 (s, 10H, CgH). 257 (septet, 2H,

J = 6.5 Hz, CH), 1.58 - 1.50 (broad d, 12H, J = 6.5 Hz, CH,).

. 4o L) + o . L) L3
MS: 510 (M -00°, 4.5), 452 (M -OO'-SCjH; +NH;, 1.4), 435
L . . -+ . .
(" ~00"-SC4H.,, 8.2), 41l (M -C,0"-SCH, 20), 383
(M0, -SCH;. 2.6). . ®

!



Results r

The reactions between szTi(SR)(SSR). where R = (ZMe3 (4a) and
. CiiMe,, (4b), or Cp,Ti(SR),, where R = CMe (5¢f) and CHMe, (8k). with
C7H8Mo(CO)4. were m;)nitoreg by IR spectroscopy (toluene solution) by
observing the decrease in intensity of the sharp 00 band at 2038 cmm1
due to C.THSMO(G))4. Solvent—stripping:/-‘solven.t-—addition cycles were

employed ﬁo remove free norbornadiene produced in the reactions, which

appeared to be in equilibrium with the products (Eq‘. Iv.5).,

T .
* \
‘;—-R . k /SS(\ f H :
Cp.Ti + 0(00), === Cp.T1’ *Mo(00), + (1IV.5)
2N ¢ 4 v aTi Mo (D)y CHg %
/ a |
' R
x’= 2, 4a,b \ x = 2, 18a,b
x=1, 5a,b x =1, 19a,b

. A
Thefcrude yields of \18a and 19a,b were virtually quantitative, as

determined by 1HNM}; analysis of residues of the evaporated reaction
mixtures, prior to rectystallization. Complex 18a was isolat t -78°C
as a dark green powder, that was very soluble in all commop solvents and
melted under vacuum at approximately -20°C. These properties may be due
in part to traces of (Mes“C)zS3 (3a). ‘wk‘;ich were invariably present due
to the method of .preparation of 4_a/. In contrast to the preparation of
18a, thg dimers 19a,b precil;itated easily from ’,, toluene or
toluene/hexanes solutions and recrystallization gave 19a.b as fairly

§
air-stable microcrystals.

o '_‘_~,c§.\._.
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The formulations of [Cp Ti(uJSCMe3)(u—SSCMe3)Mo(m)4“] (18a) ‘and
[szTi(u SR)2M0((X))4] where R = CMe (19a) and CHMe (19b), were based
upon microanalytical and 1H NMR and ,IR spectroscopic data (Tables IV.1

and 2). The v strefching vibrations corresponded to that described

Cc-0

' for” gis-Mo(CO) sy (C5: IR active modes = 2A7. B, and 32)19., In
additilon. the visible spectrum of ;gé (}\max= 573 nm) was similar to that
of 42 (A = 570 nm). '

A mixture of [Cp,Ti(u-SCHMe,)(u~-SSCHMe,)Mo(CO),] (18b) (76% of the
integrated intensity in the Cp region of a NMR spectrum), and 18b (24%)
and other minor non—Cﬁ containing species, was obtained via reac’tion of
an impure sample of gg with fC7H8Mo((I))4. -by a method similar to that
described for 18a and 19a,b. The solubility and chromatographic
properties of 18b and 19 were very si;ni lar, making separati'on
difficult., Complex 18b was identified by variable temperature 1H NMR
spectroscopy, and the Cp region exhibited similar peak chanées to that
observed for 18a (Table IV.1).

Bt;th 18a and 18b converted to 19a and 19b, respectively, under
thermal or chromatograph‘ic conditions. Thus, in order to slow down
sulfur loss the preparations of 18a,b were performed at 10°C.

. The g‘eactions of 4a.b with SW(CX)Q4 required much longer reaction
timesﬁand did not give products indentifiable as analogues of 18a,b. In

0 21
2 1]

(PRCN) ,PtC1, %%, “HeCl,?>, (PhyP)Ni(00),2%, Cplo(00),2?, Cu(CH,CN) PF 2>

»

addition, reactions of 4a with W((I))5 . Mo((I))5 0, (OCOD)PtMe

and [ CI)D)Ir('I'}H’)z]BF426. also gave intractable products.

S . ‘ ' ' ’
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TABLE IV.1: 1H NMR Data for [CpyTi (u-5R) (1-5 R)Mo(00) ] and Cp,Ti(SR)(S,R). where x = 1 and 2°

Assignment (& ppm)

Temperature 204K - 250K .
Complex CSHS S-CH SS-CH S—(l-l3 SS—(]-I3 CSHS S—Cl-l3 SS-CH3
18° 5.56(s)cis 1.55(s)® 1.42(s)°®
5.38(s)trans :
5.09(s)trans '/)
' 4.95(s)cis
19a . 5.19(s) © 1.56(s)
_1__8__bb 5.21(s)c_isd 3.19(s)t1‘anse 2.(59(s)t1'anse 1.48(s)t:ransf= T y
5.13(s)trans 1.38(s)transe
4.83(s)trans 1.33(s)trans®
\ - 1.27(s)transe '
1%L 4.90(s)trans 2.40(br)trans 1.82(br)trans
4.87(s)cis  2.27(br)cis 1.79(br)cis
4.82(s)cis 1.25(br)cis
1.10(br) trans )
42° 5.84" 1.65  1.42
Sa 5.82 1.63
4P 5.70 3.671 3.179 1.50% 1.39% ,
s 5.64 3.57t 1.40%
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TABLE 1IV.1: (cont’d)

Assignment (6 ppm) g

Temperature 292K . 328K )

Complex — Cgfl ~ S-GI  SS-GI S-Oi, SSOL gy s~ ss-Gl s-Gi,  ss-al
18aP 5.31(br) 1.56(s) 1.43(s) 5.31(br) 1.56(s)  1.43(s)
19a 5.25(s) - 1.58(s) 5.30(s) . 1.60(s)
180° 5.14(br) 3.18(s)f 2.55(s)% 1.55(br) 5.18(br) 3.20(s)} 2.63(s)® 1.55(br)

: g h g g
19b 5.04(s) 2.57(s) 1.53(br) 5.01(s) 2.62(s) 1.54(s)

b ' s <
48 5.86 . 1.61 1.39 .88 : 1.57 1.36
w—— - Qg] . h \\- ‘

\]S_a © 5.85 1.60 rs 5787 1.57
4° 577 3.70f  3.048  1.40f 1m' s79 3t ozt o1t 130!
5b 5.71 - 3.50f 1.39f 5.74  3.58 1.36f |

(4
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TABLE IV.1: (cont'd)
}

2s= sharp, br = broad. All mononuclear spegjes 4a.b and 5a,b éxhibited sharp resonances unless

not therwise. The solvent was toluene dg. At 328K S loss was, negligible on return to room
tempergture if the sample was run quickly. An impure sample was used for 4b.

cis isomer tert-butyl peaks were not obseTved.

d Other cis’ pea.k’was obscured by impurities.

€ J =6.6 Hz.

f y .
J = 6.7 Hz. ) . ;

E J=6.5H. : ¥

D broad doublet, J = 6.5 Hz. - ‘ '

1)-6.4m. ”

J1-63m

k Coupling constancs could not be measured due to psak broadening and to overlapping with impurity
sigmals. i

1. 6.8 He.

621
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TABLE IV.2: v, _, Data for [Cp,Ti (u-SR) (1S _R)Mo(C0) 1. where x = 1
- and 2, and Related Compounds®
. i (
! R“ 1
Complex CHC13 hexanes toluene
18a © 2015, 1904(br) 2016, 1943, 2011, 1923(sh),
’ - ' 1936, 1916 1906
19a 2011, 1910(br) 2013, 1932(sh), 2006, 1905(br)
1914
19b . 2008, 1902(br) 2016, 1928, 2006, 1925, °
1918, 1911 . 1902
x=1, R=Me® 2071, 2016,
1918, 1903
x=1, R=Ph® 2018, 1930, ~ ‘ . .
1912, 1899
¢
CHgMo(00), - 2040, 1951, 2045, 1958, 2038, 1946,

1889 1915 1893

g ALl peaks are strong, br = broad, sh = shoulder. Frequency in cm-l.
b .
Ref. 1]1. Y

%

Variable Temperature 1H NMR Spectra

The NMR spectra of 18a and 18b were closely examined from 204K to

/
328K in toluene d8'» At higher temperatures conversion to 19a and 19b,
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respectirvely. occurred. Pure samples of 19a and 19b were studied from
182K to 357K, also in toluene dj. Table IV.1 lists 'H NMR spectral data
at chosen temperatures for all complexes studied. Only flight shifting
of resonances with temperature was observed.

The NMR spectrum of 18a at, 328K e;xhibited a broad singlet
Ve
(v1/2 = 9.4 Hz) in the Cp region {Figure IV.1) and a pair of sharp

sigglets of equal intensity in the tert-butyl region. The latter did
not change upon cooling from 328K to 204K. However, the Cp peak

i
broadened and collapsed upon cooling and at 292K exhibited a broFsvd’

\

signall with vijo = 115 Hz. At temperatures below 307K a pé\ir of Cp

singlets of equal intensity appeared and sharpened upon further coogingg.
Two additional weak signals of equal intensity were observed below 260K,
The two pairs of resonances appeared in /;he ratio 24:1 at 250K and 19:1
at 227K, based upon the respective 1nte&rated intensities. Their line
shapes changed at approximately the same temperature, indicating similar

coalescence temperatures. N

-

The variable temperature spectra of 18b were complicated by signals

due to 19b. The signals due to the latter complex are described 1n‘
detail lataer. At high temperatures (328K) 18b exhibited a broad singlet

in the Cp x"ggion (v = 14.4 Hz) (Appendix 1}). In addition, the

1/2
: «
methine region showed resolved multiplets at 63.20 and 2.63 ppm dué¢’ to

bridging thiolato and disulfano ligands, respectively. The methyl

region exhibited a broad multiplet (v = 11 Hz) at 61.55 ppm (Table

172
IV.I). The Cp peak broadened and collapsed upon cooling and at 292K

exhibited a very brofd signal with Vys9 = 115 Hz. At temperatures below
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346K*

328

312
307

302

297

292

250
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$8.70 430 ppm
Figure IV.1: Cp Region of the 'H NMR Spectra of [Cp,Ti(u-SCMes)-
) * (u~SSCMe, )Mo (C0),] (18a). fromy227K to 346K in Toluene dg/

a Dec0mpositién was detected by NMR on cooling of the
solution to room temperature.

+b [CpaTi(u-SCMe, ) Mo(C0),] (192) was present as an
impurity. . .
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273K a pair of Cp singlets of equal 1intensity appeared g&:md sharpened
upon further cooling. - The linewidths of each singlet we.?re different

throughout the temperature range examined, although their integrated

-

intensities were always equal. For e}fample. at 250K the linewidths,
v

Vi Were 2 Hz and 10 Hz for the low and high field signals,

<
respectively.- At 204K an additional peak was observed, which was

slightly downfield from the other‘s. " The CH and CH3 regions of 18b

remained complex at all temperatures examined (Agpendix 2) and exhibiﬁed»

unresolved peaks below 204K. ’ K
Complex‘ 19a exhibited single sharp resonances due to Cp and
tert-butyl groups over all of the temperature range studied. For 19b,

at high temperatures (357K) the Cp region exhibited a sharp singlet, and

the methine and methy! regions showed a septet and a doublet, ~

$a

respectively. Cooling the sample caused broadening and collapse of all
the signals. Two new methyl peaks of equal intensity began to appear

below 264K (Figure 1V.2). As the sample was cooled furthe®, . an

LY
additional peak shifted out from under the higher field peak and the
three peaks began to sharpen. At the lowest temperatures an additional

peak could be detected as a shoulder of the lower  field peak. The
9

relative ratio of the inner to outer methyl peaks was approximately

~—

1:1.5 by integration at 204K. ‘The methine region septet broadened and

>

collapsed with cooling and then split into two unresolved peaks of
/ S

unequal iri/tensit_y below 233K (Figure 1V.3). The sharp Cp singlet

broadened, collapsed and a total of three new peaks 'in the approximate

ratio 5:1:1 appeared at 204K (Figure IV.4).
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Figure IV.3: CH Region of the 'H NMR Spectra of [Cp,Ti(u-SCiMey);-
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Coalescence temperatures (Tci. chemical shift differences in Hertz °
(Av).;t the low temperature limits, and calculé.ted free energies of

activation at coalescence temperatures (AG:) for 18a.,b and 19b are given
# ~ -

in Table 1V.3.

3
-

~ N ) .
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TABILE 1IV.3: Tc' Av and AGz values for thel-Averaging Process in [q:zTitu-SR}(p-SxR)Ho((D) 4]. he}*w

)
@«

: -~ x=1and 2a * '
ey
o . ?
‘ e . * -1
& T, (K) , Av (Hz) AG_ (kJ mol 7)
Coalescing b b
Group CH SCH SCH(CH,), CH,W s SH(QL), GCHy s sou(@),
Complé&x N4
. o - s
18a° 307 ” 86 4d ) 62 .
182° 7304 _ 63.4f 62 ,
AN f
18b° 208 89.8% . s 60
19° 233" 264! - s5.80 230,49 T @ 51

& — . ’ .
2 The 1}:§1nd Av values could not be obtained for all ligand types, due to spectral complexity and

_thus are left blank where applicable. Tert-butyl signals did not undergb broadening and collapse
at any of the temperatures studied and are therefore not discussed.

b Based upon coalescence of trans isomer peaks. ® Solvent = toluene dg. -
d In the low temperature limiting spectrum (L.T.L.S.) at 250K. € Solvent = CB.Cl,. '
f In the L.T.L.S. at 226K. © In the L.T.L.S. at 204K.
Based upon coalescence of trans and cis isomer peaks. )
1 Based upon coalescence of the two peaks above 243K, each peak representing averaged signalg. , /ﬁ \/
«» J In the L.T:L.S. at 182K. Pfh /f’—'——'-/
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Discussion
The analytical and spectroscopic properties of 18a,b and 19a,b are
consistent with “their formulation as [Cp2Ti(u—SR)(u—SSR)Mo((}))4] and

[®2Ti(u—SR)2Mo((I))4]. \respectively. The latter complexes are analogues

of others reported for R = Hlo. Me and Phll. which contain planar four
Py
membered rings and a Ti-Mo single bond, as shown by X-ray molecular

1

15. Baséd,upon "H NMR spectroscopy. other workers

structure analysis

R

ole;

\“S"“\\

\\‘

1A
%

~- | °\co

R

oY

I\)S

trans—19 ¢is-19 \

y

have shown that 19 exhibits geometrical isomerism in solutidnlo'u.

Trans and cis isomers were present and ga.ve"c;ﬁe Cp resonance and two Cp
\ 15

resonances, respeétively. " The cis 1isomer found in the solid

predominated in solutionll. For 19, where R = Me, coalescence of the Cp

11
resonances occurred above room temperature . The interconversion of

- trans and cis isomers in the analogue of 19. [szTi(p—SH)2W(G))4]. was

N “.
studied by DNMR and a complete band shape analysis of the spectra

obtai‘hed at various temperatures, gave activation parameters for the

isomerization process, which was 76 kJ mol-1 at the coalescence
temperature of 357;(10, !

M
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In light of the above, 19a,b would be expected to have a planar
4-membered ring core structure. The bridged bis(thiolato)‘ complexes
19a,b contain .alkyl groups which are sterically more demanding than
those ’Jpreviously observed in this type of complex. Even when R = Me
significant steric interaction between the thiolate ligands and OCp
groups occursls. The single sharp Cp resonance observed in solution at
all temperatures for 19a is consistent with the preset{ée of only the
less sterically demanding trans isomer. Molecular models suggest that
the trans isomer would be most favoured. Ir. seems unlikely that the Cp

ligand environments of 19a are exchanging rapidly at the lowest

temperatures since 18a,b and 19b were found to be in the slow-exchange

region below 228K.

Complex 1Sb exh;bited 3 sharp Cp peaks at 2%4K. consistent with the
presence of a mixture of trans and cis isomers in the ratio 522. 0 Each
sulfur atom in 19b constitutes a chiral centre as a result of the
tetrahedral arrangement of its adjacent groups and lone pair, as shown
below. An isopropyl group in a chiral molecule }3as diastereotopic
methyl groups and can therefore give 2 methyl doublets, but only 1
methine septet in a NMR spectrum27. The presence of two chiral centres

in 19b results in 4 methyl peaks and two methine peaks in x,JZtios which

are consistent with the higher abundance of the trans 1some1( (Figures

Iv. 2\and 3) .
i Intereétingly, even in the slow—exchange region all of the
KKsopropyl signals of 19b are still broad. The loss of coupling in the
methyl and methine regions was not as pronounced for the isopropyl

groups of lgb_. This difference may result because the isopropylﬁgroups
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trans-19b ) cis-19b

of 19b experience a greater restricted rotation, due perhaps to a more
compact arrangement of alkyl groups around the TiLzMo core structure,
where L = bridging ligand. Interaction of Cp and isopropyl grl'oups can
be envisaged.

" In 18a and 18b the organodisulfano ligand can bridge to give either
a 4-membered ring with a p.-*nl—-SS'R linkage, or a 5-membered ring with a

u~n1-SSR linkage, as shown below. Assignment of NMR signals to the

i

O 0
¢ C) c
‘\\\\‘”S”ll“ /CO \ \\\\l l\h,, ,
“M§ 'M

R §

i 0

lco
C
(§)

I&b

<4—membered trans-18a.b 4-membered cis-18a,b
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5-membered trans-18a.b 5-membered cis-18a,b-

o 4 e

trans and cis isomer/s of 18a.b does n:)t require prior knowledge of ring
size, since similar pa\fterns should be expected for both 4~ and
5-membered rings. ,

Complex 18a exhibits an intense pair and a weak pair of Cp signals
at 250K (the slow-exchange region). The assignment of th'e intense
signals to the molecule containing a trans arrangement of tert-butyl
groups, 1is based upon two considerations. First, molecular models
indicate that the tert-butyl groups. due to their large steric bulk,
might be expeéted to favour the trans isomer. Second, the .chemical

shift seperation of the intense pair of Cp peaks is less than that for
+ 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 is adjacent to two tert-butyl groups, whereas the other Cp ligand
is in a relatively unencumbered environment. This effect has previously
been observed in pis(ns—cyclopentadienyl)titanium systems The
tert-butyl signals for 18a are relatively uninfqrmativ’e throughout the

-

temperature range studied.-

<.
N
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* By analogy to 18a, the pair of Cp signals for the trans isomer of’
18b might be expected to have a smaller chemical shift seperation than
those of uthe cis isomer. The Cp region of a NMR spectrum of 18b at 204K
{(Appendix 1) exhibitedﬂa peak%slightly do_wnfield from the others. This,
peak is tentatively assigned to one of the two expected Cp peaks ogf' the
cis isomer, the other peak assumed as being obscured by peaks duec to 19b

and the trans isomer of 18b. This assumption permits calculation of the

ratio of the trans to cis isomers of 18b, which was approximately 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 of 18b
constitutes a chiral centre, as shown below. Theoretically, the trans
isomer of 18b should give 4 pairs of r’nethyl doublets and two methine

septets in the NMR spectrum, due to the presence of diastereotopic

e

s

isor;ropyl groups on the thiolato and disulfano ligands. Similarly, a

> (
further different 4 pairs of methyl doublets and two methine septets

would be expected for the c¢is isomer of 18b. However, due in part to

peaks caused by impurities.c 18b showed only & poorly“resolvgd set of

<> H

4

- b .
Hic, (\\_|—Mo(co),
Z . S & d
s HOR "\l /.——\s/ ' /CHy
Ti Q (.«H 3
H L[]




¢cis—18

four pairs of methyl doublets, plus other minor peaksxy27K (Appendix
2). Comparison of integrated intensities of CH3 and Cp regions

indicates that the major CH3 signals might_correspond to the 4 methyl

doublets expected for the trans isomer of 18b.

The Cp signals of “the trans isomer of 18b show different linewidths

~

2 t

over most of the temperature range studied. The upfield Cp signal is
the broader_. Restricted rotation of this Cp vligand can be envislaged:
due to interaction with an isopropylthiolato group on the same side of
the dimer ring. The alkyl group of the isopropyldisulfano group of
trans-18b mightgno’t be expected to interact as strongly with the other
Cp ligarid, since the alkyl group would be further displaceci from the
TiLzMo 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 an’d little change was found

™ ¥4
for the chemical shift of the R groups (Table IV.1). A similar shift
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| | |
i/s x\‘Mo | Ti/s X\Mo‘ | Ti/s x\x\‘lo
-\s/ '\s/ : \r/
tlz | “ llz h) R
I no- I
. ,
R' = R or SR

° e

was obsérved on formation of*[szTi(p—SR)zMo(m);]\(_l_g) from C152T1 (SR)2.

10 11. Therefore, structural type I can be excluded

wvhere R = H, Me, Ph
as a bonding possibility, since the depicted sulfur to molybdenum
o-donation would be e)qg‘écted 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 electron 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 internuclear stance in 18a.,b would be expected to be
greater in a b5-mgmbered ring /than in a 4-membered ring. A planar
5-membered ring is unlikely due to its facile distorcionzg? and a

puckered ring should cause a decrease in molybdenum to titanium orbital

overlap compared to a planar 4-membered ringso. These two effects would

.reduce Mo to Ti electron donation and cause the Cp resonances in the

NMR spectrum of 18a,b to be-at lower field. compared to those of 19a.,b.

However, (thé Cp resonances of 18a,b and 19a,b experience similar

~
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chemical shift environments. It therefore seems reasonable to assume

that 18a and 18b exist as mixtures of trans and cis 4-membered rings,
with j_gg—u—nl—SSR kand p~SR bridges between metal-metal bonded centres,

as shown below. Molecular models of [Cp2Ti(u-SR)(j_§g—u~nl—SSR)—

S O 0
C? R ¢
O
\ . ““\“S“““ . ' /S . ““‘\\uﬁl““' ’ /C
/N AN
AT S g
o C
>R 3 , 8 |
trans-18a,b cis-18a.b

Mo((x))4] (18a,b) suggest less steric interaction between the R group of
¢ . .

an organodisulfano linkage and the MO((D)‘1 moiety, in a 4-membered ring

than in a 5-membered ring. “ '

Bridging organodisulfano ligands, p-SSR, are a rarity. Only one

example‘ has been reported and is believed to exist in an iso-—p.—nl—SSR

coordination mode, bridging between two molybdenum centresls. An

.0

-~

|
v\ @5 - ___’R
. N

’-

1 1
iso-p—m syn-jt-n
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1
, alternate bridging system is the syn-u-n -SSR coordination mode. The

analogous disulfur geometries, on which this nomenclature is based3l.

32

. have been observed in the complexes HeSszcr(S2)‘2S and

’ ’ o~
{(,bFe(p—SEt)}28233. as shown below. The alkylperoxidic complex

i .

) [CIBGJ)de—OOCMes] 4 which contains an 1so—p~n1-—OOCP{le3 ligand, has been
structurally charactei'ized%. Thiolato bridged complexes containing a
metal-metal bond typically have a distorted tetrahedral environment

15,35

around . the bridging sulfur atom A similar arrangement can be

0 anticipated for 18a,b and _1_9__a_,_‘g ,




L

148

-

WD
, S <100 - ‘
) A Q :

» - M—=M

Thé free energy of aktivation at the coalescence temperature
- el '
(in kJ mol 1) for coalescence of singlets or multiplets, is often

27,36

AG*
c

carried out using the Eyrix;g equation, as shown below

: - ~ '
a6} = 1.014 x 10 % _[9.972 + log(T /Av)] = (1v.6)
& -~ ) A
‘ Tc is the coalescence temperature in K and Av is the chemical shift

difference in Hertz for a pair of coalescing éignals in the low

L4
( the Cp signals in 18a,b and the CH3 and CH signals in 19b is based upon

two assumptions. First, since both trans and cis isomers are observed

< ¢

in solution by NMR spectroscopy, it 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 transition
.. . .

states are separatged by an energy minimum, as shown below for 18 and 19,

/ intryduces errors to AG: which may amount to + 2 k]J mol--1 for 18a,b and

at least + 4.2 kJ mol_1 f;)r 19b. The errors inherent in Eq. IV.6 when
it is applied to complex systems, is discussed by Sandstr’dm37

Calculation of AG: for 18a,b can now be reduced to analysis of

coalescence of the pair of intense trans isomer Cp singlets, and for 19b

ﬁ to analysis of coalescence of the pairs of CH3 or CH sigr)alsz7’36

The values of AG; are ic'lentical for 18a, at two

temperature limiting spectrum. Calculation of A_G; for coalescence of (

[\

|
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concentrations in toluene d8 and in Cl)2012. as expected for an ‘(
“intramolecular process which does not: involve large changes in the

9

dipole moment of the fluxional moleculem. The value of AG: for 18b is
2

within thearange of error of that for 18a. The lower AGZ value for,

methine compared to methyl signals of 19b may arise from an artificially
low Av value for the coalescence of methine sigmals, since the chosen

low temperature 1imiting spectrum "for the methine signals may not

exhibit a constant maximum value of Av. Therefore, the AGi value f:)r,

the methine peaks of 19b is considered less accurate than that for the

methyl peaks.. However, both these AG: values fall within the ra'nge of

e'rg'or expected in these systems. \
TheaAG: value for 19b 1is significantly lower than, éhe values

calculated for 18a.,b and may resﬁlt from the comﬁa’.ratively more compa!ct
<5

l ' T °
arrangement of thiolate groups in the former, which might cause partial

distortion of the ground state geometry, theréby permitting easier




~

C. .. . 0 A
) -=-gttainment of transition state -structures during the isomerization

- -

- process. "However this reasoning‘ is merely speculative.

. The Cp.signal averaging process in 18a.,b- and 19b must occur by
inversion of configuration at the bridging sulfur atoms. This process
«would also exchange the ‘methir;e and the diastereotopic méthyl groups of

18b and 19b. The mechanism of S inversion may involve either

‘metal-sulfur bond dissociation-rotation-recombination (Scheme IV.l), or

inversion via a trigonal planar state (Scheme Iv.2). Comparison with
data published for similar \Z:ofnplexes shows that the averaging process at

the high temperature limit for 184,b and 19b, most likely occurs via a

trigonal planar state:  [Fey(00) L(p-SCHey),1°°. L =00, 46} =
) 77 kJ mol™l and L = PhP. AG) = 66 .kJ mol ' trans-[CpRu(CO)-
. 39 . .4 Fo-1 12 3
C , (u-SC,PR)1,™ . 4] = 58.7 KJ mol™': [CpyTi(u-SEt),Ca(PPhy)]™™, 4G. =
- N . N .
71 kJ mol”L, . LT

° /
In general, the rates of sulfur inversion for metal bound thiolates

’ " are about 1018

times faster than inversion at sulfur in sulfoxides
\ - {which are also tricoordinate). This may be due to th;e presence o)f a
I wetal, which might-mllow more facile inversion through the intermediate
planar trigonal state dt;e to .stabilization by’ overlap‘ of metal

d-orbitals with the sulf{pr lone pairs40.
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CONCLUSIONS




»

s

Contributions to Original Knowledge

-

1. The new complexes szTi(X) (SSR) contain rare disulfano ligands,
RSS . They were prepared via oxidative-addition of the S-X bond in

RSSX to Cp,Ti(C0),, where X = RS™, phthalimido and C1 .

2. The reactions of szTi\(SR)(SSR). where R = CMe3. CHMez. CH2Ph

p—CGH 4Me and CPh3 include: -
a) spontaneous loss of sulfur to give szTi(SR)2 and, usually,
polymeric and/or paramagnetic species;

b) desulfurization by the ndcleophile PhBP, to gi{ve sz’l‘i(SRb)2 and

PhaPS:

c) cleavage by the electrophile PhCHzBr to form szTiBrz. PhCH28R
and PhCH,SSR.
3. The complexes szTi(phth)(SSR), where R = CMe3. CHMez. CH2Ph and

p—CSH4Me. react with R'OH to give Cp2T1(0R')(SSR). where R' = Et

v

and Me: ) ’

4. The sulfur ligands in Cp,Ti(SR)(SSR). where R = CMe;, and CHMe

3 2'
displace norbornadiene from C7H8M0(CD)4 to give heterobimetallic

species of the type, [szTi(p—SR)(j_s_o_—u.—nl—SSR)Mo(CO) 4], which

contain the rare bridging disulfano ligand. Variable temperagurei

1H NMR spectroscopy permitted evaluation of AGZ for a sulfur

inversion process which interconverts the trans and cis isomers of

N\

this glimer.
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Appendix 1:  Cp Region of. the 'H NMR Spectra of [Cp,Ti(u~SCHMe,)(u~SSCHMe,)Mo(00),] (18b).

from 204K to 328K in Toluene dg.

2 unidentified impurities.
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ndix 2:° CH; , Region of the 'H NMR Spectrum of [Cp,Ti(u~-SCHMez)~

(1—-SSCHMe, )Mo(C0) 4] (18b) at 227K in Toluene dg.

°

2 trans isomer of 18b.




