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THE CHEMISTRY OF CIS AND TRANS-(CsHg)W(CO),(PPh,)SR:
DIMERIZATION AND INSERTION REACTIONS OF CS, AND SO,
INTO THE W-SR BOND

Ph.D. Bernadette Soo Lum Chemistry
ABSTRACT

Treatment of CpW(CO),(PPh3)H, (Cp = ns-cyclopentadienyl) with methyllithium
and subsequently with RS-phth (R = CHMe,, CH,Ph, 4-C¢H Me, Ph and phth; phth =
phthalimido), gave CpW(CQO),(PPh3)SR as a mixture of cis and trans isomers. Warming
cis/trans-CpW(CO),(PPh;)SCHMe, in THF gave the tetracarbonyl dimer
[CpW(CO),(n-SCHMe,)], with loss of PPhs, while futher reaction in refluxing THF
gave the dicarbonyl dimer [CpW(CO)(u-SCHMe,)],. X-ray crystal structures were
obtained for both dimers. The complexes, CpW(CO),(PPh3)SR for R = CHMe,, CH,Ph
and 4-C¢H Me reacted with CS, to give the thioxanthate complexes CpW(CO),S,CSR
wherein the CS, had inserted into the W-SR bond. The structure of
CpW(CO),S,CSCH,Ph was determined. It was found that the cis isomer reacted more
rapidly than the trans isomer and that the reaction was retarded by the presence of free
PPhy or CO. The implications with respect to the mechanism of CS, insertion are
discussed. The cis/trans CpW(CO),(PPh;)SR complexes also reacted with SO, to form
the SO, adduct complexes trans-CpW(CO),(PPh3)S(SO,)R. The reaction was monitored
by 'H NMR spectroscopy and rapid SO, exchange was indicated. Addition of free PPh,

slowed the formation of the SO, product.



LA CHIMIE DES COMPLEXES CIS ET TRANS DE (CsHs)W(CO),(PPhy)SR:
REACTIONS DE DIMERISATION ET D’INSERTION DE CS, ET DE SO,
DANS LA LIAISON W-SR

Ph.D. Bemadette Soo Lum Chimie
RESUME

Le traitement du complexe CpW(CO),(PPhy)H (ol Cp = n°-cyclopentadiényle)
avec le méthyllithium et ensuite avec le RS-phth (od R = CHMe,, CH,Ph, Me-4-C¢H,,
Ph et phth; phth = phthalimido) a donné le mélange des isomeéres cis et trans du
complexe CpW(CO),(PPh3)SR. Le chauffage du mélange cis/trans du complexe
CpW(CO),(PPh;)SCHMe, en solution dans le THF donne le dimeére tétracarbonylé
[CpW(CO),(1-SCHMe,)], accompagné d’un dégagement de PPh; alors qu’un chauffage
prolongé dans le THF a reflux a donné le dimeére dicarbonylé [CpW(CO)(u-SCHMe))l,.
Les structures cristallographiques aux rayons-X de ces deux dimeéres furent déterminées.
Les complexes CpW(CO),(PPh3)SR, ol R = CHMe,, CH,Ph et Me-4-C.H,, ont réagi
avec le CS, pour donner les complexes thioxanthates CpW(CO),S,CSR ou le CS, fut
inséré dans la liaison W-SR. La structure cristallographique du complexe
CpW(CO),S,CSCH,Ph a été déterminée. Il fut démontré que 1’'isomeére cis réagit plus
rapidement que 1’isomere trans et que la réaction €était ralentie par la présence de PPh; ou
de CO libres. Les implications relatives au mécanisme de la réaction d’insertion de CS,
sont discutées. Les complexes cis et trans de CpW(CO),(PPh3)SR ont également réagi
avec le SO, pour former les produits d’addition trans-CpW(CO),(PPh3)S(SO,)R. Ces
réactions furent suivies par spectroscopie RMN-!H et un échange rapide du SO, fut

observé. L’ajout de PPh, libre ralentit la formation des produits d’addition de SO,.
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CHAPTER 1

General Introduction

The thiolato ligand, RS, possesses a well-known high affinity for metal ions (Z,2).
In fact, the affinity of thiols for the mercuric ion, Hg?*, led Klason (/) to coin the name
"mercaptan” for mercury complexes of the type, Hg(SR),. The propensity of the thiolato
ligand for binding to metal ions extends throuéhout the periodic table, but is especially
notable for the transition metals (I-15).

The ligand, RS-, possesses an electronic structure and reactivity comparable, to
some extent, to those of the halo (F",Cl, Br-, I') ligands, and RS- can often replace halide.

In fact, RS is placed between F- and CI" in the spectrochemical series (14):
Br< CI'< RS~ HS'< F< OH< H,0 < NH;< en < NO, < CN",
Like halo ligands (16), the thiolato ligand can act as either a terminal ligand (1), or

as a Ji,-bridging species (2) through the donation of a lone pair of electrons on the sulfur

atom to another metal centre. Due to the strong tendency to act as a bridging ligand,

R
|
M-SR /"s\
‘u M M
1 2

many transition metal thiolate complexes are dimers or higher order clusters and
comparatively few monomeric compounds with terminal thiolato ligands have been
prepared (3-13).

Complexes with monodentate thiolato groups have important biological



@ implications. Molybdenum (13,17,18), cadmium (I3,19) and copper (13,19) complexes
with sterically demanding thiolato ligands (13,20,21) such as 3 (I8) are of interest as

co—_l'
| R
/

Slll
/ "'"M _
R” o lo S R
R co
3

possible models for the active sites of nitrogenase enzymes (Mo oxidases) (22-24),
metallothioneins (25,26), and "blue" copper proteins (27). The clusters, [Fe,S,(SR) ™ (x
=2, 4; n =2, 3; R = CMe3, CH,Ph, Ph) (4), are useful models for iron-sulfur proteins
(24,28). Bridged thiolate complexes such as [{(SEt)3Fe3MOS4}Z(u-SEt)3]3' &) 29) are

R = CMes, CH,Ph, Ph

excellent spectroscopic models for the Fe-Mo cofactor of nitrogenase.

A number of reviews (3-12) on metal complexes with sulfur ligands have appeared
in the past but have rarely concentrated on transition metal complexes with thiolato
ligands. A recent review by Blower and Dilworth (13) provides an excellent summary of

c this class of compounds but is restricted to those complexes in which the thiolato sulfur
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comprises 50% of the coordinated ligands. This discussion will not be restricted by this
criterion but will examine the modes of synthesis and general reactivity of transition
metal thiolate complexes. An overview of the nature of the metal-thiolate bond will be
included. In illustrating various points of interests in these discussions, most examples
will be taken from Group VI (Cr, Mo, and W) transition mefal chemistry where available

since the research to be described later will concern tungsten thiolate complexes.



The Synthesis of Transition Metal Thiolate Complexes

Several different synthetic methods used to inéorporate the thiolato ligand in

monomeric transition metal complexes (3-13) are outlined below.

1. The simplest and most direct approach involves the displacement of a ligand, X
in M-X (M = transition metal; X = halide, hydride, or amine) by a thiolato group (M'SR;
M' = cation) which is driven by the formation of an insoluble halide or volatile byproduct
(M'X). Several different cations have been used as M’”. Some are listed below with
appropriate examples.

a) A common source of thiolato anions are alkali metal salts of thiols where M' =
Li, Na, or K (3-13). The tetrakisthiolate [Mo(SCMe3),] was prepared from MoCl, and
LiSCMe; (Equation 1.1) (30).

MoCl, + 4LiSCMe; — [Mo(SCMes)l, + 4LiCl (L1)

b) The trimethylsilyl group, Me;Si (/3,31), can effectively transfer the thiolato
anion; [Mo(SR),Cl] was isolated in 40% yield from the réaction of MoCl, with Me4SiSR
(Equation 1.2). Further reaction with Na/Hg gave [Mo(SR),] (Equation 1.3) (31).

MoCl, + 2MesSiSR — [Mo(SR)Cl] + 2MesSiCl + ... (L2)
40%

[Mo(SR),Cl] + Na/Hg ——» [Mo(SR),] + NaCl + Hg 1.3

c) The use of trialkyltin, RySn (13,32-34), as M' can also produce thiolate
complexes but only dimeric species such as [(Ph3P)M(CO)3SR]2, have been isolated thus



far from such reactions (Equation 1.4) (34).

2(PhsP)M(CO)4Br + 2Me3SnSR —» [(PhsP)M(CO)3SR], + 2CO  (1.4)
M = Mn, Re; R = Me, 4-CiH Me + 2Me;SnBr

d) The reaction of a thiol with a metal halide, often in the presence of a base such
as NH; or EyN, can give a monomeric thiolate compound such as W(SCMe;),
(13,35,36) as shown in Equation 1.5 (36).

WCl,(Et,S) + 4HSCMe; + 4EuN —» W(SCMeg), + 2ERS
+ 4HENCI 1.5)
¢) The reaction of a transition metal amide (X = NR,) with thiols (M" = H) can
produce thiolate complexes (13,37); Ti(NRy), reacted with R'SH to give
Ti(SR"),(NRy),4 (x = 1-4) (Equation 1.6) (37).

Ti(NRy)4 + 4R’SH —» Ti(SR"),(NR,), ., + xHNR, 1.6)
R=Me,Et; R"=Me, Et, CHMe,; x=1-4

f) Substitution reactions of a transition metal hydride (X = H) with thiols can also
be effective in producing thiolate products (3-13,38,39); a reaction between M(CO)sH
(M = Mn, Re) and HSC¢F5 gave M(CO);SC¢Fs (Equation 1.7) (39).

M(CO);sH + HSCgFs ——» M(CO)sSC¢Fs + H, .7
M =Mn, Re

g) Likewise, a disulfide (M~ = RS*), Me,S,, can react with a transition metal
hydride such as CpFe(CO),H to form a thiolate product, CpFe(CO),SMe (6) (Equation
1.8) (38).

CpFe(CO),H + Me,S; —» CpFe(CO),SMe + MeSH (1.8)
6



2. Another route to transition metal thiolates is via oxidative-addition.
a) Certain metal carbonyl complexes oxidatively add disulfides (3-13,38);
CpFe(CO),SMe (6) was also prepared in this manner (Equation 1.9) (38).

[CpFe(CO),l, + Me,S; ——» 2 CpFe(CO),SMe (L9)
6

b) Thiols can oxidatively add to transition metal complexes as well (4); the

reaction between Fe(CO),(NO), and PhSH gave the dimer [Fe(NO),SPh], (Equation
1.10) (40).

2 Fe(CO),(NO), + 2PhSH —» [Fe(NO),SPh], + 4CO + H, (L10)

3. Recently, an approach to the synthesis of transition metal thiolates has been
reported wherein an organometallic anion, M-, was treated with the cationic species, RS*
(4148).

@) As shown in the reaction below, disulfides can be a source of RS* as in the
reaction of [CpW(CO);]" to give CpW(CO);SR (Equation 1.11) (41).

Na[CPW(CO);] + RSSR ——  CpW(CO)SR + NaSR (L11)
R = Me, Ph, CF,

b) The phthalimido sulfur transfer reagent, RS-phth (43) is a source of RS* and the
precipitation of an insoluble phthalimide salt provides a driving force for the reaction.
The reaction of [PPN][CpW(CO);] (PPN = Ph,P=N*=PPh,) with PhS-phth gave
CpW(CO);SPh (Equation 1.12) (42).

O

[PPN][CPW(CO);] + PhS -Nb@j ——» CpW(CO),SPh 0
o + PPN -N;j@ (L12)

d



4, Recent reports of insertion of elemental sulfur into metal-alkyl bonds
demonstrate yet another pathway for the formation of monomeric transition metal
thiolate complexes. The complex CpW(NO)R, elegantly inserted sulfur in a sequential
manner to give CpW(NO)SR)(R) (7) and CpW(NO)(nz-SZR)(R) (8), which when heated
gave the bisthiolate product CpW(NO)(SR), (9) (49) as shown in Scheme 1.1.

CpW(INO)R,
#Sg 1S
20°C 85°C
CpWNO)(SR)(R) 4S5 | 20°C CpW(NO)(SR),
1 20°C 35°C 2
#Sg {
R = CH,SiMe; CPWNO)(2-S;R)(R)
8
Scheme 1.1

5. A less common mode of transition metal thiolate synthesis is the alkylation of a
metal sulfide with an alkyl halide (RX). The preparation of a monomeric complex has
not been reported yet but reaction of the bridged transition metal sulfide

Na,[(CO)sFe(u-S)], with RI gave the thiolate shown in Equation 1.13 (50,51).

R
I
/ S S\ -~ S\
Naz[ (CO)sFe /_—_\-_ Fe(CO)3] + 2RI — (CO);Fe /Fe(CO)3 + 2Nal (1.13)
S
R = Me, Et |
R

6. Although CpFe(CO),SMe 6 has been prepared by other routes mentioned above,
it was first identified as one of a number of products from the irradiation of
CpFe(CO),(CH,),SMe (x = 2,3) (Equation 1.14) (52,53). To our knowledge, this is the

only example of a transition metal thiolate complex prepared by this method.



CpFe(COY(CH,);SMe —™»  CpFe(CO),SMe + other products  (1.14)
6

While it appears that transition metal thiolate complexes are easily prepared, the
tendency for these complexes to dimerize complicates the synthesis of monomeric
thiolate products. To avoid dimerization, sterically demanding R groups, as in Equation
1.3, have been employed effectively to give monomeric thiolates (13,18,20,21,31).
Another approach has been the use of strongly electron-withdrawing groups such as
C¢Fs, which reduce the donor ability of the sulfur atom. This strategy has produced the
monomeric thiolate M(CO)sSC¢Fs (M = Mn, Re) (Equation 1.6), whereas the same
reaction performed for R = C¢Hs (Ph), gave the dimer, [M(CO),SPh],, (Equation 1.15)
39).

2M(CO)sH + 2PhSH —— [M(CO),SPh], + 2H, + 2CO (1.15)
M =Mn, Re



Q The Reactivity of Transition Metal Thiolate Complexes

Transition metal thiolate monomeric complexes are a highly reactive class of
compounds giving a variety of products. These include polynuclear complexes
containing bridging thiolato ligands, metal sulfides resulting from the cleavage of the
S-C bond of the metal thiolate, redox products with the elimination of free disulfide and
complexes arising from the reaction with electrophiles. Some examples of this chemistry

is outlined below.
A. The Thiolato Ligand as a Bridging Ligand

The most common reaction of monomeric transition metal thiolates is aggregation
to give 1,- and ps-bridged polynuclear thiolate complexes (7,12,13), often with the

displacement of another ligand.
1. Dimeric thiolate complexes usually containing two thiolato bridges (10) are

R

I
S

N

I
R

10

numerous and are often formed during reactions intended to give monomeric thiolates.
Irradiating or mildly heating transition metal thiolate monomers in solution often gives

Ho-SR dimers (3-13) as shown by Equations 1.16 (54,55) and 1.17 (39).

2 CpFe(CO),SEt ——frv—-b [CpFe(CO)SEt}, + 2CO (1.16)

c A
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toluene

2 M(CO)sSCgF5 ———» [M(CO),SC¢Fsl, + 2CO 1.17)
M =Mn, Re
2. Complexes with three p,-SR bridges (11) are known and often contain a

metal-metal bond (I3). These complexes are formed under similar conditions to those

R
|

S
M N

|
R R

1

with two thiolato bridges. For example, [{(SMe,)CLW }5(-SEt)5] was produced from
[WCl,(SMe,),;] and Me3SiSEt, a reaction that was expected to give the monomer
[W(SEt),Cly(SMe,),], (Equation 1.18) (56).

2 [WCL(SMey),] + 4 Me;SiSEt — [{(SMe,)ClW )o(u-SEt)s] + 2MesSiCl
+ ... (1.18)

3. A few complexes with four thiolato bridges (12) are known; almost all have

R R
|

2
M——M
\$><

|
R R

12

n-cyclopentadienyl or m-arene terminal ligands (I3). The path to these complexes is
usually the oxidative addition of a disulfide or thiol to a complex as in the preparation of

[Cp,V,(SMe),] Equation 1.19 (57).



11
20pV(CO), + 2Me,S; —» [Cp,Vy(SMe)d + 8CO (L19)

4. Given that the thiolato ligand possesses three lone pairs of electrons, it may
theoretically coordinate to three metal centres and indeed, examples of u3-SR bridges
have been observed in several cluster compounds (/3). The Fe-Mo-S aggregate,
[{(SEt);FesMoS},(1-SEt)s*" (5), shown previously, is one example. Other examples
are the tetranuclear species, [M(SMe)(CO);]; (M = Mn, Re) (13) (55,58-60), prepared by
the reaction of [M(CO)sBr] with Me,Sn(SMe), (Equation 1.20). The rhenium complex
was identified by x-ray crystallography as a cubane structure where the sulfur atoms
occupy alternate corners of the cube and are coordinated to three neighbouring Re atoms

(60).

Me
M — S,
S —1—M'
4M(CO)sBr + 2 Me,Sn(SMe), —— M" 'Sl’ LM + g ﬁos . (1.20)
M = Mn, Re Me ™ ~\m _.‘:s + 2MepSnBry

» Me
= Mn(CO);, Re(CO);

13

B. Cleavage of the S-C Bond in Thiolate Complexes

Transition metal thiolate complexes can also undergo cleavage of the sulfur-carbon
bond which can hamper the preparation of monomeric thiolates (3,4,7,10-13,61-63). For
example, WCI;SR (14) was isolated and characterized only when R = Me and Ph
(Scheme 1.2) (62). For other R groups, 14 underwent (i) heterolytic S-C bond cleavage
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WClg + MesSi(SR) ——» WCIs(SR) + Me,SiCl
| 14

R = Me, Et, CH(Me)CH,CH;,
CMes, CH,Ph, Ph

wC,S + RC WCl, + RSSR
R » Ph

Scheme 1.2

to give RCl and/or (ii) decomposed via reductive elimination to give free RSSR.
C. Redox Chemistry of Thiolato Ligands

Thiolato ligands bonded to transition metals can exhibit redox chemistry (7,13,15)
which can be c¢lassified into two basic reactions: 1) sulfur-sulfur bond formation to give
free disulfide with concommitant reduction of the metal or some external oxidant
(64-66), and 2) oxidation at sulfur to give M-S(O),-R complexes (x = 1,2) (67,68).

1. a) Examples of disulfide formation and reduction of the metal are shown in
reactionr @ii) of Scheme 1.2 and below where reaction of the Mo(IV) complex,
[Mo(SCMes),], with tertiary butyl isocyanide gave tertiary butyl disulfide and the Mo(II) |
product [Mo(SCMe,),(CNCMes),] (Equation 1.21) (64).

[Mo(SCMe;),] + 4CNCMe; —» cis-[Mo(SCMe3),(CNCMes),l
+ Me;CSSCMe, (1.21)
b) Electrochemical oxidation of [Ni(pdmt)SR]" (pdmt = pyridine-2,6-dimethane
thiolato; R = Me, Ph) (15) gave the disulfide, RSSR, as presented in Scheme 1.3 (65).

After a one electron transfer to give a coordinated thinyl radical complex, 16, two



plausible pathways have been proposed for the formation of disulfide. Reaction (7)
depicts the dissociation of coordinated RS- to afford disulfide with the production of the
solvated monomer 17. Coupling with a second molecule of 17 gives the observed
[Ni(pdmt)], dimer. Alternatively, reaction (ii) proposes that two thinyl radical complexes
(16) could combine and form the dimeric species (18). Dissociation of RSSR and
recombination yields [Ni(pdmt)],. Studies of the electrochemistry of transition metal

i [Ni(pdmp)l; + RS™ — [Ni(pdmt)(SR)]* R =Me, Ph
15

e (O
le-
RSSR k N
S -

. s
[Ni(pdmt)-solvent] <—LT- [Ni(pdmt)(SR)]
17 ' RS

S 16
17 _lﬁ\iii
RR

Nipdmo)l, <—— [(pdmt)Ni—é-'S—Ni(pdmt)]
RSSR 18

Scheme 1.3

thiolate complexes have shown that thiolato ligands are very efficient mediators of
electron transfer (7,13,65,66) and may be important in the redox processes of
thiolato-containing enzymes such as iron-sulfur proteins (28), nitrogenase (22-24) and
hydrogenases (69).

2. A second type of redox reaction of coordinated thiolato ligands is the oxidation
at the sulfur atom to give M-S(O),R (x = 1,2), which can occur via the treatment with an
oxidant such as hydrogen peroxide. The complex [(cn)zCo(SCHZCHzNH)]2+ (en =
ethylenediamine) reacts with H,O, to give [(en)2Co(S(O)CH2CH2NH)]2+ (Equation
1.22) (68,70). The formation of a metal sulfinate complex CpW(CO);S(O),Ph by the

13
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[~ 1 2+ P T o2+
Oy Oy

N_ | _N N_ | _N
~co” j + HO,— | o j + HO (122)
N/ ~s N/ ~s

LK/N LK/N i

treatment of CpW(CO),SPh with metachloroperbenzoic acid is represented in Equation

1.23 (67).

i 0
COOH COH
ﬁ
CpW(CO)SR  + 2 —_— CpW(CO);,ﬁPh + 2 1.23)

Cl o) Cl

D. Reactions of Thiolate Complexes with Electrophiles

Transition metal thiolate complexes are vulnerable to electrophilic attack at the
sulfur atom, This reactivity is based mainly on the availability of the lone pairs of
electrons on the sulfur atom and can result in the protonation, alkylation or coordination
of a thiolato ligand at sulfur (7,13,70-73). Other reactions include the insertion of small
electrophiles such as CS, (35,74-81), RC=CR (82-85) or carbenes (86) into the
metal-sulfur bond.

1. a) An example of protonation at the sulfur atom is the treatment of

[(RS)Fe(CO)4]" with HBF, to give [(HRS)Fe(CO)4] (Equation 1.24) (71).
[(RS)Fe(CO),]- + HBF, ——» [(HRS)Fe(CO),] + [BE]"~ (1.24)

b) Alkylation at S occurs upon treatment of [(x=,n)2Co(SCH2CH2NH)]2+ with an



alkyl halide, RX (Equation 1.25) (72).

N

NG

Co

K,N

>

)

N/ ~s

2+

Ny

N
~co

k/N

R= MC, Et, CH2P h, CH2-4-C6H4F, CH2-4-C6H4MC

X=CLBr, I

I/Nj
N~ | 8

R

15

3+

+ X-  (125)

c) Treatment of [(en)2C0(SCH2CH2NH)]2+ with RS-phth (R = Me, Et, CHMe,,

CMe,;, Ph) in the presence of BF; gave a coordinated disulfide product
[(en),Co{S(SR)CH,CH,NH}1** (Equation 1.26) (73).

N

| N
\Co/
N/ ~S

k,N

N

]

2+

BF;
+ RS-phth ——

R =Me, Et, CHMe,, CMe;, Ph

g
(\N
N
N/c i sj + [BFy-phth]” (1.26)
SR
LR

2. a) The electrophilic attack by CS, on the sulfur atom of a thiolato ligand can

lead to insertion into the M-S bond. This forms a bidentate trithiocarbonato or

thioxanthato ligand (74-81), [S,CSR]. Accordingly, [CpNi(SR)], (R = Me, Et, Ph)

reacted with CS, to give [CpNi(S,CSR)] as shown by Equation 1.27 (74).

s
. -
[CPNi(SR)], + 2CS, — 2CpN1\S)>——S-R

.27

b) Alkynes, RC=CR (R = CF;, CO,Me), insert into the metal-sulfur bond of

certain iron and tungsten thiolates (82-85) to give complexes such as 19 and 20 (Scheme
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1.4) 83).

CpW(CO);SR” + RC=CR

l 20°C
R’ R= CO2MC R
R = CF3 (CH2)2CH3 OC / OC/ W\/
4-CgHMe \ ( sec . T/ N—r
R= COZMC (CH2)2CH3 ocC CO SR’
CHMe4
Me 9 20

Scheme 1.4

¢) Most recently, a reaction between [HgAu(SPPh,CH,),1PF, (21) and CH,N, was
reported as the first example of a carbene insertion into a metal-sulfur bond (Equation
1.28) (86). One molecule of CH,N, inserts into each of the two Au-S bonds to give 22;
the structure was confirmed by x-ray crystallography.

—
Ph Ph

S

P

N <

,u

P—S

Hg Au |PF, + 2CH,N, —» Hz Au |PE, + 2N, (1.28)
|

ij/s (P\ S

P VPh pr" Ph

21 2
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The Nature of the Metal-Sulfur Bond

In the numerous reactions of transition metal thiolates, it is apparent that the
reactivity of these complexes is often concentrated at the thiolato ligand, either at the
sulfur atom itself or the metal-sulfur bond. Therefore, the nature of the metal-sulfur bond
is of interest in order to better understand the chemistry of thiolate complexes.

The primary interaction between the transition metal and the sulfur atom is through
the overlap of valence electrons in p orbitals of proper symmetry and orientations to

form a ¢ bond as in 23 (7,87). Previously, a secondary interaction was thought to occur

Cs MO
R
o bond

23

via the n-complexation of low-lying empty d orbitals on the sulfur atom and filled metal

d orbitals as in 24 (8,88). However, more recent (7,87) molecular orbital calculations on

QA& O
GAcTAN

unfilled filled d orbitals
24

molecules containing thioether ligands (M-SR;) did not detect important d-orbital
interactions. Since then it has been shown that the coordinated RS- ligand can act as a
prn—dn donor through the two inequivalent 3p lone pair orbitals on the sulfur atom

(64,89-92). The better donor is the higher energy pure 3p lone pair orthogonal to the

17
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M-S-R plane depicted by 25. The poorer donor is the lower lying ¢ lone pair in the

o 4, o
o ':,"' W

* Y, | »
R\g/ ™~ : jg ™

3p lone pair . ¢ lone pair
3 26

M-S-R plane as in 26. One of these lone pair orbitals can overlap with empty metal d

orbitals if both orbitals are in proper orientations for pn-dn interaction as in 27. This

pr—dn interaction

27

pr-dr bonding interaction can contribute to the stability of mononuclear coordinatively
unsaturated 16 electron molybdenum complexes (64,89,91) and 5-coordinate 14 electron
ruthenium compounds (90,92). The x-ray crystal structure of CpMo(NO)(SPh), (28) (91)

=

Mo
PhS = | sph

NO
28

revealed this species to be a monomeric 16 electron complex, not a dimer as might be

expected (21,93). The Mo-S distances of 2.34A (avg) were unusually short. Typical

18



19
Mo-S distances range from 2.33 to 2.55A, with the shorter distances associated with Mo
in high oxidation states. According to molecular orbital calculations, the unusual stability
of 28 is due to the prn-drn bonding interaction between a filled thiolato sulfur lone pair,

that was chiefly 3p in character, and the empty 4d,, molybdenum orbital as shown in 29.

YA
?
N
dyy 1|‘
SEOPO
X | y
R
29

These calculations correlated with the structural data since torsional angles of 0° and
180° for R-S-Mo-N would place the sulfur 3p lone pairs' in the xy plane and those
observed were 12° and 186° as in 30.

The ruthenium compound, Ru(S-2,3,5,6-C6H-Me4)4(CO) @31 (90), is another

example of how thiolato ligands stabilize a coordinatively unsaturated compound, even

0
R
R ¢ / | Me Me
\ I ¥ S . —_
S— Ru’ °_R R=
l ~~ Se/ Me Me
R .
31

to the extent of permitting the binding of a &t acceptor ligand like CO to a metal atom in a

formally high oxidation state (94). This was rationalized by a bonding scheme in which



there was significant donation of electron density from the sulfur ligands to the metal.
Firstly, the four d-electrons of Ru(IV) were proposed to fill the d,, and d, metal orbitals
and engage in back donation to CO. The electron density of these filled metal d orbitals
may be enhanced by the overlap of electron density from the ¢ lone pair orbital (26) of
the equitorial sulfur atoms (S.) and both the ¢ (26) and 3p lone pair (25) orbitals on the
axial sulfur atom (S,), thus augmenting the back-bonding to CO as shown in 32.

Secondly, a pr-dr interaction occurs when the 3p lone pair on the S, atoms donate into

Y. Nox

S——Ru

¥ O
dordyz

overlap of S lone pair obitals,
augmenting CO back-bonding by metal orbitals

32

the empty dxz.yz and d,(y metal orbitals as in 27. This was reflected in the short Ru-S,
distances which averaged 2.213(7)A compared to the longer Ru-§, distance of
2.409(3)A. A partial barrier to rotation of the Ru-S, bond was suggested by the variable
temperature 'H NMR spectra of a similar compound, Ru(S-2,3,5,6-C4H-Me,),(CH;CN)
(33) (92). It was concluded that the two isomers, the 3-up (33a) and the 2-up-1-down
(33b) species, were present in solution from the appearance of two resonances due to the
CH;CN ligand in the room temperature spectrum. However, given the large bulk of the
thiolato ligands, steric hindrance might also cause or contribute to the slow rotation
about the Ru-S bond.

While the above examples show the stabilizing effect of thiolato ligands, a study

on a normal, coordinatively saturated, 18 electron species, CpFe(CO),SR (R =

20



CH, CH,

t

R / R /

= «— Ru : «— Ru
Me Me Iaiid | S,

S
R S R 8 L
3-up isomer ' 2-up-1-down isomer
33a 33b

4-C¢Hy-Z; Z = OMe, H, Cl, CF;, NO,) (34), revealed an anti-bonding interaction
between the metal and the thiolato ligand, resulting in an overall destabilizing effect
(95). Molecular orbital calculations predicted that the formally occupied d,, and the dyy
iron orbitals would overlap with the sulfur 3p lone pair orbital (25). This filled-filled

pr-dr interaction shown in 385, resulted in a destabilized anti-bonding combination that

dxy or dy,

overlap of 3p S lone pair obitals
with filled d,y or d,, iron orbitals

35

was the highest occupied molecular orbital and principally 3p in character.

The reaction of CpFe(CO),SR (34) with an alkyl iodide (RT) gave
[CpFe(CO)o(SRRHII (Equation 1.29). Kinetic studies of this reaction revealed that the
rate of the reaction increased as the Z substituent became more electron-donating (OMe

> H > Cl > CF; > NO,). Therefore, as more électron density is placed on the sulfur 3p



[CpFe(CO),SR] + RT —» [CpFe(CO),(SRR")]1 1.29)
R= 4-C6H4-Z; Z= OMC, H, Cl, CF3, N02
R’ =Meg, Et

orbital as in these complexes, this destabilizing effect of filled-filled dn-pw interaction is

manifested by the increased nucleophilicity of the sulfur atom.

Comparison of the study of the coordinatively saturated CpFe(CO),SR (34) and
those -~ of the previous two complexes, CpMo(NO)(SPh), (28) and
Ru(S-2,3,5,6-C¢H-Mey)4(CO) (3D reveals that the two different effects observed,
destabilizing in the former and stabilizing in the latter, are not contradictory but are
rather, complementary. The stabilizing effect exhibited by 28 and 31 arose from the
overlap of lone pair orbitals on the sulfur with the empty metal d orbitals to give a
filled-unfilled pr-dr bonding interaction. On the other hand, if the metal d orbitals were
filled, as in 34, this overlap resulted in a destabilized filled-filled prn-dr anti-bonding
interaction. Further, increased nucleophilicity at the sulfur atom of 34 was observed
when the electron density in the S lone pair orbitals was increased by the use
electron-donating R groups. The destabilizing effect of the pr-dr antibonding interaction
may account for much of the rich chemistry observed for coordinatively saturated, 18

electron transition metal thiolate complexes.

22



Statement of Project:

As part of other studies on the polysulfano tungsten complexes, CpW(CO),S,R (x
= 1-3), the triphenylphosphine substituted thiolate complexes, CpW(CO),(PPh3)SR,
were required. The work presented here reports the preparation of the desired complexes
by a mild and general route, commencing with the treatment of CpW(CO),(PPh;)H with
methyllithium. This deprotonation reaction is also investigated. It was found that the
presence of PPh; rendered CpW(CO),(PPh3)SR susceptible to further reactivity and the
reactions of CpW(CO),(PPh3)SR with electrophiles such as CS, and SO, are
investigated and described. The starting thiolate complexes also dimerize, to give
[CpW(CO),SR], (x = 1,2; R = CHMe,). The x-ray crystal structures for each are the first

determined for the tungsten derivatives for this class of dimeric compounds.
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CHAPTER 2

The Preparation of CpW(CO),(PPh3)SR (R = CHMe,, CH,Ph, 4-CsH, Me,
Ph, phthalimido)

Introduction

The traditional preparative techniques used to synthesize cyclopentadienyl
tungsten thiolate complexes can be separated into two classes. The first treats the
tungsten carbonyl dimers, [CpW(CO);], (), with organic disulfides, RSSR, to produce

thiolate complexes, sometimes under UV or thermal conditions (Equation 2.1). However,

[CPW(CO);], + RSSR ——» 2CpW(CO),SR @1
R = Ph, 4-C¢H,Me, Me 36

this method is susceptible to the presence of dimer impurities, [CpW(CO),SR],. One
publication (2) reported the synthesis of CpW(CO)3SR (R = Ph, 4-C¢H,Me) 36 by this
route but also reported that the product goes on to give dimeric compounds under the
same conditions. Earlier, Treichel et al (3) had reported using the same process to
produce [CpW(CO),SMe], but this formulation was disputed by others (4) who claimed
that the product was actually the monomer, CpW(CO);SMe. These workers (4),
however, gave no supporting evidence for their conclusion.

The other route to terminal thiolate tungsten complexes involves a metathetical
reaction between a tungsten halide and the thiolato anion in the form of M"SR (Equation
2.2) (5,6). The driving force for this reaction is the formation and precipitation of the

salt, M"X.
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CpW(CO);X + M'SR ——» CpW(CO);SR + M'X (2.2)
X=CLI, M"=Li,Na, K 36

R = Me, CHMe,, CH,Ph, 4-C;HMe
Recently, Treichel and Nakagaki have reported the preparation of tungsten thiolate
complexes (36) by the reaction of [CpW(CO);]" and RSSR (R = Me, Ph, CF;) or with
[Me,SSMe]BF, (Equation 2.3) (7). However, the reaction using MeSSMe is slow (~34

RSSR RS-
[CPW(CO)]~  + or — CpW(CO);SR  + or 2.3)
[Me,SSMe][BF,] Me,S + [BR,]"

R =Me, CF3, Ph

hours) and any excess of [Me,SSMe]BF, gives rise to a second reaction causing
decomposition.

Another route to metal thiolate complexes has involved the sulfur transfer reagent,
RS-phthalimide (RS-phth) (6,8-10). These reagents are well-known in organic chemistry
as sources of "RS*" in conjunction with organic thiols to give unsymmetrical disulfides

(Equation 2.4) (11,12). These thiophthalimide compounds were first used in

0]
R’SH + RS-N — R’SSR + I-INO@ 2.4)
O

0]

organometallic chemistry to give cobalt complexes with coordinated disulfides (Equation
1.26) (8). Tungsten disulfides (37), trisulfides (38) and thiosulfenyl (39) complexes were
prepared from the appropriate sulfur transfer reagents and the metal thiol in an analogous

reaction to Equation 2.4 (Scheme 2.1) (6,9). Treichel and coworkers (10) reacted these
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Scheme 2.1 The preparation of tungsten disulfides (37), trisulfides (38)
and thiosulfenyl (39) complexes from phthalimido sulfur transfer reagents
and CpW(CO);SH (6,9).

sulfur transfer reagents with [CpW(CO);] to prepare CpW(CO)3SPh (36) (Equation 2.5).

[PPN][CpW(CO);] + PhS-phth —» CpW(CO);SPh + [PPN]phth 2.5)
36

However, this method does not work well for other metal carbonyl anions. The
byproduct, [PPN]phth, reacts with the thiolate product to give metal-phthalimide
complexes, The reaction between: [PPN]J[CpMo(CO);] and PhS-phth gives
CpMo(CO);SPh  which is rapidly converted to a species believed to be



©

34
[PPN][CpMo(CO),(phth),] (Equations 2.6 and 2.7).

[PPN][CpMo(CO)s] + PhS-phth ——» CpMo(CO);SPh + [PPN]phth  (2.6)

CpMo(CO);SPh + [PPN]phth ——» [PPN][CpMo(CO),(phth),]
unidentified by products 2.7)

Abrahamson and Weinmann reported the synthesis of CpW(CO),(PPh3)SR (R =
Ph, 4-C¢H Me) from the photolysis of CpW(CO)3SR (36) and PPh; in benzene but gave
no yields (2). However, dimeric products may be a significant impurity by this method
since the photolysis of 36 also yielded a complex mixture of these products. Both these
reports (2,10) coincided with our preparation of the triphenylphosphine complexes,
CpW(CO),(PPh3)SR. Attempts to prepare CpW(CO),(PPh3)SR using the metathetical
reaction between CpW(CO),(PPh3)Cl and LiSCHMe, did not work well, giving a
mixture of product and starting materials. The complex CpW(CO),(PPh;)H was known
(14), and proton abstraction from the metal hydride with MeLi was likely to give an
anionic species. Hence, it seemed reasonable that the anion, [CpW(CO),(PPhg)]" (I5),
treated with RS-phth would give CpW(CO),(PPh;)SR.
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Results and Discussion

A. Preparation of CpW(CO),(PPh3)SR

The preparation of the thiolate complexes, CpW(CO),(PPh3)SR (R = CHMe,,
CH,Ph, 4-CiH Me, Ph, phth) (42a-e), proceeded via the treatment of the anion,
[CpW(CO),(PPh3)], 41 with a solution of the appropriate sulfur transfer reagent,
RS-phth (Scheme 2.2). The anion, 41, was prepared in situ by treatment of
CpW(CO),(PPh3)H, 40, with MeLi at O°C. The orange-yellow 42a-e were isolated as

o W gy, . 0°C W .+
oc™ / 51& "H t+ Meli —» oC — I ~ Cco Li + CHy
OoC PPhj i PPh3
40 41
o

RS-N + l
0 =
o W

Li-N + oc ™" / ﬁ,l‘ SR

oC PPhjy
42a-¢

R = CHMey, CH,C¢Hs, C4H,CHs, C¢Hs, phth

Scheme 2.2 The preparation of CpW(CO),(PPh3)SR (42).



mixtures of cis (red-orange) and trans (yellow) isomers in good yield (50-70%). The
isomers equilibrate in solution (trans:cis in CDCls: 3.5 £ 0.3, 42a; 2.6 + 0.2, 42b; 2.8 &
0.2, 42¢) and column chromatography yielded only samples that were rich in one isomer
or the other.

The cis and trans isomers were, nevertheless, distinguishable by 'H NMR (Table
2.1) and IR spectroscopy. In the cis isomer, the Cp ring protons appear as a sharp singlet
in the NMR spectrum, whereas in the trans isomer these protons are coupled to the
phosphorus atom and appear as a doublet, J(P-H) = 2 Hz (16). In the trans isomer of
CpW(CO),(PPh;)SCHMe,, one doublet is observed for the methyl groups since they are
magnetically equivalent. However, in the cis isomer, the methyl groups are
diastereotopic and appear as two doublets. Similarly, for the cis isomer of
CpW(CO),(PPh;)SCH,Ph, the methylene protons are diastereotopic and appear as an
AB pattern.

The carbonyl stretching bands in the IR spectrum also distinguish a cis-rich from a
trans-rich mixture. A strong symmetric stretch in the 1960-1930 cm'! region and a weak
asymmetric stretch in the 1870-1850 cm range characterize a cis-rich solution.
Trans-rich solutions exhibit an opposite v(CO) profile (6).

The obvious and traditional preparative routes (Scheme 2.3) to these thiolate
complexes did not give products in good yield or the products were difficult to isolate.
Since the reaction of CpW(CO);X (X = Cl, I) and RS- is known (5,6) to give thiolate
complexes (Equation 2.2), the reaction (i) between CpW(CO),(PPh3)Cl and LiSCHMe,
was attempted. Only a 50% conversion (observed by NMR) to the thiolate compound
was obtained. Further, the starting material and product were inseparable by column
chromatography. Attempts to prepare the derivative where R = H (42f) by the reaction of
the halide CpW(CO),(PPh3)X (X = Cl, I) and NaSH were thrwarted by the apparent lack
of reactivity of the W-X bond, a surprising contrast to CpW(CO);X.
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Table 2.1 'HNMR%® Data for CoW(CO),(PPh3)SR and CpW(CO),(PPhs)E (E = H, CH,Ph)

No. Compound isomer CsH; CHMe, CH,Ph CH; CeHy W-H
42a  CpW(CO),(PPh;)SCHMe, cis 5.49 2.53¢ 0.92,0.114
trans 5.05¢  281° 1.314
42b  CpW(CO),(PPh;)SCH,Ph cis 5.09 3.76,3.4% 7.268
trans 4.85% 3.64 7.268
42¢  CpW(CO),(PPhy)S-4-CHsMe  cis 5.49 2.24 6.88,7.09%
trans 5.18¢ 2.28 7.00,7.34/
42d  CpW(CO),(PPh3)SPh cis 5.50 7.018
trans 5.13¢ 7.18¢
42¢  CpW(CO),(PPh;)Sphth trans 5.39¢ 7.60,7.77%
4 CpW(CO),(PPh;)D cisftrans 5.01 -6.40"
o cis 5.19 -6.877m
a,t '22.6 C { trans 4.97 "7.580"”
45 CpW(CO),(PPh;)CH,Ph trans 4.73¢ 3.02¢ 6.95,7.147

2 In CDCl, solution; reported in ppm. “Phenyl resonances of PPh; appeared in the range 7.38-7.44 ppm.
¢ Septet, JAH-H) = 6.6 Hz.  “Doublet, J(H-H) = 6.6 Hz. ¢ Doublet, J(P-H) = 2.0 Hz.

/Doublet, AB quartet, Av = 67 Hz, JH-H) = 13.4Hz. €x =5, multiplet. % Doublet, J(P-H) = 2.2 Hz.
ix = 4, AB quartet, Av=41 Hz, J(H-H) =8Hz. Jx =4, AB quartet, Av = 69 Hz, J(H-H) = 8 Hz.

kx =4, Doublet of multiplets. *Broad doublet.

™ For 100% W-H, integration Cp:H is 27.8:5.56; found, 27.8:2.0; 36%:64% W-H:W-D

nDoublet, J(P-H) = 66 Hz, J(133W-H) = 40 Hz. °Doublet, J(P-H) = 22 Hz.

P x =5, Doublet of multiplets.

Le
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CpW(CQ)2(PPh3)H + MeLi

CHy

[CPW(CO)2(PPh3)] “Li *

+
RS(phth)
CpW(CO),(PPh3)Cl1 + MSR CpW(CO),(PPh3)SR’
M=NaR=H vii +
M =Li; R = CHMe, i vi RSH
R’SH (R’ = CH,Ph)
i CpW(CO)2(PPh3)SR reecors s
XV 0 R’SSR” (R" = CH,Ph)
CpW(CO),(PPh3)H \Z
+ norxn
RSH ’
R = CHMe,, CH,Ph, iii v
4-C¢H,Me
CpW(CO),(PPhy)H CpW(CO),(PPhs)H
+ +
Me,HCS(phth) ~ Me,HCSSCHMe,

Scheme 2.3 The preparative routes to CpW(CO)Z(PPh3)SR.

Other attempts to prepare 42 included the treatment of 40 with the organic thiol,
RSH (R = CHMe,, CH,Ph, 4-C¢H Me) (ii), but this gave no reaction as did the treatment
of 40 with Me,HCS(phth) (iii) and the disulfide Me,HCSSCHMe, (iv). Therefore, the
synthesis of CpW(CO),(PPh3)SR, 42, reported here (Scheme 2.2) is the most reliable to
date. The formation of 42 via the anion [CpW(CO),(PPhs)],, 41, is similar to the
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treatment of [CpW(CO)s]" with RS-phth (Equation 2.5) (J0) and the chloro anion
displacement reaction of [CpCr(CO);]" and S,Cl, (Equation 2.8) (7). In accord with

ONa[CpCr(CO);] + S,Cl, —» [CpCr(CO),,S + 2CO + 2NaCl + Sz (2.8)

previous results (I0) with [CpW(CO)s;], no further reaction of 42 and the
lithium-phthalimide byproduct occurred to give a metal-phthalimide complex as was
noted with the molybdenum analogue, [CpMo(CO)s]" (Equation 2.6).

The only disadvantage to Scheme 2.2 for the preparation of thiolate complexes is
the time-consuming syntheses of the sulfur transfer reagents. In addition, not all these
reagents can be prepared in the same manner since disulfides (needed as starting
material) with unusual R groups are not always commercially available. However, this
inconvenience may be alleviated by thiolate exchange of 42 with organic thiol, RSH. An
NMR scale experiment in CDCl; showed that the SR groups were exchanged when the
tungsten thiolate 42a was treated with PhCH,SH (Scheme 2.3 reaction (vi)) at room
temperature to give 42b and Me,CHSH in quantitative yield within 3 hours. No reaction
occurred with the disulfide PhCH,SSCH,Ph (v). Thus, route (vi) outlines the possibility
of preparing different tungsten thiolates, needing the synthesis of only one sulfur transfer

reagent, RS-phth where R is a small alkyl group leading to a volatile RSH which is

easily removed by evaporation.

B. Characterization of [CpW(CO),(PPhs)]

The anion, 41, is an interesting species that is a potential source of new tungsten
complexes in the same way [CpW(CO)s]" (I8) and other organometallic anions (7,10)
have been utilized. A report briefly mentions 41 as one of many products generated from

the reaction of CpW(CO),(PPh3)Cl and Na amalgam (15). In our study, the anion, 41,
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was treated with I, D,0O, and CICH,Ph, giving the iodide CpW(CO),(PPh3)I, 43 (19),
the deuteride CpW(CO),(PPh;)D, 44 (W-D:W-H 65:35 determined by I'H NMR and
mass spectral analyses) (l6c), and CpW(CO),(PPh;)CH,Ph, 45, respectively. The
relatively high yield of CpW(CQO),(PPh;)H (40) isolated from a preparation designed to
produce ~100% of the deuterated compound 44 may be accounted for by: 1) traces of
H,0 in the THF solvent; 2) H,O in the D,0 itself, a hygroscopic material; 3) incomplete
reaction with MeLi or 4) a combination of these reasons.

Recently, it was reported that treatment of CpRe(NO)(PPh3)H, 46, (20-23) with
nBuLi-TMEDA caused initial deprotonation at the Cp ring, followed by migration of the

#BuLi TMEDA
~ >
PPhy  -78° 10-70°C oN”

oN~

Re
|

H

46

+
Re ~ Li

Scheme 2.4

hydride from the metal to the ring (Scheme 2.4). Treatment of CpRe(NO)(PPh;)D
resulted in ring-proton abstraction rather than abstraction of the deuteron coordinated to
the metal. The 3'P NMR spectrum of 46 treated with nBuLi-TMEDA at -78°C showed
three distinct peaks due to 46, 47, and 48 as the sample was warmed to -30°C. Treating

the anion at -42°C with MeOSO,CF; gave (CsH,Me)Re(NO)(PPhy)H, whereas
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treatment of the sample with other electrophiles E, gave CpRe(NO)(PPhs)E, indicating
that 48 was more stable than 47, In a closely related system, CpRe(NO)(PPh;)CHO
(22,24), the deprotonation of the Cp ring occurs due to the greater acidity of the Cp

hydrogen atom than the formyl hydrogen atom. The tungsten tricarbonyl anion,

o W gy,
oc - / \ "y H
oC CO

49

[CpW(CO)3]" undergoes substitution at the ring with 1,2,3-tri-#-butylpropenium ion to
give 49 (25); however, this is the only example known for this system.

Based on these reports, a brief study of the deprotonation of CpW(CO),(PPh3)H
(40) was carried out. The variable temperature 31P NMR spectra of a sample of 40 in
THF-dg at -80°C revealed two peaks due to cis and trans-40 (43.2 ppm, J(P-183wW) = 332
Hz and 43.0 ppm, J(P-!83W) = 364 Hz, respectively). After treatment with MeLi an
‘additional peak due to [CpW(CO),(PPhy)l" (41) (57.9 ppm, J(P-1¥W) = 590 Hz)
appeared. The 'H NMR spectrum of 40 in the absence of MeLi at -78°C showed 2 Cp
singlets (5.32, 5.05 ppm) due to cis and trans-40. After the addition of MeLi, another Cp
singlet at 4.65 ppm was observed. The peaks due to the cis and trans isomers of 40 were
consumed as the reaction continued, until only the peak at 4.65 ppm remained. The 'H
NMR spectrum of CpW(CO),(PPh;)D (44) treated with MeLi at -78°C also showed
these three Cp singlets exhibiting the same behavior.

The results from the low temperature 'H NMR study of CpW(CO),(PPhs)H (40)
(or CpW(CO),(PPh3)D, 44) and MeLi giving 3 Cp resonances may indicate the presence

of a tungsten species analogous to 47 that is unstable or is consumed in the reaction to



give 41. As well, the 35% yield of 40 obtained in the synthesis of 44 might imply some
abstraction and migration of hydrogen atoms from the Cp ring to the metal. However,
there are other results that conflict with this view. All of the Cp resonances in any of the
low temperature spectra are singlets which is inconsistent with what would be expected
if the Li* was coordinated to the ring as in 47. Also, the two Cp peaks which were
consumed in the reaction were due to the cis and trans isomers of 40. The relatively high
yield of 40 found from the preparation of 44 may be accounted for as mentioned earlier.
In the 'H NMR study of 40 and 44 treated with MeLi, slow gas evolution was observed
although neither CH;D nor CH, could be identified in the spectrum. Although 3
resonances were observed in the low temperature 3P NMR spectrum, these could be
accounted for by considering that the two isomers of 40 and the anion 41 are present. An
additional resonance that might signify the presence of a tungsten species similar to 47
was not observed in contrast to the results from the CpRe(NO)(PPh3)H system. The
formation of the compounds CpW(CO),(PPhy)I (43), CpW(CO),(PPhy)D (44), and
CpW(CO),(PPh;)CH,Ph (45) is more evidence that substitution takes place at the
tungsten center. Although the formation of a tungsten species analogous to 47, which is
highly unstable even at low temperatures, cannot be ruled out, there is no real indication

that deprotonation of the Cp ring of 40 is occurring.
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General Experimental

I. Apparatus and General Procedures

All reactions were performed in threc-necked flasks or Schlenk tubes of the
appropriate size and equipped with a nitrogen inlet. Standard inert atmosphere
techniques (26) were used in all manipulations. Flasks were charged with solids and then
evacuated and filled with nitrogen twice. Solvents were transferred by syringe.
Filtrations were performed under nitrogen and filtrates were reduced to dryness using an
oil pump. The packing and elution of chromatography columns were performed in air
using solvents as purchased. Activated alumina (80-200 mesh) was purchased from
Anachemia.

Recrystallizations were done under nitrogen in Schlenk tubes or three-necked
flasks using distilled solvents. A layering technique was employed to recrystallize most
compounds. This consisted of dissolving the crude product in a minimal amount of
solvent, then carefully adding a precipitating solvent such that it did not mix with the
lower layer. Mixing then occured slowly as the flask was left overnight or longer at
-16°C. The mother liquors were removed via a disposable pipette, then the crystals were
washed with the precipitating solvent and dried overnight under vacuum.

Solution infrared (IR) spectra were recorded through a 0.1 mm pathlength between
NaCl plates on a Perkin-Elmer 457 grating infrared spectrophotometer, calibrated using
the 1601.4 cm! band of polystyrene film. Band positions are accurate to +6 cml.
Spectra of solids as Nujol mulls between NaCl or KCl plates were recorded on an

Analect AQS-18 fourier-transform infrared (FT-IR) spectrophotometer, equipped with a
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KBr beam splitter (4400-450 cm'!) and referenced using the red line (632.8 nm) of a
He/Ne laser. A triglycine sulfate (TGS) detector was used with a standard resolution of 4
cm’l,

Fourier transform infrared photoacoustic spectroscopy (PAS) was also used to
record IR spectra for complexes CpW(CO),(PPh3)S(SO)R 80a-c. This method requires
no sample preparation. The technique involves an intensity-modulated light beam
incident on the sample placed in a closed cell. Light absorption causes a temperature rise
within the sample, which propagates to the surface as a thermal wave. Since the cell is
closed, the increase in temperature leads to a pressure rise. As the light is modulated, the
pressure is also modulated, and can thus be detected by a microphone and lock-in
amplifier (27). The FTIR-PAS spectra were recorded on a FT-IR Mattson Cygnus 25
spectrometer, factory modified to add a second speed on the mirror drive of the
interferometer to facilitate photoacoustic measurements. The standard TGS (triglycine
sulfate) detector was used for transmission spectroscopy. An EG & G Princeton Applied
Research Model 6003 photoacoustic cell was employed. The sample cup had a S mm
diameter and was 1 mm deep. The ouput from the microphone was fed to an EG & G
PAR Model 6005 preamplifier and then to the detector input of the spectrometer.
Typically, the preamplifier gain was 2000 and the spectrometer gain was unity. The PAS
spectra were obtained by averaging 100 scans of 2048 data points, each corresponding to
an 8 cm! resolution. The interferometer mirror velocity was 0.084 cm/s. A double-sided
interferogram and a triangular apodization function were used to generate the spectra.
Spectra were all ratioed against a background of carbon black (Norit Type A from
Polysciences Inc. Warrington, PA, USA) at the same instrument settings. The
photoacoustic signal intensity was corrected by subtracting the signal due to positively

rectified noise, measured at about 4000 cm™! where no absorption occurs.

The ultraviolet-visible (UV-Vis) spectra of the complexes CpW(CO),S,CSR
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(62a-¢c) were recorded on a Hewlett-Packard 8451 diode array spectrophotometer
equipped with a deuterium lamp and a Lauda RM6 thermostat. Band positions are
correct within 2 nm.

Proton nuclear magnetic resonance (‘\H NMR) and phosphorus-31 (!P) NMR
spectra were recorded on Varians XL-200 and X1-300 spectrometers and all chemical
shifts are in & ppm units relative to an internal standard, tetramethylsilane (TMS) and an
external reference, phosphoric acid, H;PO,, respectively. Referencing to H3PO, was
performed at room temperature. Shift values are accurate to +£0.002 ppm. All NMR
spectra were measured at ambient temperature (22°C + 2) unless otherwise indicated.
Variable temperature controllers calibrated with methanol and ethylene glycol gave
temperatures that are considered accurate to 20.5°C. The integrity of the samples were
checked at ambient temperature following variable temperature experiments.

Low resolution mass spectra were measured on a Hewlett-Packard 5980A mass
spectrometer at the McGill University Biomedical Mass Spectrometry Unit, and on a
Dupont 21-492B mass spectrometer in the Otto Maass Chemistry Building. At the
Biomedical Unit, high resolution and Fast Atom Bombardment (FAB) mass spectra were
measured on a ZAB-HS mass spectrometer. FAB samples in a glycerol matrix were
measured with an ionization potential (IP) of 10 eV and those in a nitrobenzyl alcohol
matrix (NBA) used IPs of 8 eV. Some samples were treated with heptafluorobuteric acid
(HFBA) to aid analysis by inducing protonation and forcing the compounds to the
surface of the matrix. Electron Impact (EI) mass spectra used ionization potentials of 10
or 70 eV. Chemical ionization (CI) was achieved with an NHj source. The isotopes
(natural abundance) of W are 180 (0.1%), 182 (26.3%), 183 (14.3%), 184 (30.7%) and
186 (28.6%) and the mass spectral data are reported with respect to !34W as: ionization
method, m/z, assignment, rel. int..

Elemental analyses were carried out by Spang Microanalytical Laboratories in
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Eagle Harbor, Michigan. Compounds for melting point determinations were placed in
grease-sealed capillary tubes under nitrogen. Melting points were determined with a

Thomas Hoover capillary melting point apparatus and are uncorrected.

II. CHEMICALS

Tetrahydrofuran (THF), toluene, and hexanes were refluxed over sodium metal and
benzophenone and collected by distillation under nitrogen. Dichloromethane was
refluxed over P,O5 and distilled just prior to use. Absolute ethanol was purged with
nitrogen before using. Deuterated solvents were purchased from Merck, Sharp and
Dohme in Montréal, Québec and were used as purchased. Methyllithium was purchased
from Aldrich as a 1.4M solution in diethyl ether and used as received. The chemicals,
PhCH,Cl, MeNCO, Me,CHNCS, and MeNCS also obtained from Aldrich, were used as

 received. Dicyclohexylcarbodiimide, (C4H;;N),C, from Sigma Chemicals was kindly

supplied by Dr. J. Chin’s laboratory. Carbon disulfide (CS,) was purchased from A & C
Chemicals. Sulfur dioxide (SO,), 99.98%, hydrogen sulfide (H,S), 99.5% and carbonyl
sulfide (COS), 97.5% were used as purchased from Matheson Gas Products, Whitby,
Ont. Carbon dioxide (CO,) obtained as slabs was used as a crushed solid.

The following sulfur transfer reagents, 2-propyl thiophthalimide (Me,HCS-phth),
phenylmethyl thiophthalimide (PhCH,S-phth), phenyl thiophthalimide (PhS-phth),
4-methylbenzepe  thiophthalimide  (4-MeCgH,S-phth), and thiobisphthalimide
(phth-S-phth) were prepared according to the method of Back (/2a). Cyclopentadienyl-
tricarbonylhydridotungsten(Il), CpW(CO);H  (28), cyclopentadienyldicarbonyl-
triphenylphosphinechlorotungsten(Il), CpW(CO),(PPh3)Cl (29) and cyclopentadieny-
1dicarbonyltriphenylphosphinehydridotungsten (II), CpW(CO),(PPh;)H 40 (14), were
prepared as reported.
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Experimental

A. Cis and trans cyclopentadienyldicarbonyltriphenylphosphine-2-propylthiolato-
tungsten(Il), CpW(CO),(PPh;)SCHMe,, 42a

The anion, [CpW(CO),(PPh;)], (41), was generated by treating
CpW(CQO),(PPhy)H, (40), (1.15 g, 2.0 mmol) in THF (40 mL) at 0°C with a slight excess
of MeLi (1.6 mL, 2.2 mmol) added by syringe. After approximately 10 minutes, the clear
orange solution became cloudy as a precipitate formed. Five minutes later, a THF
solution (20 mL) of 2-propy! thiophthalimide (0.65 g, 2.9 mmol) was slowly added by
cannula to the suspension. The solution became clear orange in colour but soon a
precipitate formed. Stirring was continued for 3 hours as the slurry was allowed to warm
to room temperature. The suspension was then filtered through Celite through a
medium-porosity Schlenk filter, and the filtrate reduced to dryness. The dark
orange-brown residue was dissolved in a small volume of CH,Cl, and chromatographed
on activated alumina (3 x 50 cm column). Elution with CH,Cl, gave a red-orange band
followed by a yellow band both of which were collected and reduced to dryness. The
residues from both bands were recrystallized from CH,Cl,/hexanes (1:4), each giving a
mixture of red and yellow (cis and trans, respectively) crystals of 42a (0.60 g, 46%,
m.p.=158-160°C). Equilibrium constant determined by !H NMR (CDCl,) for trans-42a :
cis-42a is 3.5 £ 0.3. Anal. Calc’d for CygH,,0,PSW: C, 52.35; H, 4.24; S, 4.99. Found:
C,52.20; H, 4.17; S, 4.91.

IR (toluene), v(CO): 1930 (m), 1849 (m) cm. IR (Nujol): 2742 (w, br), 1939 (m),
1924 (m), 1857 (s), 1842(s), 1310 (w), 1274 (w), 1148 (w), 1090 (m, sh), 1040 (w), 973
(w), 817 (m, sh), 744 (m, sh), 722 (w), 694 (m, sh) cm™.
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Mass spectrum, EI: 380 (M*-PPhs', 7.8); 337 (M*-PPhy-CH(CH3),, 39.4); 309
(M*-PPhy-CH(CH,),-COr, 24.3); 281 (M*-PPhy-CH(CHj3),-2CO:, 34.0); unidentified
peaks at 320 (8.4), 294 (3.0).

B. Cis and trans cyclopentadienyldicarbonyltriphenylphosphinephenylmethyl-
thiolatotungsten(Il), CpW(CO),(PPh3)SCH,Ph, 42b

As for 42b, the anion 41, was prepared b&f addition of MeLi (2.0 mL, 2.8 mmol) to
a THF solution (40 mL) of 40 (1.35 g, 2.4 mmol). Phenylmethyl thiophthalimide (0.71 g,
2.7 mmol) in THF (15 mL) was added by cannula. Chromatography (2.5 x 10 cm,
CH,Cl,) gave an orange band that was collected and reduced to dryness. The residue was
dissolved in CH,Cl, (10 mL) and ethanol (20 mL) was added. The solvents were well
mixed as the flask was swirled and placed under a slight vacuum. Evaporation was
stopped at the first sign of recrystallization and the flask was left at room temperature for
1 hour to give 42b as an orange powder (1.14 g, 69%, m.p.=100-102°C). Equilibrium
constant determined by 'H NMR (CD(Cl,) for trans-42b : cis-42b is 2.6 £ 0.2. Anal.

Calc’d for C3,H,7O0,PSW: C, 55.67; H, 3.94; S, 4.64. Found: C, 54.09; H, 4.16; S, 4.02.
IR (toluene), v(CO): 1939 (w), 1859 (m) cm’l. IR (Nujol): 2726 (w), 2673 (w),
1934 (m, sh), 1847 (m, sh), 1310 (w), 1156 (w), 1089 (m), 1026 (w), 817 (W), 743 (W),
694 (w) cmL.
Mass spectrum, FAB in glycerol: 691 (M*+H:, 0.4); 510 (M*-2CO-SCH,Ph-H.,
1.0); 429 (M*+H-PPhg, 1.2); 279 (OPPhy*+H:, 100.0); unidentified peaks at 245 (8.5),
215 (10.8).



C. Cis and trans cyclopentadienyldicarbonyltriphenylphospine-4-methylbenzene

thiolatotungsten(Il), CpW(CO),(PPh;)S-4-C{H,Me, 42¢

As in A, 41 was prepared by addition of MeLi (2.0 mL, 2.8 mmol) to a THF (50
mL) solution of 40 (1.4 g, 2.5 mmol) and treated with 4-methylbenzene thiophthalimide
(0.76 g, 2.8 mmol) in THF (25 mL). After chromatography, recrystallization from
CH,Cly/ethanol gave 42¢ as a fluffy orange powder (1.16 g, 71%, m.p.=151-153°C).
Equilibrium constant determined by 'H NMR (CDCl,) for trans-42¢ : cis-42c is 2.8 +
0.2. Anal. Calc’d for C3,H,;0,PSW: C, 55.67; H, 3.84; S, 4.64. Found: C, 55.57; H,
3.84; S, 4.69.

IR (toluene), v(CO): 1947 (w), 1858 (m) cmt. IR (Nujol): 2726 (w), 2673 (w),
2356 (w), 2345 (w), 1946 (m), 1933 (m), 1868 (m), 1846 (m), 1310 (w), 118 (w), 1158
(w), 1104 (w), 1089 (w, sh), 1013 (w), 1000 (w), 823 (w), 805 (w), 743 (W), 693 (w)
cml,

Mass spectrum, EI: 800 2M™-2C0-, 1.1); 772 (2M*-2PPhy-3C0r, 23.5); 744
(2M*-2PPh3-4COr, 49.9); 652 (2M™-2PPh,y-4CO-4-CgH,Me-H:, 100.0); 562
(2M*-2PPh;-4CO-2(4-C¢H, Me), 38.4); 124 (SCH,Ph*+H', 12.5); 91 (CH,Ph, 79.0);
unidentified peaks at 534 (16.3), 325 (15.7), 156 (15.3).

D, Cis and trans cyclopentadienyldicarbonyltriphenylphosphinephenylthiolato-
tungsten(Il), CpW(CO),(PPh3)SPh, 42d

As for A, 41, prepared by addition of MeLi (1.5 mL, 2.1 mmol) to a THF (40 mL)
solution of 40 (1.0 g, 1.8 mmol) was treated with phenyl thiophthalimide (0.49 g, 1.9
mmol) in THF (10 mL). After chromatography, recrystallization (CH,Cl,/ethanol as for
42¢) gave orange microcrystals of 42d (0.79 g, 65%, m.p.=168-170°C). Anal. Calc’d for
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C5;H,50,PSW: C, 55.05; , 3.72; S, 4.74. Found: C, 54.87; H, 3.71; S, 4.78.

IR (toluene), v(CO): 1946 (w), 1869 (m) cm’L. IR (Nujol) : 2720 (w), 2671 (w),
1940 (s), 1929 (s), 1858 (s), 1844 (s), 1733 (w), 1183 (w), 1157 (w), 1118 (w), 1088 (w),
1026 (w), 1011 (w), 820 (w), 753 (w), 738 (m), 692 (m) cm™L,

Mass spectrum, EL: 772 2M*-2PPh,-2COr, 0.35); 744 (2M*-2PPh4-3CO:, 0.82);
715 (2M*-2PPhy-4CO-H:, 1.7); 638 (2M*™-2PPhy-4CO-Ph-H, 3.1); 562
(2M*-2PPhy-4CO-2Ph, 1.1); 358 (M™-PPh;-2CO,, 4.0); 281 (M*-PPhy-2CO~-Ph,
0.8); 262 (PPhs*, 100.0); 183 (W*, 66.3); 108 (SPh*-H, 31.3); unidentified peaks at 609
(0.3), 587(0.2), 535 (0.8), 510 (0.3), 481 (0.2).

E. Trans cyclopentadienyldicarbonyltriphenylphosphine-N-phthalimido
thiolatotungsten(II), CpW(CO),(PPh3)Sphth, 42¢

Again, as in A, [CpW(CO),(PPhs)]" prepared by addition of MeLi (1.7 ml, 2.4
mmol) to a THF (40 mL) solution of 40 (1.2 g, 2.1 mmol) was treated with a suspension
of phthalimide thiophthalimide (0.71 g, 2.2 mmol) in THF (20 mL) and stirred for 4
hours as the solution was allowed to warm slowly to room temperature. Chromatography
gave a dark yellow band which was collected first, closely followed by a large, lighter
yellow band collected in two portions which were combined. Both bands were reduced
to dryness and the residues recrystallized froﬁ CH,Cl,/ethanol to give a fluffy yellow
solid, 42e (total yield: 0.62 g, 40%, m.p.(dec.)=111-112°C.). Anal. Calc’d for
C33HyyNOPSW: C, 53.17; H, 3.25; S, 4.30; N, 1.88. Found: C, 52.94; H, 3.31; S, 4.22;
N, 1.95.

IR (toluene), v(CO): 1950 (m), 1857 (s), 1715 (m), 1692 (shoulder, w) cm’l. IR
(Nujol): 1949 (s), 1859 (s), 1715 (s), 1695 (m), 1435 (m), 1342 (s), 1278 (m), 1186 (w),
1162 (s), 1090 (m), 1062 (m), 1000 (w), 864 (w), 825 (w), 748 (w), 715 (m), 694 (m)
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cm™.

Mass spectrum, FAB in glycerol with HFBA: 571 (M*-CO-NC(O)C(O)CgHy;,
39.0); 567 M*-SNC(O)C(O)CgH, 25.2); 543 (M*-2CO-NC(0)C(O)C4Hy, 20.6); 541
(M*-CO-SNC(O)C(O)CgH,-2H:, 21.0); 511 (M*-2CO-SNC(O)C(O)C¢H,, 19.4); 429
(M*-2CO-PPhy+2H:, 28.7); 295 (SPPhs*+H:, 50.0); 279 (OPPhs*+H:, 100.0); 263
(PPhy*+H, 73.9); 184 (W™, 10.0); 130 (Cp,*, 23.5); unidentified peaks at 509 (24.5),
463 (5.2), 399 (10.0), 357 (13.2), 335 (17.7), 217 (9.0), 201 (20.3), 155 (11.9).

F. Other Attempted Preparations of CpW(CO),(PPh3)SR

1. CpW(CO),(PPhy)H, 40, and Me,HCSH

In an NMR tube, a small amount of 40 was dissolved in CDCl; and Me,CHSH was
added. IH NMR spectra were recorded at ambient temperature after 5 minutes, 1, 3.5, 26
and 72 hours but no signals due to 42a were observed. The peaks due to the starting

materials were unchanged. Similar results were obtained for R=CH,Ph and 4-C¢H Me.

2. CpW(CO),(PPh3)H, 40, and 2-propyl thiophthalimide
To an NMR tube containing a solution of 40 in CDCl;, a small amount of 2-propyl
thiophthalimide was added and the tube shaken. A 'H NMR spectrum taken after 1.5

hours showed peaks due to the starting materials only.

3. CpW(CO),(PPh3)H, 40, and Me,HCSSCHMe,

To an NMR tube containing a solution of 40 in CDCl;, a small amount of
Me,CHSSCHMe, was added and the tube shaken. After 10 minutes, 30 minutes, 2.5
hours and 6 hours the 'H NMR spectra were recorded but the peaks due to the starting

materials were unchanged.
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4. CpW(CO),(PPh3)Cl and LiSCHMe,

A solution of LiSCHMe, was prepared in situ by addition of HSCHMe, (0.096 g,
1.3 mmol) to MeLi (0.9 mL, 1.3 mmol) in THF (50 mL) at -78°C. The solution was
allowed to warm to room temperature and the reaction completed by warming the flask
to ~30°C with stirring for 20 minutes. The complex, CpW(CO),(PPh3)Cl, (0.37 g, 0.62
mmol) was added to the above solution as a solid and the resulting solution refluxed for
2 hours. After cooling to room temperature, the solution was reduced to dryness. The 'H
NMR spectrum in CDCl; of the residue revealed Cp peaks due to 42a (50%) and
CpW(CO),(PPhs3)Cl were present in about equal intensities. The residue was dissolved in
a minimal amount of CH,Cl, and chromatographed on activated alumina (1.5 x 50 cm).
Elution with CH,Cl, gave an orange-yellow band that was collected and reduced to
dryness. Recrystallization from CH,Cl,/hexanes gave orange crystals (0.066 g) identified
by NMR as CpW(CO),(PPh;)Cl. A second crop (0.15 g) was identified as a 50:50

mixture of the thiolate (42a) and the starting chloride.

5. CpW(CO),(PPh3;)SCHMe,, 42a, and PhCH,SSCH,Ph

An NMR sample of 42a, was prepared in CDCl; and a small amount of
PhCH,SSCH,Ph was added. The solution was monitored by NMR with spectra being
recorded after 1, 2.5, 6.5 and 24 hours. After one day no reaction between the two
starting materials had taken place. Peaks due to a small amount (10%) of the dimer
[CpW(CO)ZSCHMez]z were observed.

6. CpW(CO),(PPh3)SCHMe,, 42a, and PhCH,SH
To an NMR sample of 42a in CDCl;, an excess of PhCH,SH was added and the

spectrum recorded after 10 minutes. Comparison of the integral region of the Cp peaks
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showed greater than 50% of 42a had been consumed and peaks due to 42b were present,
as well as those of Me,HCSH. After 30 minutes, 75% of the starting thiolate had
disappeared and within three hours the reaction was complete, showing 42b as the major

organometallic species present.

G. Attempted Preparation of CpW(CQO),(PPh3)SH, 42f,
from CpW(CO),(PPh3)Cl and NaSH.

Caution: The preparation of NaSH involves the use of H,S which is very toxic and

fume hood and every effort must be made to ensure containment of the gas. The use of

an H,S manifold such as the one shown below is strongly recommended.

B
H,S

Burner
41[’ Lm Lm ’
F E D

C N,

flask

The gas was dried by means of a calcium chloride column (B) and passed through
a Nujol bubbler (C) before entering the reaction vessel. Unreacted gas was passed
through three washing towers containing, successively, SM NaOH (D), saturated
aqueous lead acetate (E), and SM NaOH (F). Any gas not neutralized in these steps was
burned. Prior to and after the use of H,S, the system was flushed for approximately 10

minutes with a strong stream of nitrogen via stopcock (A).

The reagent NaSH was prepared in situ by reacting sodium metal (0.3g, 12.1
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mmol) in absolute EtOH (25 mL), and treating with H,S for 30 minutes. The NaSH
solution was then reduced to dryness and a red-brown THF (60 mL) solution of
CpW(CO),(PPh3)Cl (1.90g, 3.15 mmol) was added and the reaction allowed to stir
overnight. After filtration through Celite, the brown filtrate was reduced to dryness. The

NMR and IR spectra of the residue were identical to the starting chloride.
H. Reactions with the anion, [CpW(CO),(PPh3)], 41

1. With I, to give CpW(CO),(PPh3)I, 43 (19)

To a THF (40 mL) solution of 40 (0.52g, 0.92 mmol) at O°C, MeLi (0.85 mL, 1.19
mmol) was added and the suspension allowed to stir for 15 minutes. Iodine (0.25g, 1.0
mmol) dissolved in toluene (10 mL) was added by cannula and stirring was continued for
5 hours. The reaction solution was reduced to dryness and the red-brown residue
extracted with a minimal amount of CH,Cl,, leaving a white solid which was soluble in
water (LiI). The CH,Cl, extract was chromatographed (activated alumina, 2.5 x 40 cm).
Elution with CH,Cl, gave a single red-brown band which was collected and reduced to
dryness. The residue was recrystallized from CH,Cly/hexanes (1:1) to give purple-red 43
(0.32 g, 51%, m.p.=190-193°C, lit. m.p.=193°C (2I¢)). The 'H NMR spectrum of this
product was the same as that reported (Z9).

2. With D,0 to give CpW(C0)2(PPh3)D, 44

To a THF (50 mL) solution of 40 (1.00 g, 1.8 mmol) at 0°C, MeLi (1.5 mL, 2.1
mmol) was added and the yellow solution became a clear orange. After 15 minutes, D,0O
(3.0 mL, 165 mmol) was added and the stirred solution allowed to warm to room
temperature. Stirring continued for 6 hours during which the reaction solution returned to

a clear yellow colour. The solvent was removed in vacuo and the residue extracted with a



1:1 solution of THF/ether (30 mL). This extract was filtered through activated alumina
and washed with THF (3 x 10 mL). The filtrate was concentrated to 20 mL. and hexanes
(~15 mL) was added. After reducing the volume to 15 mL, the solution was filtered to
isolate a yellow powder. The mother liquor was reduced to dryness and the residue
recrystallized from CH2C12/hexanes to give yellow-green crystals of 44 (total yield 0.55
g, 55%, m.p.=208-210°C).

Mass spectrum, EI: 566 (3.48), 567 (7.65), 568 (8.25), 569 (7.38), 570 (5.90), 571
(6.08), 572 (1.53) isotope pattern corresponded well with M*: 35%/65%, W-H/W-D.

3. With PhCH,Cl to give CpW(CO),(PPh;)CH,Ph, 45

In THF (40 mL), 40 (1.00 g, 1.76 mmol) was treated with MeLi (1.5 mL, 2.1
mmol) to give an orange solution that became cloudy within 15 minutes. To this
suspension of 41, a THF (25 mL) solution of PhCH,Cl (0.28g, 2.21 mmol) was added by
cannula. After 30 minutes, a suspension still remained so a second aliquot of PhCH,Cl
(total 0.50g, 3.9 mmol) was added. Within the next half hour the solution became clear
orange in colour and stirring was continued for another 3.5 hours. The solvent was
removed in vacuo and the residue extracted with a minimal amount of CH,Cl,, leaving a
white, watersoluble film (LiCl). The concentrated extract was chromatographed on
alumina (3 x 50 cm). Elution with CH,Cl, gave one yellow band which was collected
and reduced to dryness. The residue was recrystallized from CH,Cl,/hexanes to yield
yellow crystals of 45 (0.47 g, 42%; m.p.=175-179°C). Anal. Calc’d for C;,H,,0,PW: C,
58.38; H, 4.13; P, 4.70. Found: C, 58.32; H, 4.07; P, 4.62.

IR (toluene) v(CO): 1929 (m), 1845 (s) cmL. IR (Nujol): 1928 (s), 1921 (s), 1847
(s), 1837 (s), 1598 (w), 1312 (w), 1186 (w), 1090 (w), 1095 (w), 999 (w), 822 (m), 756
(m), 744 (m), 697 (m), 592 (w), 541 (m), 523 (s), 499 (s) cm™L.

Mass  spectrum, CI: 610  (2M*-2PPhy-2CH,Ph,  0.3); 582
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(2M*-2PPhy-2CH,Ph-CO,, 0.9); 554 (2M*-2PPhy-2CH,Ph-200,, 0.04); 526
(2M*-2PPhs~2CH,Ph-3CO-, 0.1); 498 (2M*-2PPh,-2CH,Ph-4CO-, 12); 432
(2M*-2PPhy-2CH,Ph-4CO-Cp-H;, 0.3); 396 (M*-PPhy, 0.9); 340 (M*-PPhy-2CO,
7.3); 262 (PPhy*, 100.0); 182 (W*, 80); unidentified peaks at 566 (0.8); 511 (0.5); 468
(0.1); 416 (0.06).
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CHAPTER 3
The Preparation of [CpW(CO),SCHMe,], and [CpW(CO)SCHMe,],
Introduction:

The preparation of dimeric compounds of the type [CpM(CO),SR], (x = 1 (A), 2
(B); Cp = n°-CsHs; R = alkyl, aryl) containing bridging thiolato ligands has been
investigated (/-14) for various transition metais. There are several isomers possible for
these dimers; the M,S, ring can either be non-.planar (type A dimers) or planar (type B
dimers) (15). The presence of the Cp rings introduces the opportunity for cis or trans
isomerism about the M-M vector and axial/equatorial isomerism is possible for the R
groups on the bridging sulfur atoms. Figure 3.1 depicts the conformational isomers for
type A dimers with a non-planar M,S, core, bearing two Cp rings and two R groups
(12,16). The sharing of an edge of the basal planes of the two pyramidal fragments gives
rise to the so-called "butterfly" geometry (16-20). The ability of the M,S, ring to invert
generates nine different isomers. Examination of molecular models for VII, VIII and IX
suggests that the very close proximity of the Cp rings make them unlikely candidates
(12) and they will not be considered further. The above structures are reduced to five
possibilities when a planar M,S, core, found in type B dimers, is present as shown in
Figure 3.2. In this case, the axial/equatorial isomerism for the R groups is labelled using
anti/syn nomenclature.

Although many complexes with p,-bridging thiolato ligands have been prepared
(15), relatively few structural analyses of dimers of the types A and B have been reported
(2-5). In the complex [CpRhSPh], (20), the Cp rings are mutually cis while the phenyl

groups are in axial-equatorial positions as in I The structure of [CpFe(CO)SPh],
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Figure 3.1 Conformational isomers for type A dimers: non-planar M,S, core, two
Cp rings, and two R groups on S atoms; a = axial, e = equatorial. Structure types VII,
VIII and IX are deemed unlikely due to steric hindrances.
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Figure 3.2 Five geometrical isomers for type B dimers: planar M,S, core with
two Cp rings and two R groups on bridging S atoms,

(5,9,21) has a non-planar Fe,S, ring, the Cp ligands in mutually cis positions and an
equatorial-equatorial arrangement of the phenyl groups as in II. The cation,
[CpFe(CO)SMe],* (22) has a structure similar to XIV with a planar iron-sulfur core, cis
Cp ligands and syn Me groups. The molybdenum dimer, {CpMo(CO),SPh}, (2-4), aligns
its Cp rings in relative trahs positions and the phenyl units in an axial-equatorial

arrangement as in IV, but in the dications, [Cp2M02(CO)3(MeCN)(SPh)Q]2+ (23) and



[CpMo(CO),SCMe;1,%* (3), the Cp rings are mutually cis and the R groups are
equatorial-equatorial as in II. The ¢-butyl groups in [CpMo(CO)SCMes], (2) occupy a
syn conformation while the Cp rings are mutually trans, as in X.

Attempts to prepare tungsten analogues of such dimers were first reported by
Stone et al (13) via the reaction of CpM(CO);H (M = Mo, W) with dimethyl sulfide.
Their formulation as [CpM(CO),SMe], was disputed by Havlin and Knox (24) who
suggested that the products are the mononuclear compounds, CpM(CO),;SR, but gave no
supporting evidence. Watkins and George (6) also reported the preparation of
[CpW(CO),SR], (R = Me, 4-C¢H,Me) by refluxing CpW(CO)3SR in benzene. These
dimers were identified by elemental analysis, 'H NMR and infrared spectroscopy but no
structures were determined. Recently, Abrahamson and Weinmann (I) reported their
study of the tungsten complexes [CpW(CO),SR], (x = 1, 2; R = Ph, 4-C¢H,Me) prepared
by the photochemical or thermal treatment of CpW(CO)sSR in toluene or benzene. A
mixture of products was obtained that was difficult to separate. This report coincided
with our observation that the tﬁphenylphosphine complex, cis/trans
CpW(CO),(PPh;)SCHMe, (42a 1,25), | gave, in a stepwise manner,
[CpW(CO),SCHMe,], (50a) from warm THF and [CpW(CO)SCHMe,], (51a) from
refluxing THF. While the molybdenum dimers have been thoroughly characterized, it
has been suggested that the tungsten compounds are inherently less stable (7). Hence, the
isolation and characterization of these stable tungsten analogues are of interest. The
x-ray crystal structures analyses (26) of 50a and Sla are the first for any tungsten
members of this class of dimer compounds and they show interesting differences from

the molybdenum analogues.
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Results and Discussion:

Air stable black-brown crystals of [CpW(CO),SCHMe,], (50a) were obtained by
heating a THF solution of 42a at 50°C for 6 hours and recrystallizing the residue from
CH,Cly/hexanes. A sample of cis/trans-42a was monitored by H NMR in C4D; at 50°C
and the cis isomer was consumed first to produce the dimer (Scheme 3.1). The latter had
almost completely disappeared before peaks due to trans-42a began to decrease in
intensity until both were consumed. The addition of free PPh; to the NMR sample
slowed the dimerization process. A similar phenomenon was also observed in an
insertion reaction of 42a with CS, (Chapter 4) (25); thus, it is likely that the loss of PPh;
from cis-42a is an important first step in the formation of the dimer 50a.

The 'H NMR and IR data of 50a and 51a are presented in Table 3.1. The NMR
spectrum of 50a revealed one environment for the Cp protons while the isopropyl methyl
protons appeared as a doublet and the methyne protons as a septet. This is consistent
with structures II and III (Fig. 3.1) having cis Cp ligands. In toluene, the IR spectrum
gave carbonyl stretching bands at 1945 and 1853 cm™l, accordant with the tetracarbonyl
dimeric formulation.

An ORTEP diagram of 50a is shown in Figure 3.3. Table 3.2 lists the bond lengths
and angles and is found at the end of this section. The full crystallographic data, atomic
coordinates and thermal parameters (Tables A.1-A.3) are given in Appendix A. The two
Cp rings lie in respective cis positions and the isopropyl groups exist in an
equatorial-equatorial geometry (II). A crystallographically imposed mirror plane
containing the Cp-carbon atoms, C15 and C25, and the two tungsten atoms is also

present. The non-planar butterfly conformation of the W,S, ring is obvious from Figure
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Table 3.1 'HNMR? and IR? data for [CpW(CO),SCHMe;], (50a) and
[CpW(CO)SCHMe,], (51a).

[CPW(CO),SCHMe,], [CpW(CO)SCHMe, ],

50a 5la
Cp 5.55 5.49
NMR CH 3,13¢ 2.14¢
3(ppm)
CH, 1.134 1.49, 1.31¢
IR
v(CO) (cm)) 1945, 1853 1840

¢In CDCl;. ®Intoluene. °© Septet, J(H-H) = 6.6 Hz.
4 Doublet, JH-H) = 6.6 Hz. ¢ Doublet of doublets, JH-H) = 6.6 Hz.

3.3, with a calculated separation of 1.63A from the S-§ vector to the W-W vector. A long
W-W distance of 3.835(4)A clearly indicates no metal-metal interaction. The W-S bond
lengths are inequivalent (2.528(6), 2.509(6) A) but the difference is not considered
statistically significant. The W-S-W angle (99.17(22)°) and the S-W-S angles
(69.54(21)°, 70.13(21)°) are comparable with the aiferage values for [CpMo(CO),SPh],
(101.0°, 71.7° and 71.5° respectively) (2-4). However, the structures for these two
compounds differ since 50a corresponds to II with equatorial-equatorial R groups while
the molybdenum dimer resembles IV having axial-equatorial R substituents.
Interestingly, the relative arrangement of the Cp and R groups in [CpW(CO),SCHMe,],
(50a) are the same as that in the dications, [CpMo(CO),SCMe;l,2* (3) and
[Cp,Mo,(CO);(MeCN)(SPh),1** (23). The S-Mo-S angle in both species are 70° (avg),
similar to S0a and [CpMo(CO),SPh], but the Mo-S-Mo angle in the dications decreases

to 75° (avg) to accommodate the Mo-Mo single bond (3.00A avg) present in these

dimers.
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The air-sensitive black-green crystals of [CpW(CO)SCH(Me),], (51a) were
formed by refluxing a THF solution of 42a for 7 hours and recystallizing the residue
from CH,Cl,/hexanes. This dimer was also observed by NMR as a product of heating a
sample of S1a in toluene-dg (Scheme 3.1). The NMR spectrum (Table 3.1) of the methyl
region showed two doublets indicating inequivalent methyl groups and thus, mutual trans
positions for the Cp rings. A singlet resonance for the ring protons was observed,
consistent with structure type XL In toluene, one v(CO) band at 1840 cm™! was observed
in the IR spectrum. An ORTEP diagram of 51a is shown in Figure 3.4. Table 3.3 gives
bond lengths and angles, respectively, at the end of this section. Full crystallographic
data, final atomic coordinates and thermal parameters are listed in Tables A.4-A.6,
respectively in Appendix A. The molecule possesses a crystallographically imposed
inversion centre, hence, all the ligands are in mutually trans positions and the isopropyl
groups are anti. Loss of the two carbonyl groups, upon going from 50a to Sla,
transforms the W,S, rhombus into a planar ring, bringing the metal atoms to within
2.602(5)A of each other, which is 1.23A shorter than in 50a. Therefore, a W-W double
bond is implied, similar to the double bond (2.616(2)A) in the molybdenum dimer
[CpMo(CO)SCMes], (2). The close proximity of the tungsten atoms is also evidenced by
dramatic changes in the bond angles of the W,S, core. The W-S-W angle decreases from
99.17(22)° in §0a to 65.30(12)° in 51a, and the S-W-S bond angles increase from 69.54°,
70.13° to 114.7° in going from S0a to S1a, respectively. The M,S, ring parameters of
Sla are comparable to those in [CpMo(CO)SCMes], (65.5° and 114.4° avg.) and in
[W1(S2)(S,CNEty)4] (27) (65.5(1)° and 114.5(1)°), a W(IV) complex containing a planar
W,S, core. Again, the molybdenum dimer analogous to S1a has a different structure
with syn R groups as in X, rather than the anti R groups in the tungsten analogue, 51a, as
in XI. In both dimers 50a and Sla, the Cp ligands are tilted, that is they are

unsymmetrically bonded to the tungsten atoms with some of the carbon atoms in the Cp
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Figure 3.4 ORTEP view of [CpW(CO)SCHMe,], (51a).
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ring closer to the metal atoms than others. This is also observed in the structures of the
dications [CpMo(CO)2SCMe3]22+ (3) and [CpMo(CO),SPh], (5).

The dicarbonyl dimer S1a shows no tendency to undergo carbonylation to give S0a
even after treating an NMR sample with 1 atmosphere of CO for more than 2 hours.
Knox et al (2) reported that the Mo analogue, [CpMo(CO)SCMes],, also did not add CO

to give the corresponding tetracarbonyl dimer.

Recently, it has been suggested that steric, not electronic, factors may determine
the structure of a particular dimer (28). Molecular orbital calculations were perfomed for
the dications, [CpMo(CO),SCMes],>* (3) and [Cp,Mo,(CO)3(MeCN)(SPh),]?+ (23),
which both have structures corresponding to II with a Mo-Mo single bond. Comparisons
of calculations of the axial-equatorial (I) and equatorial-equatorial (II) geometries for the
R groups of the bridging sulfur atoms revealed a very small energy difference (0.06 eV);
hence, the experimentally observed conformation (type II) for the two dications is likely
due to steric requirements. The calculations for a trans isomer as in IV, V, or VI
suggested while considerable steric repulsion exists between the bridging sulfur atoms
and carbonyl groups on Mo, no strong electronic factor disfavours the trans structures.
The alternative cis conformations VII, VIII or IX were calculated to be highly
disfavoured because of severe steric interactions between the Cp rings. This is consistent
with a previous report (/2) and from examination of molecular models as performed
here.

Based on the calculations for the dication complexes, it was postulated (28) that
with respect to electronic requirements, cis and trans isomers were equally probable for
the neutral dimer, [CpMo(CO),SPh], (2-4) and that only steric factors could disfavour
one or two conformations. The cis conformations (VII, VIII or IX) had already been

ruled out, but the trans structure IV has been observed for [CpMo(CO),SPh], and a cis
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conformation (II) was identified for [CpW(CO),SCHMe,], (50a). Although the
appropriate molecular orbital calculations have not been performed, it seems reasonable
to suggest that the structures observed for [CpMo(CO)SCMes], (3) (type X) and
[CpW(CO)SCHMe,], (S81a) (type XI), are also be determined by steric rather than
electronic requirements. Nevertheless, even if steric factors are established as the forces
which determine the structural conformation of these dimers (type A and B), it may not
be possible to reliably predict which structural type (cis versus trans, axial versus

equatorial, syn versus anti) would be favoured for these complexes.

Despite the number of potential isomers for both dimers 50a and Sla, it is
interesting that only one major isomer is formed. No evidence for additional isomers for
S0a or Sla was detected in their NMR or IR spectra. The preparations of the
fnolybdenum dimers (2-4,23) also gave only one isomer. For both [CpFe(CO)(SPh)],
(5,9,21) and [CpRu(CO)SR], (R = Me, Ph, CH,Ph) (/2) more than one isomer was
observed. The isomers in the iron system resemble structures II (identified by x-ray
crystallography (5)) and possibly IV, In the ruthenium system, for both R = Me, Ph, one
cis and one trans isomer are detected, while for R = CH,Ph, one cis and two trans
isomers were observed by 'H NMR spectroscopy. Both the Fe and Ru dimers (R = Ph)
underwent cis/trans isomerization when heated. The mechanism of isomerization is
thought to invplve the breaking of 6ne M-S bond (82) followed by rotation about the
remaining M-S bond (§3-54) and subsequent reformation of the broken bond (55)
(Scheme 3.2) (12,20,28).

Pyramidal inversion at the bridging sulfur atom(s) giving axial-equatorial
isomerization of the R substituent on the bridging S atom has been well-studied (28-39)
for other metal systems. Two mechanistic pathways have been proposed (12,29-39) and

are shown in Scheme 3.3. One mechanism (j) features an intramolecular displacement of
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Scheme 3.2 Mechanism of isomerization of cis-[CpM(jt-S)], to
trans-[CpM(-S)], (12,20,28).

one sulfur lone pair from the metal by another via rotation about a M-S bond. The other
pathway (ii) depicts inversion at sulfur via a planar transition state. No evidence has been
found to favour one mechanism over the other and the choice between the two is one of
personal preference (33). Inversion energies (AG*) in the range 40-80 kJ/mol have been
calculated for a variety of transition metal bridging thiolate dimers (39). Sulfur inversion
has been detected for [CpMo(CO),SR], (R = Me, Ph) (3). Variable temperature 1I.-I NMR
spectroscopy of these dimers showed broadening and eventually splitting of fhe Cp
proton resonances when cooled to -96°C. A variable temperature NMR study of 50a in

toluene-dg showed no changes down to -100°C, thus it is probable that the barrier to
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equally likely (12,29-39).

sulfur inversion is very small for 50a and 51a.
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The dimerization reaction of CpW(CO),(PPh3)SCH,Ph (42b) gave a brown-black

solid, isolated from a toluene solution of 42b refluxed for 1.5 hours. According to the 'H

NMR spectrum of the resultant solid, the Cp ring protons (5.20 ppm) are equivalent

giving a singlet and the CH, protons of the benzyl groups are inequivalent, appearing as

an AB quartet (4.15, 3.17 ppm). However, the ratio of the integrations of the Ph (7.33

ppm), Cp and the CH, peaks are 6.8:3.2:2, respectively, which does not correspond well

to that expected 5:5:2. The IR spectrum of the product gave a weak v(CO) band at 1973
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cm! and a strong band at 1834 cm™. The appearance of the weak 1973 cm™! band
suggested the presence of a tetracarbonyl (type A) dimer but the strong band at 1834
cm! indicated the major species in solution was a dicarbonyl (type B) dimer.
Tetracarbonyl dimers, [CpM(CO),SR],, exhibit v(CO) bands between 2000-1800 cm™,
while dicarbonyl compounds, [CpM(CO)SR],, show bands in the 1900-1800 cm™! region
(1,2). Dimer 50a gave two peaks of equal intensity in the region 2000-1800 cm™! and one
peak in the range 1900-1800 cm™! was observed for 51a. Hence, it is likely that a mixture
of type A and B dimers are present in the solid isolated from the dimerization of 42b.
The mass spectrum gave a peak corresponding to [Cp2W2(CO)2(SCH2Ph)3]+, a species
with three p,-SR bridges and its related fragments. However, the elemental analysis does
not compare well with this formulation, nor does it agree with [CpW(CO),SCH,Ph], or
[CpW(CO)SCH,Ph],. It is difficult then to identify either A or B type dimers from this

reaction.

The dimerization reaction of CpW(CO),(PPh3)S-4-C¢H,Me (42¢) gave a
grey-brown solid that was isolated from a toluene solution of 42¢ heated to 110°C for 3
hours. The products in the p-tolyl system were also difficult to identify. The 'H NMR
and IR data for the resultant solid are given in Table 3.4. The NMR spectrum in C¢Dg
showed two peaks for the p-tolyl protons, three different Cp singlets of approximately
equal intensity, and one peak for the methyl protons. The ratio of the integrations of the
p-tolyl, Cp and methyl protons, was 4.5:4:3, respectively, compared to the expected
4:5:3. The NMR spectrum in CDCl; gave three Cp singlets and one peak for the methyl
protons. The ratio of integration of these Cp resonances and the methyl protons (3.9:3)
does not correspond to that expected (5:3). The IR spectrum (toluene) showed 3 peaks in
the 1900-1800 cm™! region. These NMR and IR data are compared to those of previous
reports in Table 3.4. Comparison of the NMR data shows that the chemical shifts of the
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Table 3.4 Comparison of 'HNMR and IR data of [CpW(CO),S-4-C¢H Mel, (x =1,2)

[CPW(CO),S4-CiHMe],  [CpW(CO)S-4-CgHMel,  [CpW(CO),S-4-CgH Mel,
x=2) x=1) (x = unknown)
Cp 5.404 5.44¢° 5.30° 5.674 5.29%
5.45 5.04

'H NMR 5.33 4.98
8 (ppm)

CH, 2.23 230 2.16 2.29 2.07
IR v(CO) 1948, 1851¢ 1893, 1848¢ 1892, 1849¢ 1893, 1847, 1820°
cm’
Ref. 1 6 1 this work
aCDCl; ?CgDg Ctoluene 4CCl, ©benzene

SL
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Cp resonances (5.45, 5.33 ppm) of the unknown product in CDCl; agrees with the data
from both [CpW(CO),S-4-CiHMel, (540 (1), 544 (6) ppm) and
[CpW(CO)S-4-C¢H Me], (5.30 ppm (1)). The chemical shift of the methyl protons (2.29
ppm) corresponds well with that of the former (2.30 ppm (6)). The IR data (toluene) of
the unknown (1893, 1847, 1820 cm™) does not agree favourably with the data of
[CpW(CO),S-4-C¢H Me], (1948, 1851 cm! (1)) in the same solvent. However, the data
reported for this complex in benzene (1893, 1848 cm! (6)) and for
[CpW(CO),S-4-C¢H Mel, in CCl, (1892, 1849 cm! (7)) does correspond with the IR
data of the unknown. These comparisons suggest that the unknown product is a mixture
of tetracarbonyl (type A) and dicarbonyl (type B) dimers. Specific details of the
structures of the dimers cannot, however, be determined from these data. The mass
spectral data of the unknown showed a peak corresponding to
[Cp,W,(CO),(S-4-CcH Me);]* but this evidence is unreliable since peaks due to dimeric
species were also observed in the mass spectrum of the starting complex, 42¢, indicating
a facile tendency to form clusters in this system. The elemental analysis found does not
agree with [Cp,Wo(CO),(S-4-C¢HMe);]™ nor does it correspond to either
[CpW(CO),(S-4-CgH Me)], or [CpW(CO)(S-4-CgH Me)],.

It appears from our results and those of others (1), that the tungsten dimers for R =
aryl are more difficult to prepare than their molybdenum counterparts (2-4) although it is
not immediately obvious why this should be so. However, complexes 50a and 51a where
R = CHMe, are stable compounds, easily distinguishable by their NMR and IR spectra
and elemental analyses. The method reported here worked well for R = CHMe, which
suggests that the intrinsic instability proposed for such tungsten dimers may only apply

to the aryl derivatives.
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Table 3.2 Bond Lengths (A) and Angles (deg) for [CpW(CO),SCHMe,], (50a).

W1-w2
WI1-S

W1-Cl11
W1-C15
W1-C16
W1-C17
W2-S

W2-C22
W2-C25
W2-C26
W2-C27

S-Ww-§’
S-w1-Cl1
S-Wi1-C1r
C11-W1-C11°
S-W2-§
S-w2-C22
S-W2-C22’
C22-w-C22’
W1-S-W2
W1-S-C1
W2-S-C1

3.835(4)
2.528(6)
2.03 (3)
2.27 (4)
237 (2)
2.41(2)
2.509(6)
1.93 2)
2.26 (3)
2.35(2)
2.43 (2)

69.5(2)
82.1(7)
124.6(7)
76.4(10)
70.1(2)
82.5(7)
123.3(7)
72.6(10)
99.2(2)
113.2(8)
112.8( 8)

S-C1 1.83(2)
C11-011 1.093)
C22-022 1.16(3)
C1-C2 1.56(3)
C1-C3 1.55(3)
C15-C16 1.473)
C16-C17 1.43(3)
C17-C17° 1.58(6)
C25-C26 1.49(4)
€26-C27 1.44(4)
c27-C27’ 1.55(6)
W1-C11-011
W2-C22-022
$-C1-C2
S-C1-C3
C2-C1-C3
C16-C15-C16’
C15-C16-C17
C16-C17-C17’
C26-C25-C26’
C25-C26-C27
C26-C27-C27°

175.7(20)
175.8(20)
105.9(16)
107.0(16)
109.1(19)
115.0(3)

104.5(25)
108.2(21)
109.0( 3)

107.9(24)
107.6(21)
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Table 3.3 Bond Lengths (A) and Angles (deg) for [CpW(CO)SCHMe,], (51a).

W-W
W-S
Ww-S§’
W-C1
W-C2
W-C3
W-C4
W-C5
W-C6

W-W-S
W-W-§°
S-W-§
S-W-C1
W-S-W
W-S-C7
W-S-C8
W-S-C9
Ww-§’-C7’
W-§’-C8’
W-S$°-C9’

2.602(5)
2.412(4)
2.411(3)
1.95(1)
2.29 (1)
2.30(1)
231 (1)
231 (1)
2.30(2)

57.3(1)
57.4(9)
114.7(1)
84.5(3)
65.3(1)
112.04)
116.0(4)
129.9(4)
112.9(4)
146.1(4)
96.7(3)

S-C7
C1-01

C2-C3

C2-C6
C3-C4
C4-C5
C5-C6
C7-C8
C7-C9

C3-C2-C6
C2-C3-C4
C3-C4-C5
C4-C5-C6
C2-C6-C5
5-C7-C8

S-C7-C9

C8-C7-C9

1.86(1)
1.12(1)
1.31(2)
1.47(3)
1.35(3)
1.203)
1.45(3)
1.53(2)
1.49(2)

106.2(2)
108.4(2)
115.2(2)
107.6(2)
102.5(2)
104.8(8)
111.2(8)
113.3(1)
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Experimental:

A. Bis(cyclopentadienyl)tetracarbonylbis(u-2-propylthiolato)ditungsten(lI),
[CpW(CO),SCHMe,],, 50a

In a 100 mL three-necked round bottom flask equipped with a condenser,
cis/trans-CpW(CO),(PPh3)SCHMe, (42a), (2.17 g, 3.38 mmol) was dissolved in THF
(75 mL) and the stirred solution was heated to 40°C (oil bath) for 6 hours. The brown
solution was cooled to room temperature and the solvent removed by vacuum. The
brown residue was dissolved in a minimal amount of CH,Cl, and chromatographed on
an alumina column (5 x 45 c¢m, 1:1 CH,Cl,/hexanes eluant). A brown-red band eluted
first and was collected. An orange-yellow band due to a small amount of unreacted 42a
followed but was not isolated. A brown residue remained at the top of the column. The
brown-red band was reduced to dryness and recrystallized (1:4 CH,Cly/hexanes) to give
brown/black crystals (0.15 g, 11.3%, m.p. >250°C). Anal. Calc’d for CyyH,,0,5,W,: C,
31.59; H, 3.18; S, 8.43. Found: C, 31.58; H, 3.29; S, 8.31.

IR (Nujol): 1934 (s), 1905 (w), 1848 (s), 1818 (w), 1232 (w), 1147 (w), 1060 (w),
1042 (w), 1006 (w), 859 (w), 844 (w), 831 (shoulder, w), 820 (m), 723 (w) cm™L,

Mass spectrum, EI' 704 (M*-2CO:, 0.5); 661 (M*-2CO-CHMe,, 8.5); 594
(M*-2CO-CHMe,-Cp-2H:, 100.0); 534 (M*-3CO-SCHMe,-Cp-2H:, 18.0); 529
(M*-2CO~-2S-CHMe,-Cp~-2H;, 26.2).
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B. Bis(cyclopentadienyl)dicarbonylbis(j-2-propylthiolato)ditungsten(Il),
[CpW(CO)SCHMe,],, Sla

In a 100 mL three-necked round bottom flask equipped with a condenser,
cis/trans-42a, (1.59 g, 2.47 mmol) was dissolved in THF (45 mL) and the stirred solution
refluxed for 7 hours. During this time, the colour of the solution changed from orange to
brown to black-green. The solution was cooled to room temperature and the solvent
removed by vacuum. The residue was dissolved in a minimal amount of CH,Cl, and
chromatographed on alumina (5 x 50 cm). Elution with CH,Cly/hexanes (1:2) gave a
dark-green band followed by a brown band and an orange band. A brown residue
remained at the top of the column. The brown and orange bands were identified by 'H
NMR spectroscopy to be 50a and 42a, respectively. The dark-green band was reduced to
dryness and recrystallized from CH,Cly/hexanes (1:4) to give air-sensitive dark
black-green crystals of Sla (0.13 g, 14.6%, m.p. > 200°C). Anal. Calc’d for
C1sHp40,5,W,: C, 30.70; H, 3.44; S, 9.11. Found: C, 30.49; H, 3.55; S, 9.09.

IR (Nujol): 1835 (s), 1832 (s), 1800 (shoulder, m), 1049 (w), 1031 (w), 1006 (w),
804 (m), 723 (m) cmL,

Mass spectrum, EIL 705 M™+H, 28); 661 (M*™-CHMe,, 8.8); 633
(M*-CHMe,-CO:, 2.1); 592 M*-CHMe,-Cp-4H, 5.7); 590 (M*-2CHMe,-COr, 5.7);
562 (M*-CHMey-2COr, 25.1); 534 (M*-SCHMe,-Cp-CO-2H', 6.7); 43 (CHMe,™,
100).

C. Attempted dimerization of CpW(CO),(PPh3)SCH,Ph, 42b

The complex 42b (0.99 g, 1.4 mmol) was dissolved in toluene (100 mL) and was

refluxed for 1.5 hrs. The brown solution was reduced to dryness and the residue extracted

80



with hexanes (2 x 40 mL) to remove PPh;. After extraction, the remaining residue was
dissolved in a minimal amount of CH,Cl, and chromatographed on alumina (3 x 40 cm).
Elution with CH,Cl,/hexanes (1:1) gave a pale yellow band followed by a brown-green
band. A black band was eluted with CH,Cl,. All were reduced to dryness. The first
fraction contained some XPPh; (X = O, §?) and last fraction showed only residual
CH,Cl, by 'H NMR. The brown-green band was recystallized from CH,Cl,/hexanes to
give a brown solid (0.17 g, m.p. = 160-165°C dec.). Anal. Calc’d for CygH,404S,W,
([CpW(CO),SCH,Ph],): C, 39.27; H, 2.82; S, 7.49. Calc’d for CygH,,0,5,W,
([CpW(CO)SCH,Ph],): C, 39.02; H, 3.02; S, 8,01. Calc’d for C33H;3;0,5;W,
(CpyWo(CO)o(SCH,Ph)3): C, 42.92; H, 3.38; S, 10.41. Found. C: 33.98; H, 2.62; S, 7.66.

'H NMR (CDCly): 7.33 (mult, 6.8H, CH,C¢Hs); 5.20 (sing, 3.2H, Cp); 4.15, 3.17
(AB qt, Av=196 Hz, J(H-H)=12 Hz, 2H, CH,C¢Hs).

IR (CH,Cl,) v(CO): 1973 (w), 1834 (s) cm’L. IR (Nujol): 1965 (m), 1831 (s), 1821
(s), 1782 (w), 1654 (sh, m), 1540 (sh, w), 810 (m), 764 (w), 723 (w), 697 (m) cmL,

Mass spectrum, FAB in NBA: 923 ([Cp,W,(CO),(SCH,Ph);]*, 11.8); 832
(ICpyWo(CO),S(SCHyPh), 1™, 0.8); 817 ([CpyWo(CO)SCH,Ph)y(SCHy)*-Hy, 1.4); 713
([CpaWa(SCHp,(SCH,Ph)I*,  2.6); 701  ([CpyW,0S,(SCHoPh)J,  2.1); 699
([CpaW,S(SCH)(SCHoP)IF,  2.0); 685  ([CpyWoSo(SCH P, 11.8); 651
([CpyWo(CO),S3l++H:, 1.2); 619 ([Cp,Wo(CO),S,I++H:, 1.8); 610 ([Cp,W,0851*+, 4.3);
594 ([CpyW,yS31™, 34.4); 578 ([CpyW,0S8,1%, 5.6); 562 ([CpyW,S,1%, 4.2); 530
([Cp,W,S]1*, 1.9); unidentified peaks at 711 (2.7), 545 (2.0).

D. Attempted dimerization of CpW(CO),(PPh3)S-4-C,H,Me, 42¢

In a 100 mL three-necked round bottom flask, cis/trans-42¢, (0.59 g, 0.85 mmol)

was dissolved in toluene (40 mL) and the solution was refluxed for 3 hrs. The brown
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solution was allowed to cool then reduced to dryness. The residue was dissolved in a
minimal amount of CH,Cl, and chromatographed on alumina (2 x 40 c¢m). Elution with
hexanes (~100 mL) removed any PPh;. A grey-brown band then eluted with 1:1
toluene/CH,Cl,. This band was reduced to dryness and recrystallized from
CH,Cl,/ethanol to afford a grey-brown solid (0.14 g, m.p.>250°C). Anal. Calc’d for
CysHy,0,5,W, ([CpW(CO),S-4-C¢HMely): C, 39.27; H, 2.82; S, 7.49. Calc’d for
Cy6H,40,5,W, ([CpW(CO)S-4-CiHMel,): C, 39.02; H, 3.02; S, 8,01. Calc’d for
C33H3,0,5;W, (Cp,W,(CO),(S-4-CsH Me)s): C, 42.92; H, 3.38; S, 10.41. Found. C:
32.10, H: 2.82, S: 7.80.

IH NMR (CDCl,): 7.20 (mult, 20H, 4-C¢H,CH,); 5.67 (sing, 6H, Cp); 5.45 (sing,
6.9H, Cp); 5.33 (sing, SH, Cp); 2.29 (br sing, 13.7H, 4-C4H,CHj3). In (C¢Dg): 7.43, 7.00
(AB qt, Av=85.4 Hz, J(H-H)=8 Hz, 9.4H, 4-C(H,CH,); 7.33, 7.00 (AB qt, Av=64.3 Hz,
JH-H)=6.5 Hz, 9H, 4-CH,CH3); 5.29 (sing, 5.7H, Cp); 5.04 (sing, 5.9H, Cp); 4.98
(sing, 5H, Cp); 2.07 (sing, 12.4H, 4-C¢H,CHs).

IR (toluene), v(CO): 1893 (s), 1847 (s), 1820 (shoulder, m) cmL, IR (Nujol): 1896
(s), 1836 (s), 1823 (s), 1177 (w), 1103 (w), 1062 (w), 1016 (w), 838 (w), 805 (m), 721
(m) cmL

Mass spectrum, FAB in NBA: 923 ([Cp,W,(CO),(S-4-C¢H,Me)s]*™, 1.7); 817
([CpyWo(CO),85(4-CeHyMe)(CgHyT,  12.0); 789  ([CpyW,(CO)S5(4-CgHyMe)-
(CeHYI™, 3.0); 776 ([CpaW,S3(4-CsHMe)(CgHyI™, 3.5); 744 ([CpW(S-4-CsHMe)lp*+,
3.3); 685 (5.0), [Cp,W,S;3(4-CcHMe)I s 669 ([CpaWoSs(CgHyI™-H:, 13.5); 651
([CpyW,(CO),S31™+H:, 4.5); 637 ([CpyWoSo(CgHy)I™-H:, 4); 614 ([W(S-4-CiHMe)lo™,
2); unidentified peaks at 596 (5), 578 (4), 560 (5).
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CHAPTER 4

The Preparation of the Thioxanthate Complexes, CpW(CO),S,CSR
(R = CHMe,, CH,Ph, 4-CsH,Me)

Introduction

The studies of organometallic complexes with CS, stems from the interest in CO,
activation. Carbon dioxide is a potential feedstock of C; for organic molecules (/) and a
possible substrate in the storage of solar energy (2). Its ever-increasing levels in the
atmosphere has made its presence an environmental concern (3). These factors have
prompted many studies investigating the reaction of CO, (4-29) and CO,-like molecules,
CS, (24,30-57), COS (48-50,58-66), RNCS (64,67-72), RNCO (12,22,64,67-73),
RNCNR (12,64,72,74) with organometallic complexes.

Reactions of CS, and thiolate compounds are known to give complexes in which
the thioxanthate ligand, [S,CSR], is formed (33-36,38,39). This ligand can bind to the
metal either in a monodentate fashion through one sulfur atom as shown in 56 or as a

bidentate ligand through two sulfur atoms as in §7.

S
S N ) SR
I \\
M-8 -C-SR S
37

56

Thioxanthate complexes with either of‘ these linkages are produced via insertion of
CS, into a M-SR bond. For instance, CpNi[P(nBu)3](S,CSR) with a type 56 linkage, was
formed from a reaction between CpNi[P(nBu);](SR) (R = Et, CH,Ph) and CS, (Equation
4.1) (34). The dimer, [CpNiSR], (R = Me, Et) and CS, reacted to give [CpNiS,CSR],
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containing a type 57 ligand (Equation 4.2) (33). Other examples include the thiolates,

===

S
CpNi[P(nBu);]SR + CS; ——» Nl @.1)
R = Et, CH,Ph (nBu);P S-C-SR
[CPNi(SR)l, + CS, ——*> 2 _Ni__ @.2)
R =Me, Et SYS
SR

Cu(SCsH,;) and Cd(SR),-bpy (bpy = bipyridine; R = nBu, Ph) which both react with
CS, to give Cug(SCsH;;)4(S5,CSCsH,,), (Equation 4.3) (38) and Cd(S,CSR),-bpy
(Equation 4.4) (39), respectively. Alkali salts of the thioxanthato anion, M[S,CSR] (M”

8Cu(SR) + 4CS, —  Cug(SR)4(S,CSR), 4.3)
R= C(MC)zCI‘IZCH:;

Cd(SR),'bpy + CS; ——  Cd(S,CSR),-bpy 4.4)
R = nBu, Ph

= Na, K) are also prepared from the reaction of CS, and M’SR, exemplified by Equation
4.5 (30).

M'SR + CS, ——» M’[S,CSR] 4.5)

M=Na, K, R = alkyl, aryl
The most common route to thioxanthate complexes is the reaction of these
thioxanthate salts with an organometallic halidé, MX (X = Cl, I). Numerous complexes
have been produced by this method and have been reviewed (30-32). An example of this
synthetic mode is shown in Scheme 4.1 (75). The complex CpFe(CO),X reacted with
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- 88
Na[S,CSR] to produce a complex with a mondentate [S,CSR]" coordination, S8.

Complex 58 in tumn, slowly decomposed to 39 in solution at ambient temperature.

S

[l
CpFe(CO),X + Na[S,CSR] ——» CpFe(CO),-S-C-SR
X =CLI; R =Me,Et, Ph S8

I\>co

S
A /
Fe(CO)SR CpF SR
[CPFe(CO)SR,  +——  Cp |e\s)>—
60 CS, Co
59

Scheme 4.1

Interestingly, when heated, 59 eliminated CS, to give the dimer, [CpFe(CO)SR], (60).
The complexes CpM(CO),S,CSR (M = Mo, W; R = Me, Et, Ph) (61) have been

prepared by both routes discussed above and are outlined in Scheme 4.2. Both the Mo

CpM(CO)X + M’[S,CSR]

M=Mo, W M’ = Na, NMe,*+
R =Me, Ph

li

[CPMo(CO);]~ + CSyex) + Mel ——» CpM(CO),S,CSR + €O
61

T i

CpW(CO)SR + CS,
R = Me, Ph

Scheme 4.2



and W analogues of 61 have been prepared by the reaction (i) of CpM(CO);Cl with
M’(S,CSR) (M~ = Na, NMe,") (76). The complex CpMo(CO),S,CSMe has also been
produced in low yield by the treatment of [CpMo(CO)s]" with excess CS,, followed by
addition of Mel as in reaction (ii) (77). As reaction (jii) shows, CpW(CO);SR and CS,
was reported to form CpW(CO),S,CSR (36).

In our preparation of the tungsten thiolate complexes, CpW(CO),(PPh3)SR
(42a-¢), a colour change was observed upon the dissolution of these complexes in CS,.
This colour chénge was an indication that chemical reaction had occurred and thus, the
characterization of the resulting product was pursued. Based on this reactivity with CS,,
reactions of 42a-c with CO,, COS and the heterocumulenes MeNCO, RNCS (R = Me,
CHMe,), and RN=C=NR (R = C¢H,,) were also investigated.
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Results and Discussion

A. The Reaction of CpW(CO),(PPh3)SR with CS,:
Preparation and Characterization of CpW(CO),S,CSR

The orange-yellow tungsten thiolate complexes CpW(CO),(PPh3)SR (R = CHMe,,
CH,Ph, 4-CH, Me) (42a-¢) gave red solutions when dissolved in CS, (Equation 4.6).

== ==

ocC e “m SR+ ¢S, —» OC e W iy S + PPh; (4.6)

oc? “pemg oc! ‘s
42a-c 62a-c

v

SR

The thioxanthate products 62a-c were isolated in 45-67% yield. Although quantitative
yields were observed by NMR, appreciable solubility of the products lowered the yields.
The thioxanthate complexes 62b and 62c¢c are highly crystalline and interestingly,
transmit red light while reflecting green light with a high luster. The A,,, and ¢, values
for 62a-¢ were measured to be ~503 nm and ~8.0 x 103 L-moles!-cm’l, respectively, in
CH,Cl,. The isosbestic point for the reaction shown in Equation 4.6 appeared at ~390
nm. These values and the NMR and solution IR data of 62a-c are presented in Table 4.1.
For CpW(CO),S,CSCHMe,, 62a, the methyl protons are equivalent and appear as one
doublet in the NMR spectrum, consistent with the thioxanthate structure. As well, the
methylene protons in CpW(CO),S,CSCH,Ph, 62b, appear as a singlet, consistent with
the equivalent nature of these protons. The carbonyl symmetric and asymmetric

stretching frequencies of 62a-c appear in the ranges 1950-60 cm! and 1875-85 cm'l,
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Table 4.1 'H NMR?, IR and UV-Vis Data for CpW(CO),(PPhs)SH (42f)°

and CpW(C0),S,CSR (62a-¢)
CpW(CO),(PPh;)SH CpW(CO0),S,CSR
cis trans R = CHMe, R = CH,Ph R=4-CiHMe

42f 62a 62b 62¢
CsH; 5.45 5.06° 5.64 5.64 5.59
SH -2.354
CHMe, 4.02¢
CH,Ph 4.42
CH; 1.44f 2.40
C¢H, 7.33¢ 7.43,7.28"
v(CO)em!  1955,1855¢ 1954,1877 1957,1881/ 1955,1878/
Apay (MM)F 502 503 504
€, x 103 (£0.2)F 8.3 8.6 7.8
Iszzciticc gziﬁ t(s_li_m)k 403 388 382

4 In CDCl, solution; reported in ppm. “PPh, phenyl resonances appeared at 7.4 ppm.

“Doublet, J(P-H) =2 Hz. “Doublet, J(P-H) = 19 Hz. ¢Septet, J(H-H) = 6.9 Hz.

Doublet, JH-H) = 6.9 Hz. #multiplet, x=5. *AB quartet, Av = 29 Hz, J(H-H) = § Hz, x = 4.
‘In toluene solution. / In CS, solution. *In CH,Cl, solution.



respectively.

An x-ray crystal structure analysis (78) for CpW(CO),S,CSCH,Ph, 62b,
confirmed the thioxanthate structure as detemﬁned by the NMR, IR, mass spectral and
analytical data. An ORTEP diagram is shown-in Figure 4.1. The crystallographic data,
atomic coordinates and anisotropic thermal parameters are listed in Tables A.7-A.9,
respectively, in Appendix A. The bond lengths and angles are presented in Tables 4.2
and 4.3, respectively, at the end of this section. The S1-C8-S2 bond angle, 111.6(3)° is
comparable to those in similar compounds (43,79). The S1-C8 (1.693(5)A) and S2-C8
(1.687(6)A) bond lengths are equal within experimental error and also compare well with
the distances found elsewhere (43,79).

A 'H NMR study of the reaction of CpW(CO),(PPh,)SCHMe, (42a) and CS,
revealed that the signals due to the cis isomer rapidly decreased in intensity followed by
a gradual decrease in the intensity of those of the trans isomer, while peaks due to
CpW(CO),S,CSCHMe, appeared. This behaviour suggested that the sterically more
crowded cis isomer reacted faster than the trans compound. The reaction of 42a, where R
is an electron-donating group, CHMe,, was much faster than that of 42¢ where R is an
electron-withdrawing group, 4-CsH,Me. After 8 hours in CDCls, in the presence of a
270-fold excess of CS,, the reaction was 95%, 25%, and 1% complete for 42a-c,
respectively. In neat CS,, the reactions proceeded much faster. Figure 4.2 plots the rate

of the reaction of 42a with CS, according to the first order rate equation, Equation 4.7.

A = CpW(CO),(PPh3)SR -In[A], + In[A], = &t 4.7
k = rate constant
t = time

The data for Figure 4.2 is found in Table B.1 in Appendix B. The rate of production of
CpW(CO),S,CSCH,Me, declines as the amount of CS, present decreases from 209

equivalents (A) to 43 equivalents (C). While the rate of the reaction is plotted according
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Figure 4.1 ORTEP view of CpW(CO),S,CSCH,Ph (62b).
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4.0
3.94
3.8
n[42a] 7

3.64

3.5+

3.4
3.34
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Figure 4.2 The effect of CS, concentration on the reaction of
CpW(CO),(PPh3)SCHMe, (42a) with CS,. First order plots of 42a
with increasing CS, concentration: A) 209 equivalents of CSo;

B) 130 equivalents of CS,; C) 43 equivalents of CS,.

(See Appendix B for [42a].)

to the first order rate law, the curves indicate that the reaction is not first order. An initial
curve changes to a more or less straight line as the reaction proceeds. This non-linearity
indicates that the CS, insertion reaction (Equation 4.6) is not first order even at the
highest CS, concentrations employed.

The addition of excess PPh,; appears to slow the formation of
CpW(CO),S,CSCHMe,. Curves A-C in Figure 4.3 show the first order plots of the
reaction of 42a with CS, in the presence of 0, 3.5 and 7.0 equivalents of excess PPhs,
respectively. The data for Figure 4.3 is listed in Table B.2 in Appendix B. As the amount
of excess PPh; increases, the rate decreases; 7 equivalents decreased the rate
dramatically, While line C appears linear it is curved at the beginning of the reaction.
The equilibrium between cis and trans-CpW(CO),(PPh;)SCHMe, (equilibrium constant

for trans-42a : cis-42a is 3.5 + 0.3) may affect the rate of the reaction and may be the

cause of the steep initial slope observed in Figures 4.2 and 4.3. Scheme 4.3 depicts the
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Figure 4.3 The effect of excess PPh; on the reaction of
CpW(CO),(PPh;)SCHMe, (42a) with CS,. First order plots of 42a
with excess PPhs: A) 0 equivalents of PPh, B) 3.5 equivalents

of PPh; C) 7.0 equivalents of PPh;. (See Appendix B for [42a].)

trans = cis isomerization of 42a with the addition of CS, to give CpW(CO),S,CSR
(62). As the NMR study indicated, the cis isomer reacted with CS, faster than the trans
isomer; thus, as cis-42a is consumed, the rate of the reaction would be reflected by a
certain rate constant, the steep initial slope, (i). Clearly, trans = cis isomerization (ii) is
slower than the CS, insertion reaction. Subsequently, trans-42a must isomerize to
cis-42a to complete the reaction (ii—i) and/or mrans-42a itself, reacts with CS, at a
slower rate (iii), resulting in the linear portion of curves A-C in Figures 4.2 and 4.3.
Purgil'lg an NMR sample of 42a with CO after the addition of CS, also slowed the
reaction markedly. Moreover, signals due to CpW(CO);SCHMe, appeared in the NMR
spectrum. The reaction of CpW(CO);SCHMe, and CS, is comparatively very slow, only
70% conversion to CpW(CO),S,CSCHMe, (62a) was observed after 4 days. The
preparation of CpW(CO),S,CSR (R = Me, Ph) from CpW(CO);SR and CS, has been

reported. However, this publication, which appeared more than 20 years ago, did not
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Scheme 4.3 Reaction of ¢ _1sM—CpW(CO)2(PPh3)SCHMe2 (42a)

with CS, to give CpW(CO),S,CSCHMe, (62a).
mention the lengthy reaction time for the production of the thioxanthate, moreover, it
contained no characterization evidence such as NMR, IR, mass spectral data or
clemental analysis (36).

Scheme 4.4 incorporates the following observations of the rate of thioxanthate
formation: 1) faster for the cis isomer than the trans isomer, 2) inhibited by excess PPh,
or CO, 3) decreased as the R group becomes increasingly electron-withdrawing (CHMe,
< CH,Ph < 4-CH,Me), and 4) reacted faster for CpW(CO),(PPh;)SR than for
CpW(CO)sSR. These observations suggest that electrophilic attack by precoordinated
CS, on the coordinated sulfur atom is the major pathway to the thioxanthate product.
Attack by free CS, can not be ruled out but is inconsistent with the inihibition of the
reaction by free PPh; or CO. In a related system, Darensbourg et al (80,81) fopnd that
CO, inserted into the W-OR bond of W(CO)sOR anions (Equation 4.8). Attack of free

CO, was proposed to be the likely route to the products, since the reaction was not
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Scheme 4.4 Proposed pathway for the formation of CpW(CO),S,CSR (62)
from the insertion of CS, into CpW(CO),(PPh;)SR (42).

inhibited by free CO. In our study, the appearance of CpW(CO);SCHMe,, after purging

[M(CO)soPh]NEt4 + C02 —_—
M=C,W

(C0)4M/

>>C— OPh |[NEy, + CO 4.8)

an NMR sample containing 42a and CS,, with CO indicates that PPhg dissociated easily,

giving a coordinatively unsaturated species, CpW(CO),SR. Thiolate ligands are known

to stabilize 16 electron coordinatively unsaturated organometallic species by pn-dn

donation to the empty metal d orbitals from the sulfur 3p lone pair orbitals (82-84) as

discussed in Chapter 1. The species, CpW(CO),SR, could coordinate a molecule of CS,

as shown and followed by electrophilic attack on the sulfur atom of the thiolate ligand to

give I, rearrangement of which gives the thioxanthate product, IV.

O



B. The Reaction of CpW(CO),(PPh3)SCHMe,, 42a, with COS

In reactions with COS, organometallic complexes usually give carbonylation
products, arising from C-S bond cleavage (58,60,62,64), or N%-COS coordination
complexes (60,61,63,85-87). Insertion compounds with linkages such as 56 or 587 (50,81)
are rare. Carbon-sulfur bond cleavage occurred when Rh(H)(PPhs), reacted with COS to
give Rh(SH)(CO)(PPhs), (Equation 4.9) (62). Products with an 12-COS linkage have

Rh(PPh3),H + COS —— trans-Rh(CO)(SH)(PPhs); + 2PPh; (4.9)

also been observed and Ru(CO)z(PPh3)2(112-COS), was identified from the reaction of
Ru(CO),(PPh3); and COS (Equation 4.10) (60). In the reaction of CpRu(PPh;),H and
PPh
3 > O
OC\ | /C
Ru(CO),(PPhs); + COS —» Ru” | + PPhy (4.10)
oCc~ | ~S
PPh,

COS, an 11!-COS complex, CpRu(PPh;),SC(O)H, was produced (Equation 4.11) (50).

0
|
CpRu(PPh),H + COS —— CpRu(PPhy), S-C-H (4.11)

No reaction has been reported between COS and metal thiolate complexes (81).

Based on the reactivity of CpW(CO),(PPh3)SR (42a-¢) with CS, and the above
examples of COS reactivity, the reaction of (42a-¢) with COS was attempted. Treatment
of an NMR sample of CpW(CO),(PPh;)SCHMe, (42a) with gaseous COS for four hours
showed that the major species in solution was the starting complex, 42a. The presence of

the dimer, [CpW(CO),SCHMe,}, (§0a), and an unassigned singlet Cp peak (5.44 ppm)
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and doublet in the methyl region (0.98 ppm) of moderate intensity were also detected.
Peaks due to CpW(CO);SCHMe, and SPPh, were also observed and were likely formed
from C-S bond cleavage of COS (Equation 4.12), similar to Equation 4.9.

""""""""""""""""

42a

In a preparative scale reaction, treatment of the thiolate complex, 42a, with liquid
COS at room temperature after 3 days gave the unexpected product,
CpW(CO),(PPh3)SH, 42f, as orange microcr&stals, characterized by NMR, IR, mass
spectroscopy and elemental analysis. The cis-42f:trans-42f ratio was 9:1, as observed by
NMR. In the NMR spectrum, a doublet upfield of TMS at -2.35 ppm (J(P-H) = 19 Hz)
was assigned to the thiol proton of cis-42f. Further, upon treatment of the NMR sample
with CO for 30 minutes, peaks due to CpW(CO);SH (88) appeared, consistent with the
displacement of PPh; from 42f.

Recalling Chapter 2, the preparation of 42f was first attempted by treatment of
CpW(CO),(PPh3)Cl and NaSH but the reaction gave only starting materials. Thus, the
production of 42f from the reaction of 42a and liquid COS was both interesting and
puzzling. However, specification data from Matheson Gas Products revealed that the
commercial COS used contained 0.5% H,S. This percentage would give approximately
10 equivalents of H,S to 1 equivalent of 42a in 15 mL of liquid COS used. Hence, a
thiolate exchange reaction (Equation 4.13) was the likely route to CpW(CO),(PPh3)SH.

CpW(CO),(PPh;)SR + H,S <=——5 CpW(CO),(PPh;)SH + RSH (4.13)
R = CHMe,, CH,Ph, 4-C¢H,Me;
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The byproduct, Me,HCSH, was also observed in the NMR spectrum of the residue of the
liquid COS reaction. A reaction between 42a and H,S gave 42f in 84% yield. NMR
samples of 42b and 42c treated with H,S also showed the production of 42f and the
appropriate organic thiol, PhCH,SH and 4-C¢H,MeSH, respectively. However, these
reactions appeared to be reversible. If the thiol byproduct, RSH, is not removed then
some of the original thiolate, CpW(CO),(PPh3)SR is reformed. Thiolate exchange
reactions have been observed for MesMSR (M = Si, Ge, Sn, Pb) complexes (87) and
more recently, [(MeCp)Mo(S)SH], was shown to react with RSH (R = Me, Et, CHMe,,
Ph) to give [(MeCp)Mo(S)SR], (Equation 4.14) (90). The thiolate exchange reactions

[MeCpMo(S)SH], + 2RSH —» [MeCpMo(S)SR], + 2H,S 4.14)
R = Meg, Et, CHMe,, Ph

between CpW(CO),(PPh;)SR and R“SH are discussed in Chapter 2 (Scheme 2.3).

C. The Treatment of CpW(CO),(PPh3)SCHMe,, 42a, with CO,

Treatment of the tungsten thiolate complex, 42a, with gaseous CO, gave the
dimer, [CpW(CO),SCHMe,], (§0a), which was also prepared from the reaction of 42a
in the absence of CO, under the same conditions. The lack of reactivity of CO, with this
tungsten thiolate complex is similar to results previously reported for [M(CO)sSR]- (M =
Cr, W; R = H, Ph) (65). However, CO, does react with the alkoxides, [M(CO)sOPh]- (M
= Cr, W) to give [M(CO),0,COPh] as shown earlier in Equation 4.8 (27-29,80,81).



)

101

D. The Treatment of CpW(CO),(PPh;)SCHMe,, 42a, with MeNCO, RNCS (R =
Me, CHMe,) and RNCNR (R = C¢H,;)

The heterocumulenes, RNCS (64,67-72), RNCO (12,22,64,67-74), RNCNR
(12,64,72,74) have been reported to react with organometallic complexes to give
insertion products. Both 4-C.HMeNCS- and 4-CqHMeNCO reacted with
Cp,Nb(CO)(H) to give CpNb(CO)XCH=N-4-CqH,;Me) (X = O,S) 63 (Equation 4.15)
(70,72). The carbodiimide, RN=C=NR (R = 4-C¢H,Me) and CpZrMe, reacted to give

co
Cp,Nb(CO)H) + 4-CHMeNCX — » Cp,Nb 7 @.15)
X=0,8 ™~ XCH=N- 4 -C¢H,Me
63

complex 64 (Equation 4.16) (74). However, reactions of mercaptide complexes with

Me/R
- Me L /X .
Cor [+ RN=C=NR —» Cp,2f 5\ (4.16)
Me R=4-C6I'I4MC \]lﬂ'/C\ Me
R
64

these heterocumulenes have not been reported.

In our work, the complex, CpW(CO),(PPh;)SCHMe, (42a), showed little or no
reactivity with the heterocumulenes, MeNCO, RNCS (R = Me, CHMe,) and RNCNR (R
= CgHyy). Treatments of 42a with MeNCO, MeNCS and RNCNR (R = CeH;1) were
monitored by NMR for 1 day. Typically, ~80% of the Cp resonances observed were due
to 42a. Most of 42a did not undergo any reaction other than some dimerization since
peaks due to [CpW(CO),SCHMe,], (50a) were observed. In the case of 42a and

MeNCO, the spectrum showed an unassigned doublet at 2.77 ppm but no corresponding
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Cp or methyne peaks attributable to a new complex was detected. The spectrum of 42a
with MeNCS showed two new Cp resonances at 5.67 and 5.66 ppm but these comprised
less than 20% of the total Cp resonances. For 42a and H,,C,NCNC¢H;,, the spectrum
exhibited peaks due only to the starting materials and 50a. Initially, the treatment of 42a
in neat Me,HCNCS appeared to give a reaction since a colour change from
orange-yellow to orange-red was observed after the solution had been stirred for 3
weeks. Column chromatography of the solution residue yielded a red-orange band. A
yellow band followed and was identified as 42a by NMR. In the spectrum of the
red-orange band several new Cp resonances at 5.67, 5.66, and 5.64 ppm were detected,
however, these and the Cp peak due to 50a comprised <30% of the total Cp resonances
present; the two Cp peaks at 5.49 and 5.04 ppm accounting for the remaining 70% were
due to unreacted cis/trans-42a. The treatments of 42a and the heterocumulenes above
were all performed at room temperature since, as shown by the presence of the dimer
[CpW(CO),SCHMe;], in all the NMR spectra of the resulting residues, 42a exhibits a

facile tendency to dimerize which is accelerated when heated (Chapter 3).

The reaction of the thiolate compounds, 42a-¢, with CS, to give the thioxanthate
complexes, 62a-c, shows that the W-SR bond is reactive toward this electrophile and is
in accord with other reports of thiolate complexes with CS, (30,33-36,38,39). The lack
of reactivity of CpW(CO),(PPh3)SCHMe, with COS and CO, is consistent with
previous reports of the general reactivity pattern for CS,, COS, and CO, with
organometallic complexes (58). Carbon dioxide and carbonyl sulfide show limited
reactivity toward organometallic complexes, while carbon disulfide is prolific in its
general reactivity towards this class of compounds.

The heterocumulenes, RNCO, RNCS and RNCNR showed little or no reactivity
with CpW(CO)Z(PPh3)SCHMez. A full comparative study of the reactivity of these
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heterocumulenes is lacking in the literature but there are many reports of these
electrophiles reacting with metal-carbon bonds (12,22,64,67-74). No reports of reactions
with metal thiolate compounds are known. In our study, it is possible that the
nucleophilic nature of the thiolate sulfur atom in CpW(CO),(PPh;)SCHMe, was
insufficient to initiate a reaction. Changing the electronic environment of the complex by
using a more basic ligand such as MesCp might result in greater nucleophilicity and

prompt reactions with these heterocumulenes as well as with CO, and COS.
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Table 4.2 Bond Distances (A) for CpW(CO),S,CSCH,Ph (62b)

W-S1
W-S2
W-Cl
W-C2
W-C3
W-C4
W-C5
W-C6
W-C7
$1-C8
$2-C8
$3-C8
$3-C9

2.489(3)
2.481(2)
1.968(6)
1.967(7)
2.377(6)
2.289(6)
2.267(6)
2.312(6)
2.400(7)
1.693(5)
1.687(6)
1.735(5)
1.833(6)

C1-01
C2-02
C3-C4
C3-C7
C4-C5
C5-Cé6
C6-C7
C9-C10
C10-C11
C10-C15
C11-C12
C12-C13
C13-C14
C14-C15

1.160(7)
1.169(8)
1.42 (1)
1.38 (1)
1.42 (1)
1.42 (1)
1.40 (1)
1.495(9)
1.417(8)
1.392(9)
1.363(9)
1.36 (1)
1.41 (1)
1.40 (1)
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Table 4.3 Bond Angles (deg) for CpW(CO),S,CSCH,Ph (62b)

S1-W-S2
S1-W-C1
S1-w-C2
S1-w-C4
S1-W-C5
S1-W-Cé6
S2-W-C1
S2-W-C2
S2-W-C4
S2-W-C5
S2-W-C6
Ci1-w-C2
Cl-W-C4
C1-W-C5
C1-W-Cé6
C2-W-C4
C2-W-C5
C2-W-Cé6
C4-W-C5
C4-W-C6
C5-W-C6

68.5(6)
80.02)
122.8(2)
140.6(2)
140.2(2)
104.1(2)
122.72)
80.2(2)
101.2(2)
137.4(2)
141.3(2)
78.7(3)
131.5(3)
97.1(3)
91.3(3)
90.5(3)
94.9(3)
128.7(3)
36.3(3)
59.5(3)
36.1(3)

W-51-C8
W-§2-C8
C8-S3-C9
W-C1-01
W-C2-02
C4-C3-C7
C3-C4-C5
C4-C5-C6
C5-C6-C7
C3-C7-C6
S1-C8-S2
S1-C8-53
S2-C8-83
SZ-C9-C10
é9-C10—C11
C9-C10-C15
C11-C10-Ci15
C10-C11-C12
C11-C12-C13
C12-C13-C14
C13-C14-C15
C10-C15-C14

89.8(2)

90.2(2)
102.3(3)
177.0(6)
175.9(5)
108.9(6)
107.4(6)
107.1(6)
108.3(6)
108.3(6)
111.6(3)
121.1(3)
127.3(3)
115.1(4)
122.7(5)
120.7(5)
116.6(5)
122.1(5)
121.5(6)
118.6(7)
120.3(6)
120.9(6)
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Experimental

A. Cyclopentadienyldicarbonyl-2-propylthioxanthanatotungsten(Il),
CPW(CO)282CS CHMCz, 62_3

Carbon disulfide, (20 mL) was added to a solid sample of 42a (0.15 g, 2.33 mmol).
The solution became dark blood red almost immediately and stirring was continued for 9
hours. The solvent-reagent was removed by evaporation under vacuum (oil pump) and
the residue dissolved in CH,Cl, (4 mL). Chromatography on activated alumina (3 x 40
cm) and elution with CH,Cl, gave a single red band which was collected. Removal of
the solvent and recrystallization of the residue from hexanes gave 62a as a dark red
powder (0.062 g, 58%, m.p.=127-128°C) that was dried overnight in vacuo. Anal, Calc’d
for C;,H,;,0,5;W: C, 28.96; H, 2.65; S, 21.08. Found: C, 29.52; H, 2.68; S, 20.64.

IR (Nujol): 2728 (w), 2361 (w), 2339 (w), 1934 (s), 1874 (s), 1420 (w), 1063 (w,
sh), 990 (m, sh), 972 (m, sh), 831 (w, sh) cm'L.

Mass spectrum: 456 (M*, 15.8); 400 (M*-2COr, 30.6); 357 M*-2CO-CHMe,,
100.0); 337 (M™CS,-CHMe,, 9.9); 325 M™2CO-S-CHMey, 6.7); 309
(M*-CS,-CO~CHMe,, 17.9); 281 (M*-CS,-2CO-CHMe,, 57.6).

B. Cyclopentadienyldicarbonylphenylmethylthioxanthanatotungsten(Il),
CpW(CO),S,CSCH,Ph, 62b

As for A, CS, (20 mL) was added to a solid sample of 42b (0.11 g, 1.65 mmol) and

the reaction solution was stirred for 2 days. The solution was concentrated to 8 mL and
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chromatographed on an alumina column (4 x 48 cm). Elution with CH,Cl, gave a red
band which was collected and reduced to dryness. Recrystallization of the residue from
CH,Cl,/hexanes (1:4) yielded 62b as long red needles with a greenish luster (0.056 g,
67%, m.p.=137-138°C). Anal. Calc’d for C;5H,,0,8;W : C, 35.73; H, 2.40; S, 19.07.
Found : C, 36.41; H, 2.36; S, 19.52.

IR (Nujol): 2359 (w), 2337 (w), 1936 (s), 1852 (s), 1157 (w), 1120 (w), 1073 (w),
1029 (w), 1005 (w, sh), 975 (m, sh), 872 (m, sh), 761 (w, sh), 704 (m, sh) cm!.

Mass spectrum, CI: 505 (M*™+H:, 100); 477 M*"+H-CO, 47.1); 449
(M*+H-2COr, 5.3); 337 M*+H-CS,-CH,Ph, 6.6). High resolution mass spectrum,
(ED): M+, 502.95600 based on 2w,

C. Cyclopentadienyldicarbonyl-4-methylbenzenethioxanthanatotungsten(Il),
CpW(CO),S,CS-4-CsH Me, 62¢

Similar to B, 42¢ (0.14 g, 2.2 mmol) was dissolved in neat CS, (10 mL) and the
reaction solution stirred for 2 days. The solvent was removed under vacuum and the
residue dissolved in CH,Cl, (4 mL). Chromatography on activated alumina (1.5 x 50
cm) and elutiop with CH,Cl, gave a red band followed by an orange band, identified as
the starting material, 42¢. The solvent was removed in vacuo from the red band and the
residue was recrystallized from CH,Cl,/hexanes (1:5) giving 62¢ as red crystals with a
greenish luster (0.05 g, 45%, m.p.=172-173°C). Anal. Calc’d for C;sH;50,S;W: C,
35.73; H, 2.40; S, 19.07. Found: C, 35.76; H, 2.51; S, 18.93.

R (Nujol): 1957 (s), 1942 (s), 1929 (s), 1865 (s), 1856 (s), 1843 (s), 1263 (w),
‘1088 (w), 1011 (w), 962 (m), 828 (w), 809 (m), 755 (w) 698 (w) cm’L,

Mass spectrum, ELI. 503 M*™-H, 7.7); 447 (M"-H-2CO, 31.5); 401

(M*-2CO~-S-Me;, 4.3); 369 (M*-H-2CO~-S-Me;, 9.2); 281 (M*-2CO-CS,-4-CsH, Me:,
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D. Attempted Reaction of CpW(CO),(PPh3)SCHMe,, 42a, and CO,

In a three-necked 100 mL round bottom flask equipped with a condenser, 42a
(0.25 g, 0.39 mmol) was dissolved in THF (18 mL). A three-necked 2 L round bottom
flask, equipped with a stopcock adaptor that was always left slightly open to avoid a
pressure build-up, was charged with solid CO,. Carbon dioxide was bubbled through the
stirred solution for 9 hours. An small aliquot of the red-orange solution was taken and
reduced to dryness. A 'H NMR spectrum of the residue in CDCl; showed only peaks due
to the starting material, 42a. The reaction was repeated at S0°C for 12 hours with a slow
stream of CO, bubbled through the solution. The black-brown solution was reduced to
dryness and chromatographed on activated alumina (2 x 50 cm). Elution with CH,Cl,
gave a dark brown band followed by a yellow-orange band which were both were
collected. 'H NMR spectroscopy revealed that the yellow-orange band was due to
unreacted 42a. The brown fraction was recrystallized from CH,Cl,/hexanes to give black
crystals. The NMR, IR and mass spectra and analytical data of this product was
consistent with those of the dimer [CpW(CO),SCHMe,],, S0a.

E. Attempted Reaction of CpW(CO),(PPh;)SCHMe,, 42a, and COS

1. NMR study of CpW(CO),(PPh)SCHMe, and COS(g)

An NMR sample of 42a in CDCl; was treated with a slow stream of COS(g) for
four hours with replenishment of CDCl; as needed. After this time, the spectrum showed

the major species in solution was the starting material, 42a. However, peaks due to the
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dimer [CpW(CO),SCHMe,],, 50a, and CpW(CO);SCHMe, were also observed. An
unassigned singlet Cp peak at 5.44 ppm and a doublet in the methyl region at 0.98 ppm
(J(H-H) = 6.4 Hz) were also present.

2. Reaction of CpW(CO),(PPh;)SCHMe,, 42a, and COS(J)
Preparation of CpW(CO),(PPh4)SH, 42f

CAUTION: Liquid COS boils at -50°C and in a closed system generates high

pressure. The reaction should be performed in a fumehood using a blast shield and face

mask in a high pressure reaction vessel free from stress areas or cracks. The fumehood

shutter should be closed when not attending the reaction.

. »
. .
. .
. +
1 .
. .

.

COS

e[ ()

Blast shield

A 100 mL Carius tube (a transparent, thick-walled, pear-shaped flask equipped
with a teflon-seal screw valve and outlet) was charged with 42a (0.14 g, 0.22 mmol) and
and twice evacuated and filled with N,. The reaction vessel was cooled to -78°C using a
dry-ice/acetone bath. The flask was opened under a strong flow of N, via the outlet and
the teflon screw valve was removed. Carbonyl sulfide gas was condensed into the vessel

via a 12" needle. After condensation of liquid COS (~15 mL, 12.4 g, 207 mmol), the
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vessel was closed by replacing the teflon valve and the blast shield was placed in front of
the reactor. The cooling bath was removed and the stirred orange suspension allowed to

warm to room temperature. The fumehood shutter was closed.

Stirring continued for 2 days. The flask was again cooled to -78°C and opened

carefully to a strong flow of N, via the N, outlet. The vessel was opened completely and

the system allowed to slowly warm to room temperature. As the flask warmed, the
excess COS evaporated, leaving an orange residue; the blast shield was removed. This
orange solid was extracted with a minimal amount of CH,Cl, and chromatographed on
activated alumina (3 x 50 cm). Elution with 3:1 CH,Cl,/hexanes gave one orange band
which was collected. Removal of the solvent by evaporation under vacuum and
recrystallization of the residue from CH,Cly/hexanes gave CpW(CO),(PPh;)SH, 42f, as
orange microcrystals (0.054 g, 41%, m.p. = 159-160°C). Anal. Calc’d for
C,sH,;0,PSW: C, 50.02; H, 3.50; S, 5.34. Found: C, 49.73; H, 3.66; S, 5.71.

IR (toluene) v(CO): 1955 (w), 1855 (w) cm'!. IR (Nujol): 1921 (s), 1831 (s), 1183
(w), 1090 (m), 851 (w), 831 (w), 823 (m), 748 (m), 723 (w), 689 (m) cmL.

Mass spectrum, CI: 681 (Cp,W,(CO);3S5%, 0.04); 648 (CpyWo(CO)3S,™, 0.04);
570 M*-CO-2H;, 1.9); 567 (M*-SH;, 2.0); 539 (M*-CO-SH,, 0.2); 262 (PPhs*, 100);
183 (W, 30). Unidentified peaks at 724 (0.16), 610 (0.08), 509 (1.3), 490 (0.87), 445
(6.6), 370 (2.9).

F. Preparation of CpW(CO),(PPh4)SH, 42f
Reaction of CpW(CO),(PPh;)SCHMe,, 42a, and H,S

Caution: The preparation of CpW(CO),(PPh;)SH (42f) involves the use of H,S

conducted in an efficient fume hood and every effort must be made to ensure
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containment of the gas. The use of an H,S manifold such as the one shown below is

strongly recommended.

ARINE

flask

H,S

The gas was dried by means of a calcium chloride column (B) and passed through
a Nujol bubbler (C) before entering the reabtion vessel. Unreacted gas was passed
through three washing towers containing, successively, SM NaOH (D), saturated
aqueous lead acetate (E), and SM NaOH (F). Any gas not neutralized in these steps was
burned. Prior to and after the use of H,S, the system was flushed for approximately 10

minutes with a strong stream of nitrogen via stopcock (A).

A 100 mL three-necked round bottom flask was charged With a sample of 42a
(1.2g, 1.8 mmol), partially dissolved in a 1:1 mixture of CH,Cl,/ether (50 mL) and then
H,S was bubbled through the solution for 30 minutes. The solvent, partially evaporated
by a stream of H,S, was reduced to dryness under vacuum. The residue was
chromatographed on alumina (3 x 40 cm). Elution with CH,Cl, gave a red band followed
by an orange band. Both fractions were collected and the solvent removed under
vacuum. The first fraction, which contained a mixture of the red and orange compounds
was rechromatographed on alumina (1.5 x 30 cm) using a 2:1 solvent mixture of
CH,Cly/hexanes. Separation of the two bands was achieved and the orange fraction was
combined with the fraction from the first chromatographic column and recrystallized

from CH,Cly/hexanes to give orange microcrystals (0.83 g, 84%) of 42f whose identity
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was confirmed by H NMR. The red band gave a red-grey solid (0.038 g, m.p. =
199-203°C) which was identified by 'H NMR, IR, mass spectral and analytical data to be
CpW(CO),(PPh3)H, 40. The mother liquors of the red band were reduced to dryness and
the NMR spectrum of the residue (~0.03 g) showed peaks corresponding to
CpW(CO),S,CSCHMe,, 62a.

G. Treatment of CpW(CO),(PPh;)SCHMe,, 42a, and MeNCO

An NMR sample of 42a in CDCl; was treated with a drop of MeNCO and spectra
were recorded after 5 minutes and 3, 5, and 23 hours. After 1 day, 90% of the Cp
resonances were due to 42a. Peaks due to the dimer, [CpW(CO),SCHMe,], (§0a), were
also observed. An unassigned doublet at 2.77 ppm (J(H-H) = 4.8 Hz) was detected after
3 hours and steadily increased in intensity. However, no corresponding Cp or methyne

peaks relating to a new complex were observed and the reaction abandoned.
H. Reaction of CpW(CO),(PPh3)SCHMe, 42a and Me,CHNCS

To a stirred solution of 42a (0.17 g, 0.26 mmol) in CH,Cl, (5 mL), Me,CHNCS
(0.51 g, 4.94 mmol) was added. The orange solution was allowed to stir for 2 days. The
reaction solution was reduced to dryness and liquid Me,CHNCS (0.05 g, 4.8 mmol) was
added to the residue and the solution was allowéd to stir for 3 weeks. After removing the
solvent/reagent under vacuum, the residue was chromatographed on alumina (1.2 x 45
cm). A red-orange band eluted first with CH,Cl,, closely followed by a yellow band. A
purple band, eluted very slowly with a 1:1 mixture of CH,Cl,/ethanol and was collected.
Each fraction was reduced to dryness and NMR spectra (CDCls) of the residues were

recorded. The spectrum of the first band (red-orange) showed greater than 70% (by
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integration) of the peaks were due to unreacted 42a and Me,CHNCS. Three new Cp
resonances were also observed. 'H NMR of first fraction (CDCl,): 5.67 (singlet, 5H,
Cp), 5.66 (singlet, 5H, Cp), 5.64 (singlet, SH, Cp) 5.56 (singlet, SH, Cp, 50a), 5.49
(singlet, 5SH, Cp, cis-42a), 5.04 (doublet, 5H, Cp, J(H-H)=2 Hz, trans-42a), 4.72 (broad
sextet), 4.02 (septet, 1H, Me,CHNCS), 1.’38 (broad doublet, 6H, J(H-H)=6.6 Hz,
(CH3),CHNCS), 1.27 (broad doublet, J(H-H)=6 Hz). The second band (yellow) was
identified as trans-42a and the third fraction (purple) showed the presence of SPPhs,
CH,Cl, and ethanol.

I. Attempted Reaction of 42a and MeNCS

To an NMR sample of 42a in CDCls;, a small amount of MeNCS was added and
spectra were recorded after 10 minutes and 24 hours. The spectrum remained unchanged
from that of the starting materials except that two new Cp resonances (5.67 and 5.66
ppm) were observed. However, these new peaks comprised <20% of the total Cp

resonances and the reaction was abandoned.
J. Attempted Reaction of 42a and (C¢H,;N),C

To an NMR sample of 42a in CDCl;, a small amount of RN=C=NR (R = C¢H,,)
was added and spectra were recorded after 5 minutes, 3.5 hours, 24 hours and 5 days. No

changes in the spectrum were observed other than some formation of the dimer,

[CpW(CO),SCHMe,],, 50a.
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CHAPTER §

The Preparation and Characterization of CpW(CO),(PPh3)(S(SO,)R)
(R = CHMe,, CH,Ph, 4-C{H,Me)

Introduction:

The presence of sulfur-containing compounds in petroleum feedstocks results in
the emission of SO, into the atmosphere when these fuels are burned. These emissions
result in the environmental hazard, "acid rain". Desulfurization of the feedstocks and/or
treatment of the combustion products is now a political and an environmental priority.

Presently, fossil fuels undergo hydrodesulfurization via treatment with H, over
metal-sulfide catalysts to give saturated hydrocarbons and H,S. Highly toxic H,S cannot
be released to the atmosphere and must be converted to non-toxic products. In the Claus
process (1), H,S is first partiallly oxidized to SO,, which reacts with H,S to give Sg and
H,O (Scheme 5.1). Various heterogeneous catalysts have been used in both steps but like

HS + 3,0, —— SO, + HyO + 130 keal
2H,S + SO, —» 2H,0 + 3/gSg + 30kcal
Scheme 5.1 The Claus Process (1)
the hydrodesulfurization process, it is not clear what chemical reactions are taking place

with these catalysts. Hence, reactions of organometallic complexes with SO, may reveal

some insight into the reactivity of SO, and the kinds of processes that may be occurring.
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Reactions of SO, with Metal-Alkyl Complexes

Sulfur dioxide reacts with transition metal complexes to give products with one of
a number of possible linkages (2). Table 5.1 lists eight types of SO, linkages found in
metal complexes and the regions where the V(SO) bands have been observed in the IR
spectrum (2,3). Reports of simple SO, adducts (M-SO,, I) are known, wherein the SO,
moieculc coordinated to the metal possesses a pyramidal (I) or coplanar (II) geometry
(4-17). Adduct formation with a ligand such as M-L-SO, (III) has been reported
(3,18-22). An 112-802 bonding mode is also known (M—nz-SOz, IV) (23-26) and the
lower v(SO) frequencies reflect the S-O bond activation. A very common product is a
S-sulfinate (M-S(O),R, V) complex (2,27-37) where the SO, molecule has inserted into
a metal-carbon bond. Another possible SO, insertion linkage is the O-sulfinate
(M-O-S(0)-R, VI) (2,38-41) where the metal is bound to an oxygen atom and the R
group is coordinated to the S(O) moiety. These complexes have been observed as
intermediates to the S-sulfinate complexes. The O-alkyl-S-sulfoxylate (M-S(O)-OR, VII)
linkage where the S(O) moiety is coordinated to the metal centre and the R group bound
to an oxygen atom, is also known (38-39). Lastly, the O’-O’-sulfinate (M-(O)(O)-S-R,
VIII) (2,42,43) linkage is a bidentate ligand in which both oxygen atoms are bound to the
metal.

In the Group 6 triad, S-sulfinate complexes of Cr, Mo, and W are known. The
complex, CpCr(CO);[S(O),Et] (37), was prepared via treatment of CpCr(CO);Et with
SO,. The complexes CpMo(CO);R (R = Me, Et, CH,Ph) and CpMo(CO),(PPh;)Me
react readily in refluxing SO, to give the S-sulfinates, CpMo(CO);[S(O),R] (R = Me, Et,
CH,Ph) and CpMo(CO),(PPh3)[S(O),Me] (44), respectively. The tungsten analogues,
CpW(CO)R (R = Me, CH,Ph) (44) are much less reactive; CpW(CO);[S(0),CH,Ph]
was prepared by stirring CpW(CO);CH,Ph in liquid SO, at 55°C for 3 days (31). The
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Table 5.1 Diagnostic v(SO) frequencies of relevant SO, coordination geometries in metal complexes

Coordination
Geometry
I M-SO, yramidal
adduct P
n M-S0, lan
adduct copanar
ligand
I M-L-50, adgduct
(0]
13% g n?- S0,
S \\O
5
Vv M-S-R S-sulfinate
11
0)
O-sulfinate

VII M-S-O-R O-a&grlx
ate

1 .
0 S-s

o)
M SR O'-O'sulfinate
N

viiI

Observed Ranges for v(SO) cm’!

1237-1150 1065-990
1303-1250 1130-1087
1317-1210 1135-1051
[ ] [ 1
1200-1100 1000-850
I |
1250-1100  1100-1000
I | |
1085-1050 1000-820
I |
{ | | 1 i I
1300 1200 1100 1000 900 800 cm'?

X4
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complexes, CpW(CO),(L)[S(O),Ph] (L = CO, PPh;) were not prepared by SO, insertion
but by oxidation of CpW(CO),(L)SPh with metachloroperbenzoic acid (Equation 5.1)
45).

o 0
COOH COH
0
CPW(CO)LSPh  + 2 @\ > COWOO)LSPh + 2 @ 5.1)
al o a

L = CO, PPh,

The mechanism of SO, insertion into rﬁetal-carbon bonds has been explored in
detail (2,4649) and is shown in Scheme 5.2. Electrophilic attack by SO, (68) gives a
contact ion pair (66) that can form an O-sulfinate intermediate (67) or can give the
S-sulfinate product (68) directly. The reaction proceeds with retention of configuration at
the chiral metal center (50) and inversion of configuration at the a-carbon due to the

backside attack by SO, (51,52). For aryl derivatives, the insertion proceeds via the

R R
..»\‘R ot \/ //O
M-C—R + SO, —% M---C---§
N | Do
R 5
R
65
M+ [0,SCRs] -
/ contact ion pair \
R g6 0 R
M—O-ISI-C'—R — M-ﬁ-c'—R
O \R 0 \R
67 68

Scheme 5.2 The mechanism of SO, insertion into metal-carbon bonds (2,46-49).
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O-sulfinate intermediate (67) with stabilization of a proposed transition state (69)

provided by substituents (X) on the aromatic ring.
M

69

The rate of SO, insertion has been shown to be dependent upon the R group;
decreasing as R becomes more electron-withdrawing (46,47,53) or larger in steric bulk
(54). In fact, for some complexes with perfluoroalkyl groups, no reaction is observed
(46,55-57). The rate of SO, insertion is also enhanced by increasing the base strength of
the ancillary ligands (40,44,46;47,58,59). For instance, when CO is replaced with PPhs,
SO, insertion occurs more rapidly for CpMo(CO),(PPhg)Me than for CpMo(CO);Me
(44). These observations are consistent with electrophilic attack of SO, on these

complexes.

Reactions of Metal-Oxygen and Metal-Sulfur Complexes with SO,

In comparison with metal-alkyl (or aryl) complexes, relatively few studies of
reactions of metal-sulfur complexes with SO, have been reported (3,7/9-22). It appears
that SO, can react with the metal-sulfur bond of thiolate complexes without insertion to
give an adduct (70) with the thiolate sulfur. Species such as (71), an S-thiosulfinate have

not been reported to date. An example of 70 was reported when a chloroform solution of

0

O*?’O M-SR
M-S-R y)
70 71
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Cu(PPh,Me);SPh  treated with SO,, gave the thiolate-bound SO, adduct,
Cu(PPh,Me);(S(SO,)Ph), the stucture of which was determined by x-ray crystallography

|
Cu(PPh,Me);SPh  + SO, —  Cu(PPh,Me);-S-Ph (5.2)

(Equation 5.2) (19). This complex is the only example reported thus far, where SO, is
bound to a thiolato sulfur atom, On the other hand, Ir(SPh)(CO)(PPhs),, reacted with
SO, to give a metal-bound SO, adduct, Ir(SPh)(CO)(PPh;),(SO,) (Equation 5.3) (3).

OC n, “‘\\ P P h3 OC #, l “\\\ P P h3
“Ir - + S0, —» " Ir (53)
Php” Y SPh Php” Y SPh

Other SO, adducts with metal sulfides have been reported. The dimers,
[Cp*W(CO),(1-5-S0], (Cp* = n-CsMes) (72) (20) and [Cp*Ru(CO),lo(1-S,05) (73)
(22) were formed when Cp*W(CO);H and Cp'Ru(CO),H, respectively, were treated
with SO,. In the case of 73, labelling studies with S(1802) determined that the third

o. .0
/
N7 ﬁ
AN s 7=
CP*W< >WCp* P
| S I Cp'Ru RuCp*
co | co / \ / \
S oC CO oC CO
0” Yo
72 73

oxygen atom in the (1-S903) ligand was derived from an additional molecule of SO,.
Likewise, SO, reacted with Cp*,Mo,(1-S,)(1-S), to give Cp*,Mo,(i-Sp)(-S)(-S-SO,)

(74) which in turn, can also react with a second molecule of SO, to give
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Cp*,Moy(1-Sp)(-S)(-S703) (75) (21). The related dimer, [(Me,Cp)Mo(p-S)(u-SH)], (n
= 1, 5), has been shown to catalytically reduce SO, to Sg and H,O (60,61).

o_ 0 O
s” 0x$=0
| |
S S
/ S § / S k
Cp*Mo MoCp* Cp*Mo MoCp*
\:57 §S7
| |
S S
74 75

All the ligand-SO, adduct complexes (except 73 and 75) reported showed a facile
tendency. to lose SO, (3,19-21). Preparation, workup and isolation of the products were
performed under an atmosphere of SO,. Placing the complexes under vacuum or
dissolving them in organic solvents resulted in loss of the coordinated sulfur dioxide. A
long S-S bond distance (~2.6A) was found in these complexes which is consistent with
the observed lability of the SO, (19-22). Some S-sulfinate (32-36,42,44,62) and metal
coordinated SO, adduct complexes (17,63-65) also eliminate SO, but require heating or
UV irradiation. The aryl sulfinates of Hg and Bi (42) lose SO, at ~150°C as do
CpFe(CO),[S(0),C¢Fs] (62) and CpMo(CO);[S(0),CH,Ph] (44) upon irradiation.

Although, the thiosulfinate coordination mode, M-S(O),SR (71) is not yet known,
its formation may be envisioned through at least four possible routes:

1) electrophilic attack by SO, on a thiolato sulfur atom, followed by rearrangement

to give 71 (Equation 5.4),

o

'\ st
M-SR + S0, —» M S-R —» M-

" s

/S\

O/ \O

vz

-S-R 5.4)

2 o
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2) migration of a bound thiolato ligand on a metal-coordinated SO, moiety

(Equation 5.5)
Oxg=0 ﬁ
M—SR —» M-S-S-R 5.5
o '(') 5.5)

3) attack of a free thiolato anion, RS-, on a metal-coordinated SO, molecule

(Equation 5.6) or

)

-S-R (5.6)

O=w

4) reaction of a free RS™ with SO, to give [S(O),SR]" followed by coordination to
the metal atom (Equation 5.7). Formation of [S(O),SR]" by this route has been postulated

(66) but to our knowledge no examples have been reported.

0] 0] - 0] -

D i i

S+ RS —» | S-S-R 7-» M-S-S-R 3.7
/] [l Il

0 0] M o)

One or more of these pathways may be the routes to some of the known alkoxide

analogues of 71, the metal sulfonate compounds M-S(O),-OR (76). The complexes

O

|
M-%-O-R

76

Pt(OMe)(CF;)(PPhyCH=CHPPh;) and M(OPh)tpp) (M = Rh, Ir; tpp =
Ph(CH,CH,CH,PPh,),) have been reported to insert SO, into the M-OR bond to give
Pi[S(0),OMe](CF;)(PPh,CH=CHPPh,) (77) (Equation 5.8) (67,68) and
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M[S(0),OPh](tpp)-SO, (78) (Equation 5.9) (69), respectively. No crystal structures were

Ph, Ph,
| F:.C |
T3 o j| 0 “p le (5.8)
Pt + SO, ——» “pt .
MeO”” \1? Meo-§ - b
Ph, 0 Ph,
77
v(SO) = 1238, 1115, 605 cm’!
Ph 1711
P, "\ PPh, e PPy
g ‘M + 280, — g 0) (5.9)
p” NOPh P/ |\§ ~OPh
|
Ph2 P h2 d
0=5=0
M=Rh, Ir ‘ 78

v(SO) (cm)
M-S(0»)-OR 1260, 1150, 1015, 590
M-S0, 1250, 1085

obtained for either 77 or 78. The M-S(O),OR linkage was inferred by the v(SO)

frequencies recorded in the infrared spectrum and that facile loss of SO, (which would
M~(I)R

07330
Pt(OMe)(CF;)(PPh,CH=CHPPh,) and M(OPh)(tpp) (M = Rh, Ir) are both 16 electron

have been expected of a ligand SO, adduct such as ) was not observed. Since

species, the formation of 77 and 78 might have occurred via migration of a bound
alkoxide ligand onto a metal-coordinated SO, molecule (route 2), rather than direct
insertion of SO, into the M-OR bond (route 1). In the case of 78, formation of the
S(0),0Ph ligand may have been followed by coordination of a second SO, molecule to
fill the vacant coordination site and complete the 18 electron configuration.

Another example of the M-S(O);OR linkage is the complex
[Ni{S(O),OR}(np3)I[BF,]-0.5EtOH-0.5H,0 (R = Me, Et; np; = N(CH,CH,PPh,); (79)
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(70). This compound (79) was formed from the reaction of [Ni(H,0)¢l[BF,], with excess
np; in the appropriate alcohol (methanol or ethanol), followed by treatment with SO,(g)

(Equation 5.10). In this instance, the v(SO) region (1300-1000 cml) in the IR spectrum

[Ni(H,0)¢][BF;], + np; (excess) Pr(a 1|\1 /»
Ni—P
P |

+ ROH + SO, - [BF,]
np; = N(CH,CH,PPh,); ocS\=o
R =Me, Et - OR _|
79

+ [Hnp;][BF,] + 6H,0  (5.10)

was extremely complex and only two strong bands at ~1218 cm’! and ~634 cm! were
tentatively assigned to the S(O),OR group; however, definitive evidence of the
Ni-S(O,)OR linkage was obtained in the x-ray crystal structure. In the preparation of 79,
the presence of excess amine (nps) acts as a proton acceptor from ROH to give RO (71).
The alkoxide ion might have attacked a pre-coordinated metal-SO, adduct to give
Ni-S(0),0R (Equation 5.11) (route 3) or reacted with free SO, to form [S(O),OR]" first

(66) which then coordinated to the metal atom and yield 79 (Equation 5.12) (route 4)
(70).

0 0 :
|
—Ni-:§ + RO — » Ni—i—OR (5.11)
|

| 0 ' 9 ]

-Ni- + l§—0R — » |ni-S$-0r (5.12)

4
| O o

Insertion of SO, into the Ni-N bond of (bpy)Ni(Cl)(NMe,) (bpy = bipyridine) to
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giving (bpy)Ni(CD[S(O),NMe,] (Equation 5.13) (72) has been claimed; however, no

characterization of any kind accompanied the report.
(bpy)Ni(C)(NMe,) + SOy —»  (bpy)Ni(CD[S(O);NMe,] (5.13)

To date, the only reaction reported between SO, and metal-sulfur complexes has
been adduct formation between the SO, and the coordinated sulfur ligand. In view of the
ease of insertion of SO, into metal-carbon, metal-oxygen and perhaps metal-nitrogen
bonds, there seems to be no obvious reason why insertion of SO, into a metal-sulfur
bond might not also occur. Since the complexes CpW(CO),(PPh3)SR insert CS, so

easily, it was decided to study their reactions with SO,.
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Results and Discussion:

When an orange THF solution of CpW(CO),(PPh;)SR (42a-¢) was treated with
SO,(g) for 5 minutes, an immediate colour change to deep red occurred. Evolution of
heat was noted but was also observed in the absence of 42a-c. In the case of
CpW(CO),(PPh3)SCHMe, (42a), the solution became slightly turbid. Recrystallizing the
residue from THF/hexanes gave red-orange solids, CpW(CO),(PPh3)S(SO,)R (80a-0),
which easily lost SO, when not kept under an atmosphere of SO,. Loss of SO, occurred
upon dissolution in organic solvents such as CDCls, resulting in an NMR spectrum
identical to that of the starting thiolate (42a-c). Because of this, the NMR spectra of
80a-¢ were recorded in CDCl; saturated with SO,. The solution IR spectra for 80a-c
were recorded under the same conditions but v(SO) bands due to coordinated SO, were
not observed (3), due to the strong, broad v(SO) bands of free SO, (1361, 1150 cml)
(73) which masked any other bands in this regibn. Grinding the sample in the preparation
of Nujol mulls caused loss of SO, from 80a. ;l‘hus, photoacoustic spectroscopy (PAS),
which requires no sample preparation, was used to record the IR spectra for 80a-c. The
NMR and IR data of 80a-c are listed in Table 5.2. A common feature in the NMR
spectra of the SO, products was the appearance of a doublet due to coupling of the Cp
ring protons with the phosphine atom; this indicated trans stereochemistry (74). Further
evidence for a trans complex was detected in the methyl region of the spectrum of
CpW(CO),(PPh3)S(SO,)CHMe, (80a) wherein a doublet appeared at 1.40 ppm. In the
methylene region of CpW(CO),(PPh3)S(SO,)CH,Ph (80b), a singlet at 3.68 ppm was
observed, also consistent with the trans geometry (74). In the solution IR spectrum, the

carbonyl stretching bands for 80a-c exhibited a weak symmetric v(CO) band between
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Table 5.2 'HNMR and IR data of CpW(CO),(PPh3)(S(SO,)R) (80)

CpW(CO),(PPh3)S(SO,),CHMe, CpW(CO),(PPhy)S(SO,)CH,Ph CpW(CO),(PPhy)S(SO,)-4-CeH Me

80a 80b 80c
isomer trans trans cis trans

IH NMR4?  Cp 5.28¢ 5.16¢ 5.67 5.30°
5 (ppm)

CHMe, 2.78¢

CH,Ph 3.68

CH; 1.40¢ 2.28 231

CeH, 7.30 7.26,7.10%
IR v(CO) (CHCl3) 1946(m),1871(s) 1951(m),1873(s;, 1967(m),1870(s)

1862(s

IR v(SO) (Nujol) 1249,1089 1262,1103
IR v(SO) (PAS) 1260, 1081 1248,1090 1264,1091
2 In CDClI; saturated with SO,.
b PPh, resonances apgear as a broad singlet between 7.35 - 7.50 ppm.
¢ Dou%let, JH-H)=2Hz. <Septet, JH-H)=6.6 Hz. ¢ Doublet, J(H-H) = 6.6 Hz.
fx =5, multiplet. 8x =4, AB quartet, Av =32 Hz, J(H-H) = § Hz.

eel



O

134

1970-1940 cm! and a strong asymmetric v(CO) peak between 1860-1875 cml,
characteristic of trans-rich solutions (74,75). In the PAS IR spectra of 80a-c, the v(SO)
bands corresponding to coordinated SO, appeared in the range 1245-1265 cm™ and
1080-1095 cm’l, This correlated well with the regions associated with both metal-bound
SO, adducts with a coplanar geometry as in II and ligand-bound SO, adducts as in III
(Table 5.1). The observed v(SO) bands also overlap slightly with the regions associated
with S-sulfinate complexes (V). A metal-bound SO, structure is not considered
reasonable for 80a-c since such a complex would exceed the 18 electron configuration.
The elemental analysis for 80a corresponded well with CpW(CO),(PPh3)SCHMe,-250,
while for both 80b and 80c, the analytical data agreed with the formulation
CpW(CO),(PPh3)SC;H;-1SO,. It is likely that the high sulfur content found for 80a is
due to free SO, in the lattice since the recrystallization solvents were saturated with SO,.
The mass spectral data did not yield any useful information for 80a-c. For 80a, peaks
corresponding [CpW(CO)SCHMe,],* and its related fragments were observed but the
starting tungsten thiolate, 42a, dimerizes easily (76) and a labile-SO, product might
behave similarly. For 80b, the molecular ion corresponding to 42b appeared and for 80c,
no peaks in the FAB mass spectrum other than glycerol was observed.

The reaction of CpW(CO),(PPh3)SR (42a-¢) with SO, was monitored by NMR
spectroscopy. Treatment of 42 with SO, for less than 5 minutes, gave a colour change
from orange to dark red accompanied by heat evolution due to SO, dissolution. The
NMR spectra of the treated samples, recorded at approximately 15 minute intervals,
showed the same number of peaks as the starﬁng thiolates, however, they were shifted
downfield from those of the starting matcriails. For example, Figure 5.1 shows the
spectrum of CpW(CO),(PPh3)SCH,Ph (42b) with increasing concentrations (A;-E,) of
SO, in the solution. With no SO, treatment, the spectrum A, shows a singlet at 5.09 ppm

and an AB quartet at 3.76, 3.42 ppm due to cis-42b and a doublet at 4.85 ppm and a
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Figure 5.1 The reaction of CpW(CO) (PPh3)SCH,Ph (42b) with increasing
volumes of added SO,(g) to give CpW(CO)Z(PPh3)S(SOg)CH h (80b) monitored
by 'H NMR spectroscopy. Volume of SO,(g) added : A;) 0 mL; B;) 3mL;

C,) 6 mL; D) 15 mL; Ey) saturated with §05(g).
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singlet at 3.64 ppm due to trans-42b. Slowly increasing the concentration of SO, (B;-D,)
showed gradual shifting of the peaks, particularly the Cp resonances. Finally, in a
solution saturated with SO, (E;), the Cp region revealed only a doublet at 5.16 ppm and
a singlet at 3.68 ppm, corresponding to trans-80b. From A-E, in Figure 5.1, peaks due
to cis-80b decreased in intensity and those of trans-80b increased in intensity, suggesting
the isomerization of the cis isomer to the trans isomer. Unlike the starting thiolate
complexes 42a-c (75), the isomers of the SO, product do not equilibrate, but only the
trans isomer was detected as shown in spectrum E;. The rate of isomerization was
inhibited by the addition of PPh,. In Figure 5.2, NMR spectra shown are of a sample of
CpW(CO),(PPh;)SCHMe, (42a) immediately after SO, treatment (spectrum A,) and 1
hour later (spectrum B,) whereupon peaks due to cis-80a had disappeared and those of
trans-80a had increased in intensity. The appearance of peaks corresponding to XPPh,
where X = O or S and a new Cp peak at 5.81 ppm with a corresponding doublet and
septet at 1.31 ppm and 3.14 ppm, respectivelyf were also observed accompanied by the
formation of a small amount of a tan precipitate. In Figure 5.3, NMR spectra of 42a, with
approximately 5 equivalents of free PPh;, recorded directly after SO, treatment
(spectrum Aj), 1.25 hours later (spectrum Bj) and 24 hours later (spectrum Cs;) are
shown, Spectrum Bj is similar to B, except that only peaks corresponding to cis-80a and
trans-80a appear. No precipitation appeared in the sample containing excess PPhs.
Comparison of A, and B, with A; and C; shows that the isomerization of cis-80a to
trans-80a normally occured within one hour, accompanied by some precipitation but the
isomerization is slowed considerably in the presence of free PPhs, which also seemed to

inihibit further reaction. Similar results were observed for 80b and 80c.

From the data obtained, an SO, adduct of the coordinated thiolate sulfur atom is

the probable structure for 80a-c. Such a complex would be expected to lose SO,
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Figure 5.2 The H NMR spectra of CpW(CO),(PPh;)SCHMe, (42a)
im%nediately after SO, treatment to give CpW( O)Z(PPh3)S(862)CHMe2 (80a) (Ay)
and 1 hour later (B,) in CDCl3.
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concentrations of SO, appears to be consistent with very rapid exchange of the SO,
coordinated to the thiolato sulfur. At low concentrations of SO,, 42 is probably still the
major species, but rapid equilibrium with 80 (Equation 5.14) would shift the resonances
and they would appear at chemical shifts between those of 42 and 80. For spectrum B,
the chemical shifts might represent a 10% contribution by 80 and a 90% contribution by
42. As the concentration of SO, increases, so should the concentration of 80 and likewise
its contribution to the chemical shifts of the peaks in the averaged spectrum. This would
result in the gradual shift of the peaks shown in (C;-E;). The facile loss of SO, from
known SO, adducts (3,19-21) supports the suggestion of rapid exchange of SO, in 80a-c.

The isomerization of cis-80 to trans-80 is also consistent with the proposed
structure. The averaged signals of cis-42 and cis-80 slowly disappeared while those of
trans-42 and trans-80 increased in intensity. The addition of free PPh; slowed the
isomerization. These observations suggest loss of PPh; from cis-80 gives an unsaturated

species and followed by formation of trans-80 as presented in Scheme 5.3. The trans

W

Ww.
\\“\‘ cl,‘"”’ / \
oc*/\™ R —— 0 SR+ PPh
oC PPh, co

/S:O

W .
ocC » " SR
Ph3P/ \co

trans-80

@

Scheme 5.3 Isomerization of cis-CpW(CO),(PPh4)(S(SO,)R) (cis-80
irans, CpW(CONPPh (S B0 gt T9EE0IR) (cis ) to



141
isomer is sterically less hindered within the inner coordination sphere. Examination of
molecular models suggested that the interaction between the SO, molecule and the bulky
PPh; ligand is also reduced. Loss of PPh; from cis-CpW(CO),(PPh3)SR (42a-¢) has
been suggested to be the first step in. the dimerization of 42a-c to give
[CpW(CO),SCHMe,], (50a) (Chapter 3) (76) and in the production of the thioxanthates
CpW(CO),S,CSR (62a-¢) via insertion of CS, (Chapter 4) (75).

An alternative structure, .however, can be envisioned for 80 which contains an
S-thiosulfinate ligand resulting from insertion of SO, in to the W-S bond. Presented as
the trans isomer below, in accord with the IR data in the v(CO) region and with the
observation of a doublet for the Cp protons in the NMR spectrum, this structure gives an
equivalent environment for the R groups of the thiolate ligand which is consistent with
the doublet observed for the methyl protons of 80a and the singlet of the methylene

protons of 80b. The v(SO) bands detected for 80a-c overlap slightly with the regions

=

oc »" P\ S
/\

Ph;P o &

=0

SR

associated with S-sulfinate complexes (V). However, since S-thiosulfinate complexes are
not known, the positions of the v(SO) bands for such complexes cannot be predicted with
much certainty.

The facile loss of SO, from crystals of 80a-c prevented the determination of the
x-ray structure. Therefore, derivatization of CpW(CO),(PPh3)(S(SO,)CH,Ph) (80b) was
attempted. The phosphine, P(NMe,);, effectively desulfurizes organic thiosulfonates,

RS(O),SR, to give SP(NMe,); and RS(O),R (Equation 5.15) (77). Thus, treatment of



142

0 0
I 1

P(NMep; + RS-S-R ——» SP(NMej; + R-SR (5.15)
1
0

80b with P(NMe,); might be expected to give CpW(CO),PPh;[S(0),CH,Ph] (81) and
SP(NMe,); (Equation 5.16). An NMR sample of 80b in CDCl, saturated with SO, was
treated with an excess of P(NMe,);, but after 30 hours the only peaks in the Cp region

= ==

o W, 1l o W, 1l
oc" / “ §-SCH,Ph —_— oc" / “ §- CH,Ph (5.16)

] 1
PhP  COO . Ph,P COO
+ 81
P(NMe,), +
SP(NMe,);

were due to 80b. A new singlet at 3.60 ppm was assigned to the methylene proton
resonance for PhH,CS,CH,Ph (x = 1,2) (78). Peaks corresponding to SP(NMe,); and
XPPhy were also present. In the NMR spectrum of P(NMe,); with SO, in CDCl; peaks
corresponding to XPPh; were observed. Therefore, it appears that desulfurization of 80b
with P(NMe,); does not occur according to Equation 5.16.

The facile loss of SO, exhibited by 80a-c is not characteristic of S-sulfinate type
compléxes. Although loss of SO, can occur for such compounds it usually requires
heating or UV irradiation (32-36,42,44,62). This also suggests that the NMR study of
42a-¢ with increasing concentrations of SO, is not consistent with SO, insertion. The
gradual shift of the peaks from spectra A;-E, in Figure 5.1 would appear to require an
exchange of SO, to give averaged spectra as shown in Equation 5.17. Such a
phenomenon is unlikely; S-sulfinate complexes do not undergo insertion-elimination of

SO, rapidly on the NMR time scale. Although, a structure containing an S-thiosulfinate
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cannot be ruled out without definitive evidence such as x-ray crystal structure, it is more
likely that 80a-c is an SO, adduct with a weak S-S interaction as has been observed in
other systems (19-22). Only very recently, in this laboratory, another example of both
metal- and thiolato-coordinated SO, has been found. The complex,

CpRu(PPh3)(SO,)S(SO)R (R = CHMe,, CH,CH,Me, 4-C¢H,Me) 82 was produced

o /S:O

-. R

S5 |u\ §—Rr
0 PPh,

when CpRu(PPh3),SR was treated with SO, (6). An x-ray crystal structure of 82 (R =
4-C¢H,Me) confirmed the coordination of the two SO, molecules as shown above. Thus,
the complex CpW(CO),(PPh3)S(SO,)R (80a-c¢) and CpRu(PPh3)(SO,)S(SO.)R (82) are
only the second and third systems, respectively, reported in which the SO, molecule has

been found to coordinate as an adduct to a thiolato sulfur atom.
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Experimental:
A. Preparation of CpW(CO),(PPh3)S(SO,)CHMe,, 80a

The tungsten thiolate complex, 42a (0.078 g, 0.12 mmol) was dissolved in THF (5
mL). The red-orange solution was treated with SO,(g) for 5 minutes and became dark
red. Heat was evolved. The solution was then layered with hexanes (~15 mL) saturated
with SO, and left at -16°C for 40 days. A red crystalline solid (0.077 g, 89%,
m.p.=99-100°C), sensitive to loss of SO,, was isolated by removing the mother liquors
with a disposable pipette. The crystals were dried by a gentle flow of SO,. Anal. Calc’d
for CygHy7O6PS3W (CpW(CO),(PPh3)S(SO,)CHMe,-SO,): C, 43.65; H, 3.53; S, 12.48.
Found: C, 42.76; H, 3.39; §, 12.27.

IR (Nujol): 1937 (s), 1853 (s), 1151 (w), 1123 (w), 1085 (w), 1063 (w), 1015 (w),
973 (w), 819 (w), 757 (w), 743 (w), 721 (w), 694 (m) cm’’,

Mass spectrum,  EL 704 (ICpW(CO)SCHMe,],*, 0.8); 661
(ICpaW,(CO),S,CHMe,] ™, 12.9); 594 (CpW,(CO),S,CHMe,+-2H:, 62.4); 562
(CpW,(CO),SCHMe,-2H:, 73.6); 534 (CpW,(CO)SCHMe,™-2H:, 25.7); 337
(CpW(CO)St, 15.8); 277 (CpW(CO)*, 25.4); 262 (PPhs*, 70.1); 183 (W*, 100).
Unidentified peaks: 503 (16.4), 483 (7.3); 457 (4.6).

B. Preparation of CpW(CO),(PPh;)S(SO,)CH,Ph, 80b

A THF (10 mL) solution of 42b (0.26 g, 0.37 mmol) was treated with SO, for 5-10

minutes. The orange-yellow solution became red-orange and heat was evolved. The
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reaction solution was layered with hexanes (30 mL) saturated with SO, and left at -16°C
for 4 days. A red-orange crystalline solid (0.21 g, 76.6%, m.p.=113-115°C) was isolated
and dried under a flow of SO, Anal. Calc’d for C3Hy04PS,W
(CpW(CO),(PPh3)S(SO,)CH,Ph): C, 50.94; H, 3.61; S. 8.50. Found: C, 50.77; H, 3.57;
S, 8.85.

IR (Nujol): 1965 (m), 1938 (w), 1862 (s), 1847 (s), 1249 (w), 1089 (s), 820 (w),
770 (W), 752 (w), 722 (w), 703 (W), 693 (w), 667 (w) cmL.

Mass spectrum, FAB in glycerol: 689 (M*-SOy, 0.7); 567 (M*-SO,-SCH,Ph,
2.9). Unidentified peak: 510 (1.0).

C. Preparation of CpW(CO),(PPh3)S(S0,)4-C¢H,Me, 80c

A THF (5 mL) solution of 42¢ (0.19 g, 0.25 mmol) was treated with SO, for 5
minutes. Heat evolution and a change of colour from orange to dark-red was observed.
The reaction solution was layered with hexanes (~15 mL) saturated with SO, and was
kept at -16°C overnight. The mother liquors were removed from dark red crystals (0.18
g, 88.6%, m.p.=118-120°C) that were washed with hexanes saturated with SO, and dried
under a  flow of SO, Anal. Calc’d  for  C3Hp04PS,W
(CpW(CO),(PPh3)S(S0O,)4-CcHyMe): C, 50.94; H, 3.61; S. 8.50. Found: C, 50.80; H,
3.51; S, 8.41.

IR (Nujol): 1953 (m), 1937 (m), 1867 (s, shoulder), 1856 (s), 1307 (w), 1262 (m),
1103 (m), 1089 (m), 1061 (w), 1014 (w), 870 (w), 843 (w), 821 (w), 802 (w), 753 (W),
744 (w), 722 (W), 694 (w) cm'L,

Mass spectrum, FAB in glycerol: only peaks due to glycerol observed.
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Contributions to Original Knowledge:

1. The preparation of the tungsten thiolate complexes,
cis/trans-CpW(CO),(PPh3)SR, where R = CHMe,, CH,Ph, 4-CH,Me, Ph, and
phthalimido, reported here by the reaction of CpW(CO),(PPh3)H with methyllithium and
subsequently with RS-phth is new and is the most reliable route to these complexes.

2. A thiolate exchange reaction was discovered when treatment of
CpW(CO),(PPh3)SR with R“SH gave CpW(CO),(PPh3)SR” and RSH for which R” = H
was prepared. Thus, a series of CpW(CO),(PPh3)SR” can be synthesized, particularly
those with unusual R’ groups where preparation of R’S-phth would be difficult.

3. The preparation and crystal structures of the dimers [CpW(CO),SCHMe,], (x =
1, 2) are the first tungsten analogues to be reported for these class of dimers and are
unexpectedly different from those of analogous molybdenum complexes.

4. The insertion of CS, into the W-SR bond of CpW(CO),(PPh3)SR, for R =
CHMe,, CH,Ph, 4-CiH Me, to give CpW(CO),S,CSR is described with full supporting
evidence, including a crystal structure of CpW(CO),S,CSCH,Ph. A mechanistic
pathway involving the precoordination of CS, prior to insertion is proposed.

3. The reaction of CpW(CO),(PPh3)SR, for R = CHMe,, CH,Ph, 4-C¢H Me, with
SO, gave the previously unknown SO, adduct, CpW(CO),(PPh3)S(SOo)R. This complex

is only the second system reported in which SO, is coordinated to a thiolato sulfur atom.
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Appendix A

X-ray Structure Determinations

The x-ray crystal structures for [CpW(CO),SCHMe,l, (S0a),
[CpW(CO)SCHMe,], (§1a) and CpW(CO)282CSCH2Ph (62b) were determined in th
laboratory of Dr. Peter Bird, Department of Chemistry, Concordia University, Montréal,
Québéc. Tables A.1-A.9 lists the crystallographic data, final atomic coordinates and
anisotropic thermal parameters for (50a), (S1a) and (62b). Single crystals of 50a, S1a
and 62b suitable for x-ray crystallography were obtained by recrystallization from
CH,Cly/hexanes.  The crystals of [CpW(CO),SCHMe,], S0a and
CpW(CO),S,CSCH,Ph (62b) were mounted on a lithium borate fibre with 5-minute
epoxy. The crystal of [CpW(CO)SCHMe,l, (81a) was placed in a lithium borate
capillary and held in place with a trace of silicon grease, because the compound
decomposes slowly in air. Preliminary Weiss%:nberg and precession photographs were
used to identify the possible space groups. Intensity data were collected after the unit cell
data and orientation were obtained from 24 automatically aligned reflections. The data
were corrected for Lorentz and polarization effects, and scaled using three reference
reflections, whose intensities had been remeasured every 50 cycles. The structures were
solved by conventional heavy atom methods. The tungsten coordinates were found from
Patterson syntheses. Successive rounds of refinement, structure factor calculations, and
Fourier syntheses revealed the positions of the sulfur atom and then the remaining
carbon and oxygen atoms. After cycles of isotropic refinement using the block-diagonal
method, a general Gaussian absorption correction was applied and refinement was

continued for several more cycles. The structures were then refined anisotropically to
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@ convergence: on the last cycle the positional parameter shifts were all less then /g of
the corresponding standard deviation. Final difference syntheses showed only random

noise.



Table A.1. Crystallographic Data for [CpW(CO),SCHMe,], (50a)

Crystal Parameters
Formula : CyyHy4045,W, Formula weight = 760.13
Crystal system : orthorhombic Space Group : Pnnm
a = 12.066(9) A o= 90°
b =12.246Q2) A B =90°
c =15.643(2) A y= 90°
V= 231141 A3 Z=38
degleg = 2.185 g cm’? W(MoK,) = 103.56 cm!
Colour = brown/black Temp = 22°C
Crystal size =0.08 x 0.11 x 0.60 mm A = 0.71069 A

Transmission coeff. = 10-30%

Data Collection and Structure Refinement

Diffractometer : Picker FACS-1 Radiation : Mo Ka
Monochromator : graphite Scan method : 6/ 20

Scan speed : 2°/min Data limits : 3.5 < 26 < 50°
Quadrant collected : +h+k+1 Friedel pairs collected: no
Reflections collected : 2148 Unique data F, > 30Fo: 1652
Least-squares method : block diagonal Absorption correction : yes
Parameters refined : 134 Data/parameter ratio = 12.3
R =0.075 R,, =0.067

Goodness of fit = 1.21

R=X[ |Fo|'|Fc|]/z|Fo|
R,=[Ew ([F,|-[F])2/ZF21%, where w=1/062(|F,|)
Goodness of fit = [ £ W (Fol - [Pl ) % (Nopg - N pgrm )1 2
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Table A.2 Positional Parameters and Isotropic Thermal Parameters (A2)

for [CpW(CO),SCHMe,1,* (50a).

X y z Biso
W1 0.35517(13) 0.27022( 9) 12 3.68(7)
W2 0.24006(12) 0.04221(9) 112 3.21(6)
S 0.3555 (35) 0.1375 (4) 0.3805 (5) 3.5(3)
C11 0.2320 (22) 0.3041 (14) 0.3958 (20) 5.2 (14)
O11 0.1664 (15) 0.3272 (11) 0.3420 (16) 7.3(12)
C22 0.1247 (20) 0.0843 (14) 0.4051 (18) 4.6 (13)
022 0.0511 (15) 0.1060 (11) 0.3514 (15) 7.1(12)
Cl1 0.2965 (19) 0.1549 (15) 0.2427 (19) 4.6 (13)
C2 0.3781 (22) 0.2141 (15) 0.1804 (20) 5.5 (15)
C3 0.2928 (21) 0.0665 (15) 0.1840 (20) 5.3(15)
C15 0.439 (4) 0.3995 (24) 12 9.7 (32)
Cl6 0.4760 (20) 0.3577 (14) 0.3973 (23) 5.9 (16)
C17 0.0400 (19) 0.2135 (14) 0.0657 (24) 6.8 (17)
C25 0.318 (4) 0.4047 (20) 0 9.9 (32)
C26 0.2478 (18) 0.4139 (13) 0.1004 (20) 4.1(12)
C27 0.1375 (21) 0.4307 (13) 0.064 (3) 7.3(19)

2 Esd’s given in parentheses refer to the last digit of the
preceding number. ® B, is the arithmetic mean of the principal
axes of the thermal vibration ellipsoid.
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Table A.3 Anisotropic Temperature Factors (Uj; x 100)*? for [CpW(CO),SCHMe,], (50a).

w1
w2

C11
O11
C22
022
C1

C2

C3

C15
C16
C17
C25
C26
C27

Uy

5.07(10)
4.26(9)
4.8 (4)

10.3 (23)
9.6 (16)
79 (19)
8.9 (15)
6.6 (18)
9.5 (23)
8.0 (21)
7.9 37)
5.6 (19)
3.0 (16)

13.9 (48)
4.4 (16)
7.3 (19)

Uy,

4.21(8)
4.14( 8)
49 (4)
5.4(16)

10.8 (15)

6.6 (16)
12.0 (16)
7.8 (17)
7.1(19)
7.9 (19)
4.9 (29)
6.1(17)
7.0 (18)
0.8 (18)
5.0 (14)
3.3 (13)

Uss

4.70( 9)
3.80( 8)
3.8 (4)
3.9 (16)
7.3 (14)
2.9 (14)
6.1 (13)
3.1 (14)
4.1(17)
43 (17)

23.9 (57)

10.7 (24)

157 (32)

22.8 (54)
6.0 (17)

17.3 (39)

Ui,

-0.41( 8)
0.00( 8)
0.1(3)

-0.5 (16)
2.7 (13)
0.6 (15)
1.0 (13)

-1.2 (15)

0.4 (17)

-3.0 (16)

-3.127)

-1.2 (15)
2.1 (14)

-0.1 (24)

-0.9 (13)

-0.5 (14)

Ujs

0.00
0.00
0.2(3)

-1.0 (17)

2.4 (13)

-0.6 (14)

2.2 (13)

-0.4 (15)
1.3 (17)

-0.1(16)
0.00
1.2 (18)

0.4 (17)
0.00
0.3 (15)
3.6 (21)

Uss

0.00
0.00
0.2 (3)
1.3 (14)
2.5 (13)
0.7 (13)
2.2 (13)
0.2 (15)
2.1 (15)
-1.8 (15)
0.00
-0.8 (18)
-0.8 (19)
0.00
-1.1 (14)
-13(17)

a Flgures in parentheses refer to last digit(s) of preceding number.
Thermal parameters are of the form:

2m2 Uy h? @) +..42:Upp-h-k-2* b +.]



Table A.4. Crystallographic Data for [CpW(CO)SCHMe,], (51a)

Crystal Parameters
Formula: C;gHy,0,5,W, Formula weight = 704.11
Crystal system : monoclinic Space Group : P2,/c
a = 9.4414) A o= 90°
b =11.727(3) A B = 65.56(3)°
c =9.953(4) A y= 90°
V= 1101.94 A3 Z=4
degleg = 2.332 g cm’? w(MoK,) = 119.26 cm!
Colour = hrown/green Temp = 22°C
Crystal size =0.12 x 0.13 x 0.47 mm A = 0.71069 A

Transmission coeff. =23-45%

Data Collection and Structure Refinement

Diffractometer : Picker FACS-1 Radiation : Mo Ka
Monochromator : graphite Scan method : o/ 26

Scan speed : 2°/min Data limits : 3.5 < 20 < 45°
Quadrant ¢ollected : +h+k+1 Friedel pairs collected: no
Reflections collected : 1736 Unique data F, > 3cFo: 1502
Least-squares method : block diagonal Absorption correction : yes
Parameters refined : 110 Data/parameter ratio = 13.6
R =0.054 R, =0.074

Goodness of fit = 1.31

R=2[[Fl-[Fd1/Z [Fy
Ry =[Zw ([l - [FJ) 2/ ZF,21%, where w =1/ 02 ([F,|)
Goodness of fit = [ Zw (|F,| - [F ) % (N ps - N,

arm )]
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Table A.5 Positional Parameters and Isotropic Thermal Parameters (A%
for [CpW(CO)SCHMe,],*P (51a)
X y z Biso
W 0.03322( 4) 0.02327( 3) 0.86134( 4) 2.03(3)
S -0.1643 ( 3) 0.12639(21) 1.0644 (3) 2.33(11)
Cl 0.1770 (11) 0.1355(8) 0.8822 (10) 2.6 (5)
01 0.2629 (9) 0.2021 (7) 0.8835 (10) 4.3 (5)
2 0.0314 (17) 0.1181 (12) 0.6593 (13) 4.1(7
c C3 -0.0960 (18) 0.0552 (19) 0.7104 (16) 5.7.(10)
C4 -0.0536 (22) -0.0565 (13) 0.6943 (17) 5.0 (10)
Cs 0.0856 (22) -0.0739 (17) 0.6418 (19) 6.3 (12)
C6 0.1638 (24) 0.0371 (23) 0.6076 (18) 9.7 (17)
C7 -0.3660 (13) 0.0858 (9) 1.0905 (13) 3.0(6)
C8 -0.4229 (15) 0.1866 (15) 1.0265 (17) 52(9
C9 -0.4679 (13) 0.0626 (15) 1.2503 (16) 4,4 (8)

2Esd’s given in parentheses refer to the last digit of the
preceding number. ® B, is the arithmetic mean of the principal
axes of the thermal vibration ellipsoid. '
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Table A.6 Anisotropic Temperature Factors (Uj; x 100)%? for [CpW(CO)SCHMe,], (51a).

Up Up, Uz Ui, Uss Uss
A\ 3.46(3) 3.10(3) 2.05(3) -0.142(14) -1.076(23) 0.128(12)
S 3.19(12) 3.38(11) 3.34(12) -0.07 (10) -1.28 (10) -0.08 (10)
C1 3.8(5) 3.3(5) 3.0(5) 1.7 (4) -0.3 (4 -0.1 (4)
01 55(5) 4.6 (4) 79(7) 1.1 (4) -1.9 (5) | 0.7 (5)
C2 9.4 (9) 54(7) 44(7) 0.8 (7D 43 (7D -1.4 (6)
C3 6.5(9) 13.9 (14) 3.5(8) 0.2 (10) 29 (D 1.8 (9)
C4 12.6 (13) 6.0(7) 5.0(9) -1.6 (10) -5.7 (9) -1.3 (7)
C5 11.3 (14) 11.1 (14 6.6 (10) 5.6 (12) -6.2 (10) -5.5 (10)
C6 6.8 (11) 29.4 (38) 1.8 (8) 3.2 (15) -1.4 (8) -0.2 (11)
C7 3.7(5) 3.7(5) 58(7) -0.1 (4) -2.2 (5) -0.1 (5)
C8 58(8) 7.9 (10) 10.2 (11) 04 (7) -5.1 (8) 23 (9
Co 3.0(6) 9.0 (10) 5.6(8) 05 (7 -0.9 (6) 00 (8

a F1gures in parentheses refer to last digit(s) of preceding number.
Thexmal parameters are of the form:
2n2[Uyy - h2- @)% +..+2-Upp-h-k-a* - b* -+ ... ]
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Table A.7 Crystallographic Data for CpW(CO),S,CH,Ph (62b).

Crystal Parameters
Formula: C;5H;,0,5;W Formula weight = 504.29
Crystal system : monoclinic Space Group : C2/c
a = 27.106(20) A o= 90°
b =10.050(5) A B = 66.18(7)°
¢ =13.108(13) A ¥= 90°
V= 3570.8 Z=38
degicq = 2.051 g cm’! wMoK,) = 75.93 cm’!
Colour = red/brown Temp = 22°C
Crystal size = 0.40 x 0.20 x 0.14 mm A = 0.71069 A

Transmission coeff. =22 - 34%

Data Collection and Structure Refinement

Diffractometer : Picker FACS-1 Radiation : Mo Ka
Monochromator : graphite Scan method : 6/ 20

Scan speed : 2°/min Data limits : 3.5 <26 < 50°
Quadrant collected : h+k+1 Friedel pairs collected: no
Reflections collected : 2875 Unique data F, > 36Fo: 2129
Least-squares method : block diagonal Absorption correction : yes
Parameters refined : 190 Data/parameter ratio = 11.2
R =0.032 R, =0.045

Goodness of fit = 0.91

R=X[[F)-[FJ1/Z[F]
Ry =[Zw ([F,| - F|)2/ZF2] %, where w=1/0? (|F,|)
Goodness of fit = [ Zw ( [Fy| - [Fl ) %/ (Ngps - N pyry )1 ¥
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Table A.8 Positional Parameters and Isotropic Thermal Parameters (A2)
for CpW(CO),S;CSCH,Ph®P (62b).

X y z Bjso
w 0.164357( 8) 0.005526(20) 0.126042(17) 2.504(15)
S1 0.07378 (6) -0.05959 (14) 0.63125 (12) 2.95(8)
S2 0.12064 ( 6) 0.19324 (14) 0.58668 (12) 2.99(8)
S3 0.00644 ( 6) 0.15652 (16) 0.59694 (14) 3.76 (9)
C1 0.1821 (3) 0.1651 (7) 0.0309 (5) 4.0 (4)
01 0.19110 (22) 0.2623 (5) -0.0212 (4) 6.2 (4)
C2 0.22399 (23) -0.0605 (8) - -0.0088 (5) 3.9 (4
02 0.26158 (18) -0.0972 (6) - -0.0861 (4) 6.0 (3)
C3 0.1476 (3) -0.0931 (7) 0.3018 (5) 4.0 (4)
C4 0.2036 (3) -0.0845 (7) 0.2354 (5) 44 (4)
C5 0.2171 (3) 0.0525 (8) 0.2187 (6) 4.7 (4)
Cé6 0.1685 (3) 0.1251 (6) 0.2730 (5) 42 (4)
C7 0.1265 (3) 0.0341 (7) 0.3248 (5) 42 (4)
C8 0.06538 (21) 0.1020 (5) 0.6055 (4) 2.6 (3)
C9 0.01792 (24) 0.3362 (6) 0.5766 (5) 3.8 (4
C10 0.05234 (21) 0.3780 (5) 0.4598 (5) 2.8 (3)
Cl11 0.04118 (24) 0.3399 (6) 0.3672 (5) 3.4 (3)
C12 0.0715 (3) 0.3834 (6) 0.2618 (5) 3.9 (4)
C13 0.1138 (3) 0.4672 (7) 0.2405 (6) 4.0 (4
C14 0.1262 (3) 0.5092 (6) 0.3300 (8) 4.3 (5)
C15 0.0958 (3) 0.4634 (7) 0.4381 (6) 3.7 (4)

2 Esd’s given in parentheses refer to the last digit of the

preceding number, ®

axes of the thermal vibration ellipsoid.

B, is the arithmetic mean of the principal
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o Table A.9 Anisotropic Temperature Factors (U;; x 100)%®

for CpW(CO),S,CSCH,Ph (62b).
Uy U Uss Up Uss Uzs

w 3.694(16) 3.934(15)  3.440(16) -0.603(9) -1.923(13) 0.221(9)
S1 4.45 (8) 3.64(7) 5.28 (9) 0.05 (6) -2.66 (7) 0.36 (6)
S2 443 (8) 3.60(7) 530(9) 0.04 (4) -245(7) 0.59 (6)
S3 349 (8) 5.58(9) 6.71 (11) 043(7) -1.85(7) 193 (8)
C1 59 (4) 6.7 (4) 54 (4 -2.5 (3) -3.3 (3) 20 (3
01 11.7 (4) 7.3 (3) 9.5 (4) -4.5 (3) -6.1 (4) 45 (3)
C2 4.1 (3) 7.9 (5) 44 (4) -0.2 (3) -2.0 (3) 0.2 (3)
02 5.9 (3) 12.1 (5) 6.0 (3) 0.6 (3) -1.3 (3) -0.7 (3)
C3 7.6 (4) 6.2 (4 44 (3) -1.1 (3) -3.6 (3) 1.1 (3)
C4 74 (4) 7.2 (5) 4.8 (4) 1.6 (4) -3.4 (4) -0.0 (3)

@ Cs 6.1 (4) 9.6 (9) 55 (4 -2.0 (4) -4.4 (4) 0.8 (4)
Cé6 82 (5) 5.8 (4 5.6 (4 -0.6 (3) -4.4 (4) -0.6 (3)
C7 6.6 (5) 7.6 (4) 40 (4) 1.1 (4) -3.0 (3) -14 (3)
C8 3.8 (3) 4.0 (3) 28 (3) 1.34 (24) -0.98 (23) 0.13 (22)
C9 51 (4 50 (4) 64 (4) 14 (3) -2.6 (3) 0.3 (3)
C10 43 (3) 29 (3) 57 (4) 0.79 (22) -2.6 (3) 0.50 (24)
Cl1 5.3 (4) 3.7 (3) 6.5 (4) -0.6 (3) -3.3 (3) 02 (3)
C12 72 (4) 4.5 (4) 58 (4) 04 (3) -3.6 (4) -0.1 (3)
C13 6.1 (4) 49 (3) 6.4 (5) 02 (3) 2.8 (4) 09 (3)
Cl4 5.1 (4) 5.7 (5) 8.6 (6) -0.6 (3) -3.6 (4) 1.0 (3)
C15 6.5 (4 49 (3) 6.1 (4) 09 (3) 4.3 (4) -0.0 (3)

“Figures in parentheses refer to the last digit(s) of the preceding number.
¥The thermal parameters are of the form: £
2n2 [Uy;- h2- @%)2 +.... + 22Upphka®b* + ...

C
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Appendix B

The data set for Figures 4.2 and 4.3 were plotted according to the first order

equation below:

A = CpW(CO),(PPhy)SR -In[A], + In[A]l, = &kt 4.7
k = rate constant
t = time

Figure 4.2 shows the plots of the reaction of CpW(CO),(PPh3)SR (42) with
increasing volumes of CS,, monitored by 'H NMR spectroscopy in CDCl;. Tables B.1
lists the data sets for curves A-C found in Figure 4.2. The initial concentrations and
volumes (equivalents) of CS, added for each curve is listed with the appropiate table.
The volume of CDCl; used is constant at 0.4 mL for all the experiments.

Figure 4.3 shows the plots of the reaction of CpW(CO),(PPh3;)SR (42) with CS,
and excess PPhs, monitored by 'H NMR spectroscopy in CDCl;. Tables B.2 lists the
data sets for curves A-C found in Figure 4.3. The initial concentrations and volumes

(equivalents) of CS, and PPh, added for each curve is listed with the appropiate table.



Table B.1 Data set for Figure 4.2: First Order Plots of the Reaction of
CpW(CO),(PPh )SCHMc% (42a) with increasing volumes of CS, to give

CpW(CO),5,CSCHMe,
[A] = [CpW(CO),(PPh3)SCHMe,] = [ 42a ]

(62a).

Curve A

[A], =3.046x 102 M

volume of CS, = 0.25 mL, 209 equivalents

Time Fraction of integration
(x 102 sec) area of Cp resonaces [A], = ax [A], -In [A];
due to 42a, a (x 10 2M)
1.20 0.890 271 3.60
5.16 0.823 2.51 3.69
12.12 0.767 2.34 3.76
19.08 0.751 2.29 3.78
29.04 0.721 2.20 3.82
42.00 0.699 2.13 3.85
60.96 0.644 1.96 3.93
79.92 0.608 1.85 3.99
107.70 0.559 1.70 4.07
Curve B
[A],=3473x 102 M
volume of CS, =0.15 mL, 130 equivalents
2.40 0.890 3.09 3.48
6.36 0.840 292 3.53
13.32 0.785 2.73 3.60
23.28 0.734 2.55 3.67
39.24 0.669 2.32 3.76
58.20 0.649 2,25 3.79
77.16 0.614 2.13 3.84
105.12 0.571 1.98 392
142.08 0.517 1.80 4.02
Curve C
[A],=4.240x 102 M
volume of CS, = 0.05 mL, 43 equivalents
3.36 0.953 3.81 3.27
10.32 0.908 3.63 3.31
20.28 0.876 3.51 3.35
39.24 0.837 3.35 3.40
58.20 0.809 3.23 343
77.16 0.787 3.15 3.46
105.12 0.760 3.04 3.49
136.08 0.732 293 353
173.04 0.702 2.81 3.57
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Table B.2 Data set for Flgure 4.3: First Order Plots of the Reaction of

CpW(CO),(PPh3)SCHMe, (42a) with CS, and excess PPhs to give
CpW(CO),5,CSCHMe, (62a).

[A] = [CPW(CO);(PPh;)SCHMe;] = [ 42a]

Curve A: control

volume of CS;10 0.25 mL, ~200 equivalents

[A]l, =3.00 x
wt of PPh; = 0 gms

Time

Fraction of integration

9 area of Cp resonaces [Al,=a x [A], -In [A],
(x10%se¢)  quet042a,a (x 10 -2M)

6.72 0.849 2.55 3.67
10.92 0.817 245 371
17.88 0.777 2.33 3.76

27.84 0.740 2.22 3.81
43.80 0.705 2.11 3.86
62.76 0.641 1.92 3.95
81.72 0.597 1.79 4.02
100.68 0.559 1.68 4.09
128.64 0.501 1.50 4.20
Curve B

volume of CS, = 0 25 mL, ~200 equivalents

[A], —294x10 M

wtof PPhy = 16.3 x 103 gms, 3.25 equivalents

5.16 0.966 2.84 3.56
9.12 0.960 2.82 3.57
19.08 0.949 2.79 3.58
38.04 0.930 2.73 3.60
66.00 0.901 2.65 3.63
102.96 0.874 2.57 3.66
175.92 0.816 2.40 3.73
Curve C
volume of CS, = O 25 mL, ~200 equivalents
[A], =2.61x 10 M
wt of PPh; = 31.2 x 103 gms, 7.0 equivalents
3.96 0.922 2.41 3.727
7.92 0910 2.38 3,739
17.88 0.904 2.36 3.746
36.84 0.897 2.34 3.754
64.80 0.886 2.31 3.766
101.76 0.881 2.30 3772
174.72 0.862 2.25 3.795
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