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ABSTRACT

5
An account of the reaction of {(h -CSHS)ZMZ(CO)G} and
{(hS-CSHS)ZMZ(CO)A} (M=Mo,W) with aromatic and non-aromatic thiones
to give mostly complexes of general molecular formula {(hS-CSHS)zM2
5
(CO)AL} (M=Mo, W; L=Thione) is given. {(h -CSHACHB)ZMO(CO)s} and
5 . . s '
{(h -CSHACH3)2M02(CO)4} react with thiones in a similar manner.
Thiones used include thiofenchone, thiocamphor and 4,4'-dimethoxy-
thiobenzophenone. Also complexes of general molecular formula
{CPZMOZ(CO)an} (n=either 3 or 4; L=thione; Cp=TT-CSH5) are isolated
when {(hS-CSHS)ZMOZ(CO)G} is reacted with thiobenzophenone, 4,4'-
dimethylthiobenzophenone, 4-methoxythiobenzophenone, 4,4'-difluoro-
thiobenzophenone, thiocamphor and adamentanethione, and when
{CPZMOZ(CO)A) is reacted with 4,4'~difluorothiobenzophenone+Complexes

5
of the type {(h -CSHAR)ZMZ(CO)AL} (M=Mo,W; R=CH.,H; L=4-methoxy-

3?
thiobenzophenone, thiocamphor and adamantanethione) exist in at least
two isomeric forms in non-polar and moderately polar solvents such as
benzene, carbon tetrachloride and acetone. It is also noted that
isomerisation depends on the polarity of solvent so that the population
of one of the isomers increases with the polarity of solvent at the
expense of the other. The proton NMR spectra of {(hs-CSHAR)zMoz(CO)aL}

(L=thiocamphor, R=H,CH.;R=H and L=4-methoxythiobenzophenone) at low

3;
temperature (”“-4000) show that one of the two isomers generally present
in solution is overwhelmingly in larger proportion in solid state than

the other one. The population of the major and minor isomers respec-

tively decrease and increase as the temperature is raised or the mixture



(vi)

is left to equilibrate., This property has made it possible to obtain
both kinetic and thermodynamic data. Also the single crystal struc-
ture of {hS-CSHS)Moz(CO)AL} (L=thiocamphor) has been obtained

and the Mo-Mo and C-S bondlengths are found to be 3.1454 and 2.769%
respectively., In addition to the use of X-raf data characterisation
of complexes has been done by utilisation of infrared spectroscopy
and, proton and carbon-13 NMR spectroscopy as well as elemental

analysis wherever and whenever possible and necessary.




A. INTRODUCTION

Unlike ketones thiones are generally unstable under ordinary
conditons, They tend to form compounds in which the sulphur atom is
not involved in multiple bond formation., For example thioacetone
trimerizesl to 1 at room temperature., Such behaviour of thiones

may be explained by the general tendency of main group elements

E; FH

[

to form weaker multiple bonds as one goes down the groupsz. Hence
oxygen is expected to form stronger multiple bonds with carbon than
sulphur, |

However some thioketones aré stable enough for their
chemical as well as physical properties to be investigated. These
include both aromatic3 and non-aromatic4 thiones. They have been
reported to react with transition metals forming complexes in which
the carbon - sulphur JIU-~-bond is eiﬁher retained or ruptured depending
on the nature of the complex. The rest of this section is devoted to

the description of some of these complexes.

l. Iron and Ruthenium Complexes
Alper and Chan5 have reported that Fe2(00)9 reacts with
2(R1,R2=H, CHB’OCHB’NMeZ) to form complexes of general structure

3s 4, 5 and 6. The formation of 3 is possibly facilitated by resomance
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as illustrated by Scheme I. Such a representation is more favourable when

R1 and R2 are fairly strong electron donating groups such as N(CH3)2 and

OCHB. This is supported by the fact that when 7 was reacted with

A OO T

Scheme I
Fe2(00)9 8 was obtained as a major products. Hence in para-substituted
thiones the ortho-hydrogen is labilised by resonance., It must be also
noted that 3 is only obtained when there is an ortho proton. Otherwise
only analogues of &4, 5 and § may be obtained.

OCH

3 b OCH,
© °>
Fe _(CO) e(C0)
=S 29 3+ e(co),
e(co)
695 3 e(co)3
Hy
1 8 (major product) 9 (minor product)



However Fez(CO)9 also reacts with non-aromatic thiones to
- glve a variety of complexes, some of which are similar to those
obtained with aromatic thioness. Hence adamantanethione (10) reacts

with Fez(co)l0 at room temperature yielding 11, 12, 13 and l4.

%§Z§;(00)3 ’jjre(co)3
@_ e(CO)3 e

(co)3

10 no 12

B

13 14

It is not clear why no dimer or bridging carbonyl complexes
could not be formed in the reactions of aromatic thiones (2) with
Fez(CO)g. It may be due to steric and/or electronic factors. In
fact steric crowding has been observed to affect the extent of
reaction of a non-aromatic thione. Thiofenchone (l§) has been found

to react with Fez(CO)9 resulting in the formation of Szfez(co)6 as

the sole products.

Some non-aromatic thione complexes have been observed

to isomerise when subjected to certain conditions. Treatment of



11 with LiAlHA results in 12, And when a petroleum solution of 11
is exposed ﬁo air in the dark and a carbon tetrachloride.solution of
13 is left to stand complexes 15 and 14 are formed respectively,

The mechanism for the formation of tyese complexes is not

definite, but it has been found that 17 reacts with Fez(CO)9 to

e(co), 3 @ /@
$<Ee(co)3 5%?3 )

15 16 17

give 4, 5 and § accompanied with very little 3 (R1=R2=H)5' This
suggests that in the presence of Fe(CO)9 thiolanes are formed and

these then further react with. Fez_(CO)9 or some other species to
form some of the observed products. Therefore to obtain some of the

above products one does not have to start with thiomes.

Also by reacting Rus(co)12 with g(R1=R2=ocn3, cu3)

orthometallated complexes with proposed general structure ;§(R=OCH3, CH3)

have been isolated7.
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2. Manganese and Rhenium Complexes

It has been observed by Alpers’ 2 that refluxing a mixture

of MZ(CO)lO(Mqu, Re) and g(R1=R2=NMe2,NEt2) in methylcyclohexane

yields orthometallated complexes which have been suggested to have

general structure 19 (M=Mn,Re;R=NMe NEtz). When MZ(CO510(M=Mn) and

2!
R

g(Rl=R =0CH

2 3773
20(n is unknown) and 21(desulphurization product) are obtaineda.

oCH_,H,H) are treated in the same way as above only

While no reaction is observed when a mixture of MZ(CO)IO(M=Re)

Bn(co)y I n

2
and 2(R1=R2=OCH3) is refluxed in methylcyclohexane irradiation of
the same mixture has been reported to afford a simple substitutien

9
ocn3) .

complex ZZ(B;CHB,

e(co)4

e(CO)S



Nonetheless refluxing a methylcyclohexane soiution of 22

affords 19(M=Re; R=CH OCH3)9. The formation of 22 and subsequent

3’
rearrangement to 19(M=Re) led Alper to propose the following mechanism

for the formation of 19{M=Mn, Re)9:

R
@ A !
—_
M_.(cO). ./hour [:
2 10 > e(co), > §£;°)4
M=Re \Rk ¢/" e(CO)s

e(co)S
!

19

R

2

Scheme II

A similar mechanism may be operative in the formation

of certain complexes from reactions of Fe2(00)9 and Ru3(CO)12

with thiones.

It has been also shown that the anion 23 reacts with 2(R1,R2=CH3,

OCH3,NMe2,H,F) to give 24 as the major productlo. The interesting thing

is that the same product may be obtained by reacting PhZCHSSCHth with




either 23 or MnZ(CO)lolO. Yields, however, have been reported to

be higher for cases where Rl and R2 are stronger electron donating

groups. For example the yields increased in the order

R,=R

1 2=CH3(327J> R, =OCH

g5 Ry=H( 2179 > R =R ,=F(14%).

The reaction mechanism has been proposed as followsloz

+Na-Mn(CO)—5
. 23 aq.CHBOH . thc__s.
= CH3I CH,OH
i
an(co)lo + thcnsscnthh—thc—s- + oMn(CO)S

\

24 - Ph ,CHSMn{CO) 5

- 2 Scheme III
,(18 e}ectxons) (16 electrons)
The following mechanism is also possible:
H
. aq.CH_OH -CO \
3 . ‘_'—’5/
2 + 23 G 2 + mm(co), - XE=SMn(c0),
H /
26 ~ )l,-—sm(co)a
(18 electrons) Scheme IV

(16 electrons)
In both schemes III and IV the rates of reaction and hence the yields

would possibly be enhanced by electron donating groups (R1 and Rz).

3 Group VIB Transition Metal Complexes

While 1-*e2(co)9 and MZ(CO)IO(M=Mn,Re) react with thiones to
give rise to a variety of complexes, group VIB transition metal

carbonyls give exclusively simple substitution complexes.



Gladysz and Avakianll have i;radiated benzene solutions of
thiones and M(CO)6(M=Cr, Mo,W) to obtain appropriate thione complexes
of general formula 25(M=Cr,Mo,W; L= adamantanethione, thiobenzophenone,
ethylenethiocarbonate).

M(CO) ;L

25
Tetrahydrofuran (THF) hﬁs been used as solQent in place of benzene.
In such a case the initial product is possibly M(CO)S(THF), which
then reacts wiﬁhthiongto give 25, This method has been used to
synthesise Cr(CO?sL (L=tetramethylethylenethiocarbonate)l2.

Another reaction that has been observed is that between

26(M=Cr,Mo; diolefin = bicyclo{2-2-1} heptadiene) and 27 to

(diolefin)M(CO) 4

26

27

afford 2213. It has been suggested that this reaction proceeds

by transfer of carbonyl groups from (diolefin)M(CO)4 to M(C0)4L

(L=27) units to form 223 Supporting this suggestion is the observation
that when the reaction was carried out under an atmosphere of carbon
monoxide the yield was reported to be trebled.

Angelici and Gingenich12 have synthesized 25(M=Cr, L=Me C=S;

2

M=Mo, L=Me C=S; M=W, L=Me,C=S, Ph,C=S, MeEtc=S) by an indirect

2 2 2
method., This has been done by first generating the acetone

aghF,/ -72°% _ .
(¥Et,, } {M(c0) ;1) 4 » Agl + (NEt JBF, + M(CO) (0=CMe,) (i)

acetone

Scheme V

(o]
M(CO) ;(0=CMe ) + 3/2 H,3S AgBF,/ -72°C
acetone

2 >M(co)s(s HO + 1/2 Agzs

2

+-HBF4 (ii)



complex {Scheme V(i)} followed by bubbling hydrogen sulphide

gas through the solution to obtain the appropriate thione complex 25.
The advantage of this method is that the isolation of the thioketone
is not necessary so that it may be used for the preparation of
complexes of very unstable thiones such as thiocacetone.

To determine the molecular structure of and nature of
metal-ligand interactions in these complexes (M(CO)SL, M=Cr,Mo,W;
L=thione} a single crystal X-ray analysis has been procured for
Cr(CO)S(S=CMe2)12 and it has been found that the structure is virtually
octahedral., The Cr-S-C angle has been determined to be 120°, It has
been suggested that the molecule may be undergoing a kind of equili-
bration between two equivalent structures as illustrated by Scheme VI.

Such a process has not been detected at low temperature (—100°C)12.

0
0

0
oCr—4—LC0 e O
r—_—
0 oC

o
= ~

Scheme VI

A change in the direction of the C-S bond may be effected by either
rotation about the Cr-S bond or flipping of the C-S bond from one

position to the other as shown by Scheme VII,

Y—obge c'L‘
=

Scheme VII
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The Cr-CS bond distancé has been found to be 2,377, which
is longer than the average Cr-CO distance of 1.8983. However the
Cr-CO bondlength trans to the tione grbup is shorter (1.8353) than
the average of the other Cr-CO bondlengths (1.8983) possibly due to
increased back bonding as a result of greater basicity of the thione
ligand, The C-S bondlength was found to be 1.618A which is shorter
than the one for ethylenethioureal4 and thioacetamide14(1.713) but

)14

longer than for hydrogen thiocyanate (1.5613 « Also the C-S bond~

length in Cr(CO)S(S=CMe2) is shorter than in (°C>5“s=?:NH’CHz'CH2'?

(thiazolidine - 2 -thionepentacabonyltungsten)(1.68%), which has been
reported by Marongiu and co-workersls. In the latter complex, like
in the former, the W-CO bond distance trans to the thione ligand

is shorter (1.973) than the average of therther W-CO didstances
(2.033).

4, Palladium and Platinum Complexes

Reactions of thiones are not restricted to transition
metal carbonyls, Palladium and platinum chlorides react with thiones
to give both orthcmetallated and simple substitution complexes, just
like metal carbonyls., Hence PdClz(NCPh)2 has been reported to react

with cyclohepta-triene thione yielding 2§(L=fH=CH—CH=CH~CH=CH-?=§)16.

L 1
Y
v a1
28
Judging from infrared data it has been proposed that 28 exists in

cis form in the solid state, This is possibly because more
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electronegative chloride groups trans to thione groups are able to
"absorb' excese negative charge transferred to the metal by the
more basic thione ligands. Also the cis form is expected to be
more polar so that it would crystallise more easily in commonly
used organic solvents, leaving most of the trans form in solution.
The cis form should be sterically less favourable though.

However sodium tetrachloropalladate, Na,PdCl,, has been

2 4?
. found to react with aromatic thiones giving dimeric orthometallated
complexes of proposed general structure 29(M=Pd; R=CH3,OCH3)17.

But potassium tetrachloroplatinate, KZPtCIA’ reacts with aromatic

::] {(n—<::>—92c==s}zmc1z \s”iil (Ph,P) MC1,
i, Q) ‘e,

2 30 3 32
thiones yielding both the orthometallated complex 29(M=Pt; R=CH

3.ocn3)
and the simple substitution complexes 30(M=Pt; R=CH3,OCH3)17. 2 is
cleaved by Lewis bases such as phosphines to afford monomeric
orthometallated and simple substitution complexes. For example

29(M=Pd,Pt) reacts with triphenylphosphine to give 3]1(M=Pd,Pt;

R=CH3,OCH3) and 32(M-Pd,Pt).

5. Desulphurization reactions.

It has been observed that when thiones are reacted with

certain metal complexes desulphurization occurs. This has resulted
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in the formation of either carbene complexes or olefins. For example

Erhardt and co-worker318 have isolated 34 by refluxing a xylene solution

of 33 and Fe(CO)S. Complex 35 has been isolated by irradiating a

S |

33 34 ‘ 33 36
tetrahydrofuran solution of M(CO)SL(M=Cr, Mo; L=tetramethylethylene-
thiocarbonate) and Fe(CO)Slg.

In other cases carbene complexes and olefins have been isolated
from the same reaction., For instance Kappler and co-workerszo have
prepared 34 and 36 by heating a mixture of 33 and Fe(CO)5 in toluene
at 100°%. Reacting 33 with Ni(COD)2 {cop= 1,5 - cyclooctadiene}
also yields 3921.

‘For all these cases it has been proposed that the formation
of olefins is preceeded by the formation of carbene complexes (37)
although such complexes have not been isolated from all the reactions.
The overall proposed20 mechanism is illustrated in scheme VIII. fhis

mechanism would be especially confirmed if a carbene complex(e.g.36)

was treated to yield an olefin (e.g.34).

R.C=S ::>C R.C=CR
(OC)SFe R

R>Je(co)4
Scheme VIII
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Alper and Paik23 have obtained fulvenes of general structure

40 by reacting Z(RI,R2=CH3,OCH H) with metal carbonyl anions(38).

3’

These reactions have been effected in three different ways as

illustrated by scheme IX,

%m; j

38: M=Fe; n=2
M=Mo,W; n=3

40 ’ 41

It has been found that molybdenum and tungsten anions are
much less reactive than the iron anion so that reactions with the
former have been conducted at higher temperature (110°- 120°¢) 1in
a carius tube., In addition to 40 disulphides (41) and dimers (39)
have also been isolated., Phase transfer methods (B) and (C) have
been found to give higher yields of 40 than method (A).

| The mechanism for the formation of QO is not definite.
A number of mechanisms have been proposed all of which involve
electron transfer from the metal carbonyl anion (38) to thione(2)
to form 42 and 43. One of the mechanisms suggested by Alper and

Paik is illustrated in scheme X,

R

© |

@ " © -M(co)_
42

43
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Another possible mechanism is the one involving nucleophilic attack

of 38 on thioketone carbon as shown in scheme XI.

40 (2309

CTAB, |
aq.NaOH(50%) /C6H6

(B)
{(hs-csnaar)m(co)n}.2 (A) NaK/THF . 40 (=14%)

39 .

=Fe; Y=CH3,H
M=Mo; Y=CH 3? H
M=W, Y=H

M=Fe; Y=H (c)

18~Crown-6

aq. KOH( 50‘/.‘)106}16

v
40 (=35%)

Scheme IX (M=Fe, n=2; M=Mo,W, n=3; CTAB=cetyltrimethylammonium bromide)
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Both mechanisms (schemes X and XI) suggest that reactivity is expected
in the order ((h>-C sHg)Fe(CO) }> ((h°=c 5Hs)Mo(CO) }> (v’ ~CgHIW(CO) 4™

9’
which compares favourably with the reported order74

CpFe(CO); > CpMo(CO); = cPw(co);.

B

(OC)n

Scheme X1
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5 5
B. REACTION OF {(h -CSHS)M(CO)3}2 (M=Mo, W) AND {H -CSHS)M(CO)Z}Z

(M:Mo, W) WITH PHOSPHINES, ALLENE AND THIONES.

Having discussed reactions of thiones with some transition
metals it would be interesting to see how other neutral Lewis bases
compare with thiones in situations where they are quite capable of

forming similar complexes.

C{ 0 /CP € o
0Cyy, Z aCO ¥/
'y Wi < @
o R~ E“—’V—ﬂ—.“n R
. ‘\“ \
4 x:o 30 0

C
45 46
a: M=Mo a: M=Mo; R=H
b: M=W b: M=W; R=H

c: M=Mo; R=CH3
Phosphines and olefins are among some of the commonest
neutralrLewis bases encountered in coordination chemistry. While
phosphines coordinate to a metal by donating a lone (non-bonding)
pair of electrons to the empty orbital of a metal (31, M=metal)
olefins do so by using -y -electrons to form what is known as a

T -complex (e.g. 48, M=metal; R=alkyl, H) which may be represented

by two canonical forms {48(i) and 48(ii)}.

R
R\c\\‘R \ \‘\
nwp—\ ﬁ
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For example triphenyl phosphine has been reported to react

with 45 (M=Mo) to give 49, 50 and _5_1_24 and with 46 (M=Mo) to give

Ph_P Cp

3\ CCO / Phf oo P
OC;,““' OC;“““\/ | { 3 ) L.}
H141CO ' = CpM(CO)3 {CpM(CO)zL2
JP | \\co /p 3o 1L\co

coO

49 50 51

exclusively 2925. An allene (CH2=C=CH2) has been shown to react with

46(M=Mo) to form 22.22. From a single crystal x-ray structure of

22(M=Mo)22 it has been found that the CA‘-CB-CC angle of the allene

group in 52(M=Mo) is 146° which implies that the contribution of

52(ii) is quite significant.

c
CH €O
IO
. (3 1)
p
o CHy P a CHo
(1) (ii)

52

However no reactions between either 45(M=Cr, Mo, W) or
46(M=Cr, Mo, W) and thiones have been investigated so that it was
the aim of this work to find out what kind of complexes could be
obtained if such reactions were carried out. A careful look at thiones
gives one the idea that they (thiones) are capable of behaving similar
to phosphines (by using a lone pair of electrons) or olefins (by using

T-electrons in the >C=S bond) when coordinated to a metal.
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In fact it was hoped that 45 would be cleaved in the presence
of aromatic thiones (2) resulting in the formation of orthometallated

and hydride complexes 53 and 97 respectively, Also simple substitution

complexes similar to 49, 50 and 5] were expected from reactions with
both aromatic and non-aromatic thiones. Although thiones are capable
of forming both &- and 71U~ complexes thione complexes similar to

52 were not expected at all,
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C. RESULTS AND DISCUSSION

Reaction of 45(M=Mo,W) and 46(M=Mo,W) with both aromatic
and non-aromatic thiones gave complexes containing one or two thione
ligands. As mentioned earlier these reactions may lead to either
simple substitution products similar to 49 aAd 50(M=Mo,W) or products
akin to 31 and 53(M=Mo,W) which would result from the cleavage of the

metal-metal bond. From analytical and spectroscopic (e.g. IR and NMR)

data (Tables 2, 3 and 4) the monothione complexes may have molecular

{szMz(CO)AL} {szMz(CO)SL}
I II
(M=Mo,W; L=thione) (M=Mo,W; L=thione)

structure I or II. However a single crystél X-ray study has shown
that there are only four carbonyl groupe(Figure 8), so that I is the
correct molecular formula of the monothione complexes, The exact
structure of the dithione complexes is not known so that for the
moment two possible structures will be assumed, namely III and IV.
The extent of reaction as well as the nature of products
depend on the nature of thione and the reaction conditions. Both
mono- and dithione complexes obtained from reactions under discussion
are listed in Table 1.
The fact that complexes similar to 351 (i.e. ionic complexes)
and 493 (resulting from the displacement of only one carbonyl group)
were detected 1s quite a contrast to reactions between 45a and, phos-
phines and phosphites where such complexes have been obtained. This is
possibly because thiones may be regarded as bidentate ligands (see above)

rather than monodentate ligands (like tertiary phosphorus ligands).

NN
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One interesting observation that has been made is that the
ease of formation of dithione complexes seems to be in the order (p-

FC6H4) 2CS> (06H5) 2CS) adamantanethione» thiocamphor > (p-'H3C 4) 2CS>

P-H,COC,H, “CS+CeH> (p-HC0CH,) ,CS. 1In fact not a trace of the dithione

complex was detected in the case of g(Rl=R=OCH3). Considering

C6H

aromatic thiones alone, the basicity is expected to be in the order
(p-H30006H4)ZCS> (p-HBCC6H4)2CS> p-HBCOC6H4-CS-C6H5>(CGHS)ZCS>

(p-FC6Ha)ZCS' From the above arrangement it seems the ease of
formation of dithione complexes decreases with the donor ability
of the ligand. Another factor worth considering is the TM-acidity
of the ligands. Since, it seems, back-donation increases with
electron deficiency on the ligand73 (assuming that there are non-
bonding electrons on the metal atom) the order of Teacidity of
thione ligands will be expected to be the reverse of the above
arrangement, This then seems to imply that the formation of
dithione complexes is enhanced by the “T-acidity of the ligand.
This trend may be compared to the observations made by Haines and
his co-workersza’%go have noted that when the groups attached to the
phosphorus atom are more electronegative (for example in P(OCH3)
and P(OPh)3) there is less tendency to rupture the Mo-Mo bond when
substitution of CO in 43a occurs. They have found that whereas
phosphites (e.g. P(OPh)3) react with 45a to form mainly complexes
similar to 30 and 51, phosphines (e.g. PPh3) do so to form complexes
similar to 49 and 51. These observations have been explained by -

saying that more electronegative groups probably enhance the

T -acidity of ligands, making them (ligands) behave more like CO.
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‘That relatively poor TV-acids may tend to destabilise metal=-

metal bonds may be explained in terms of the effect of the basicity

of the ligand on the metal-metal bond. Figure 14 illustrates a
simplified molecular orbital diagram of the metal-metal bond. The
Mo-Mo bondlength in 45a has been reported to bé about 3.2353385 which
implies that it is rather weak, so that the antibonding orbital (é*)
is not so high in energy. If this is the case excess charge (which
may come from the ligands) from the metal atoms may flow to the

* ,
antibonding orbital (é ) leading to areduction in the metal-metal bond

: %
Figure 14: Jb=bonding orbital; & =antibonding orbital.

order, Wrighton and Ginlegghave suggested that the rupture of the metal-
metal bond in photolytic reactions of 45a possibly involves the excita-
tion of an electron from the bonding orbital ( éb) to the antibonding
one (&*). It is conceivable that a good donor ligand which is a
relatively poor TV -acid may enhance such a process. Nonetheless there

is not enough data from which to draw a definite conclusion about the

effect of the basicity of a ligand on the metal-metal bond.
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(szMZ(CO)3L2} {szMoz(CO)ALZ}
III v

(L=thione) (L=thione)

Aromatic Thione Complexes

Reaction of 43a with most aromatic thiones in refluxing
benzene gave mainly organic products none of which were fully
characterised. Usually 54(M=Mo) and sometimes 55 were formed initially
only to disappear towards the end of the reaction. This was possibly
because thione complexes (e.g. 54a) were generally found to be umstable

to heat, However 43a did react with gﬂR1=OCH3,R2=H) in refluxing

h (30008) or 4

45a + 2 {cp Mo ,(C0), L) + {Cp Mo, (CO) L,}
4 EE]
a : R1=R2=OCH3 (hw)
b : R =R,=H (b))
¢ : Ry=R,=CH, (hy)
d : R =0CH,, R,=H (D)
e : R =R,=N(CH,), (hy)
£ : Ry=R=F (hw)

benzene to give 54d in about 15% yield. A trace of 55d was obtained
in only one of the four experiments that were carried out.
It is interesting to note that reactions which gave little

or no metal carbonyl products in refluxing benzene did give much better
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yields when they were effected by irradiation (with ultraviolet light).
For example ultraviolet irradiation of a 1:1 mixture of 2$R1=R2=H)
and 45a in benzene afforded 54b. Photolysis of a benzene solution of
two parts of 2 (R;=R,=H) and 1 equivalent of Qép led to the initial
formation of both 54band 55b. At the end of the reaction only the
latter was present and hence isolated. Also irradiation of a 1:2 mixture
of 45a and 2ﬁR1=R2=OCH3) in benzene yielded 54a in about 647% yield.
This was the highest yield for reactions involving aromatic thiones
effected either in refluxing benzene or by irradiation. Interestingly
irradiation of a benzene solution of a mixture of 2 (R1=0CH3, R2=H)
and 45a resulted in the formation of mainly organic components none of
which were identified. Only a trace of 54d was detected by infrared
spectroscopy.

However reaction of 45b with aromatic thiones gave similar
metal carbonyl products as those obtained from reactions of 45a
except that no dithione compdexes (22) were obtained., Another feature
of reactions of 45b with aromatic thiones was that alot of unknown
organic products were obtained so that it was more difficult to isolate
metal carbonyl products than in the case of reactions involving 45a,
Hence when a mixture of 45b and 2(R,=R -OCH ) in benzene was irradiated

1 72
J4g was obtained in only 29% yield. Similar treatment of a mixture

2 + 45b Y (30008) /¢ H,

L

» {szwz(co)aL}

1 1 DTy

g ¢ R1=R2=OCH3

h : l—Rz-H
j Rl-Rz—CH3

k : Ry=0CHj, R,=H
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of 45b and 2 (R1=R2=CH3) resulted in the formation of 54j which could
not be isolated and identified because of the presence of too many
components with physical properties similar to those of the metal
carbonyl complex (ééj) both in solution and on the chromatographic
column. Therefore the complex was identified simply by comparing its
infrared data with those of the already characterised complexes such
as 34a and 54c. Lower yields from reactions of 45b with thiones may
have been either due to decomposition of thiones in the presence of
the less reactive 435b or due to possible instability of the tungsten
thione complexes compared to those of molybdenum, although the stability
of the two types of complexes was found to be almost the same for the
same thione ligand.

The ;riple bonded complex 46 (M=Mo,W) also reacted with
thiones yielding mainly the monothioketone complexes (54). The
advantage of this technique is that almost all the reactions were
complete within afew minutes or seconds at room tempefature so that
they were much cleaner than the reactions of 45a and 45b. In fact
by use of this technique, most of the monothione complexes which could
not be isolated pure using the previous methods, were easily obtained
and characterised even by elemental analysis.

The contrast between reactions of 46(M=Mo,W) and those of

45 (M=Mo,W) with thiones arises not only from the fact that the former

Foleo
46 + 2 —==—— {CpM,(CO),L} + {cp M,(CO) L.}
(M=M0,W) 54(M=Mo,W; L=thione) 55 (M=Mo; L=thione;
n=either 3 or 4)
‘f : R1=R2=F
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gives higher yields of the monothione complexes (see experimental section)
but also that the dithioketone complexes (55) are usually not obtained.

In fact only in the case of 2ﬁR1=R2=F) is the dithione complex obtained
in addition to 54d. Hence reaction of thiobenzophenone (2, R1=R2=H)

and 4,4'-dimethylthiobenzophenone (2, R1=R2=CH35 with 46a yields 54b

and 54c but not 55b and 55¢ respectively. This is possibly because

to effect the formation of 55 heat is necessary. However the formation

46c + 2(R =OCH;, R,=H) LoL. > 66

of 55f may be explained by suggesting that 4,4'-difluorothiobenzophenone
(g:R1=R2=F) is expected to be a better qr-acid but a poorer donor than
most, if not all of the thiones under consideration, so that it tends

to labilise one of the carbonyl groups (most likely the one trans to

the thione group in 54f). This would facilitate the formation of 55f
especially if n=3. In addition 2‘R1=R2=F) is expected to behave more
like a carbonyl group making it easier for the formation of 55f from

54f if n=4. Also reaction of 46c with 2(R2=OCH R2=H) gave 66.

3?

All the complexes prepared by both methods are listed in
table 1., While it has been found that the stability of the molybdenum
and tungsten monothione complexes is almost the same it is interesting
but not very surprising that molybdenum monothione complexes are more
stable than the corresponding dithione complexes, Hence while both
the solutions and solids of monothione complexes may be handled in

air without much difficulty those of dithione complexes should preferably

be handled under an inert atmosphere. All the aromatic thione

complexes are more soluble in moderately polar solvents such as chloroform
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and methylene chloride, Their solubility decreases as the polarity
of solvents is either decreased or increased. For example 54a is

more soluble in chloroform and benzene than in methanol and n-hexane,

2. Non-Aromatic Thione Complexes

Non-aromatic thiones with either 45(M=Mo,W) or 46(M=Mo,W)
under appropriate conditions to give complexes which were similar
to those obtained from aromatic thiones. The main difference was
that less sterically hindered non-aromatic thiones reacted with 45a
in refluxing benzene to give much better yields of analogs of both
34 and 55.

In refluxing benzene 45a reacted with adamantanethione (10)
to give 56 and 57 and with thiocamphor (V) to afford 58 and 59. It

was interesting to note that 57 was also obtained by refluxing a

s
CH 5 L co
IR = // °
OC\NH
H Mo
3 H
3
10 16 v 43c

benzene solution of a mixture of 56 and 10. Similarly {(hS-CSHacH3)2
Mo (00)6} (45¢) reacted with thiocamphor (¥) to afford 65. No analogs
of 57 and 59 were isolated. No reaction occurred, possibly for steric

A (reflux)/C_H

43a + L 66 , (Cp Mo,(CO), L} + (Cp,M0,(CO) L}
56 : L=10 (n=either 3 or 4)
58 : L=V 37 : L=10

_521L=1
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reasons, when a benzene solution of a mixture of 45a and thiofenchone

(16) was refluxed for about 19 hours. When the same solution was

A (reflux/C_H
45¢ + V 66 . 5_
8¢ » {(h”-C Hacu3)2uoz(co)4x.}

5
5 : L=thiocamphor

irradiated for about 94 hours 60 was obtained in about 9% yield.

hy(3000%) /c. 1
42a + 16 66 , {cpHo(cO), L)

60 : L=thiofenchone

Thiocamphor (V) did not react with {szwz(co)s} (45b)
in refluxing benzene but 63 was formed by photolysis. No tungsten
analog of 59 was obtained.

Reaction of adamantanethione and thiocamphor with 46(M=Mo,W)
gave exclusively monothione complexes identical to those obtained
in reactions with 45(M=Mo,W) except that ylelds were considerably
improved (see experimental seﬁtion). Hence adamantanethiome (10)
reacted with 46a and 46b to afford 56(=987 yield) and 68(as 73% yield)
respectively. Also 10 reacted with {(h5~C5H4CH3)2M02(C0)4} (46c)

to give‘éz,

46 4+ 10 —=2=2y {CPzM2(C°)4L}

36 : M=Mo, L=10
68 : M=W, L=10
T.t. 5
46c + 10 ——— {(h"-CgH,CH )Mo, (CO), L}

7 : L=adamantanethione
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Some of the above complexes were isolated in good enough purity
to give satisfactory analytical data (Table 2). Although both the
monothione and dithione complexes were found to decompose very little
in solid state after being exposed to air for Qeveral hours (12 hours),
the solutions of the latter decomposed slowly in non-polar solvents
such as benzene and n-hexane and rapidly in polar solvents such as
ether and acetone, Thipcamphor complexes were found to be more soluble
than thdée of adamantanethione in the same solvent. For example 58
was found to be more soluble in chloroform than was 56. However
like aromatic thione complexes they were found to dissolve better in
moderately polar solvents such as chloroform and methylene chloride
than in '"very" polar and non-polar solvents such as acetone and

n~-hexane respectively,

71

Thiosantonin and Al?* —androstadiene-3-thione-17-one (71)
also react with 45a to afford appropriate monothione complexes 63
and 64 respectively. 64 is also obtained from the reaction of 7
with 46a. Infrared spectra of 63 and 64 look quite similar to those

obtained for other monothione complexes (e.g. 54a) discussed above.



A detailed discussion about infrared and other data is given in
appropriate sections below. Both 63 and 64 are fairly unstable Both
in an inert atmosphere and in air whether in solid state or solution,
As mentioned earlier on it was obsefved that reactions
between 46(M=Mo,W) and thiones were extremely fast. It was found,

however, that there are exceptions. Hence 72 and 73 reacted with

@j\c(cn3)3
HoG- -—@—":—— —CH, e
H3 ‘ H3

72 73

46a giving the corresponding monothione complexes 61 and 62 respectively
but in much lower yields ( £2%) than expected. In fact in the reaction
between 46a and 72 some unreacted 46a and 72 were recovered after 12

hours of stirring the mixture in p-xylene. Similarly when 73 and 46a

Fele .
46a + L > {sznoz(co)aL}
(L=72, 73)
6L : L=72
62 : 1=73

were reacted both reactants were present after stirring the mixture
for about 2 hours. This is unlike the other reactions some of which
were observed to be complete within one minute. The reason for the
sluggishness of these reactions is probably due to the fact that in
both cases the bulky tertiary butyl group is attached directly to the

thiocarbonyl carbon giving rise to considerable steric interactions.
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Both 63 and 64 could not be isolated pure so that no analytical and
satisfactory infrared and proton MMR data could be obtained. None-
theless the infrared data for 63 and 64 in the Y=o region and
proton NMR data for 64 in the cyclopentadienyl region resemble those
of other monothione complexes (e.g. 54a) already identified (Table
3 and 4).

All the tﬁione complexes prepared from this work are

listed in Table 1.

3. Mechanism of Reactions

Metal carbonyl substitution reactions have been reported26

to proceed by three pathways., These processes are (i) agsociative,
(ii) dissociative and (iii) a combination of (i) and (ii). The
applicability of a mechanism to a particular reaction depends on the

nature of reacting species. For example whereas the reaction of

)

(OC)SW(CS) with triphenylphosphosphine (PPhs) to form W(CO)A(CS) (PPh3

has been found to occur by both the dissociative and associative
mechanisms the reaction with the iodide species (I”) to form
{W(CO)A(CS)I}- has been reported to obey an associative mechanism?’*
This is expected since the iodide ion is not only negatively charged
but also smaller than the neutral triphenylphosphine ligand.

The exact mechanisms by which 45(M=Mo,W) and 46(M=Mo,W)
react with thiones to form either the monothione or dithione complexes
(e.g. 54a or 37) is not known. However the possible mechanisms are
illustrated in scheme XII. Route (i) shows an associative process
which involves the formation of an activated complex (75) by weak

interaction between thione and 45(M=Mo,W). This may lead to the
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labilisation of one of the carbonyl groups which is subsequently lost to
form 76. Loss of an additional carbonyl group from 76 results in
the formation of 79(M=Mo,W), Route (ii) depicts a.dissociative
mechanism. Loss of a carbonyl group from 45 is expected to lead to
77 which may then undergo two possible reactions. The first one
would be the addition of a thione group to give 76 followed by loss
of one more carbonyl group to form 79. The other reaction would
involve the loss of another carbonyl group leading to the formation
of 45(M=Mo,W). Addition of thione would afford 78, which would then
give 79,

Dithioketone complexes may be formed either through 79 or
78. The formation of 80a may be as a result of loss of a carbonyl
group from either 79 followed by addition of a thione ligand or 80b.
However the addition of a thione to 78 may give 80b. Also the
displacement of the bridging S—M bond by a second thione ligand
would yield 80b. The formation of dithione complexes through 79
is supported by the fact that when a benzene solution of a mixture
of 56 and adamantanethione (10) is refluxed 57 is obtained. Such
a mechanism would be favoured by an electron withdrawing group. This
is possibly the reason why 4,4'-difluorothiobenzophenqne g(R1=R2=F)
reacts with 46(M=Mo) at room temperature to afford 55d, whereas
other thiones such as 2£§1=R2=H) only give the appropriate monothione

complexes under similar conditions.
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Cp go CO
A
1\ >
oc* ép (i) 2
&;’i_
(i1) | -co
X-s
{szmz(co)s} 76
71
-CO -CO

=5% Cp P
ps 46 a
N g =CO \ + F=5
0o, °C e ~
cp M cP ~—
A (co), *>° | = M(co),
| 4 co Ep
\

\ 80a
-CO

{szuz(co)A(‘>c=s)2)
80b

Scheme XII (M=Mo,W; ‘:n=S=thione)

In Scheme XII both routes(i) and (II) are possibly involved
in the formation of already known complexes. For example the formation
24
of {CPZMOZ(CO)S(PPh3))(£2) from the reaction of 45a and PPh3 may
proceed by both routes (i) and (ii) but the formation of 46(M=Mo, W)

by thermoclysis25 of 45(M=Mo,W) most probably involves route(ii) of



33

Scheme XII. Different reactijities of thiones (see experimental
section) towards a particular metal carbonyl seems to suggest that
both routes (i) and (ii) are-involved in the formation of thione

complexes,

4. Infrared Data

Generally similar complexes have been observed to display
a similar pattern of infrared spectra although a few variations are
encountered on going from one thione ligand to another. In non-
polar solvents such as n-hexane and carbon tetrachloride aromatic
monothione complexes show four fairly sharp uC=0 absorption
bands. For example the infrared spectrum of 54a in carbon tetra-
chloride has LC30 absorption bands at 1958(sh), 1936(Vs), 1864(s)
and 1815(VW) cm™! (figure 1(a)). In polar solvents such as chloroform
and methylene chloride all the infrared absorption bands are rather
broad and shifted to lower frequency. Hence the spectrum of 54a shows
JC=0 absorption bands in chloroform at 1942(vW), 1927(vs), 1851(s)
and 1792(vw) cm-l. The absorption band at 1942 em™t appears as a
shoulder on the absorption band at 1927 cm-1 and all the bands are
broader than those obtained in carbon tetrachloride. Similarly 54d
has JYC=0 absorption bands at 1960(vW), 1933(Vs), 1858(S) and
1805(VW)cm.l in chloroform and at 1961(sh), 1938(vs), 1867(S) and
1818(W) in carbon tetrachloride. The lowest C=0 absorption band
in the spectrum of each compound seems to be more affected by the
change in the nature of solvent than other peaks. The infrared
spectra of other aromatic monothione complexes have similar

characteristics (Table 3).
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The general pattern of infrared spectra of non-aromatic
monothione complexes is similar to that of the corresponding aromatic
complexes., This is especially the case when spectra are obtained
in polar solvents such as chloroform and methylene chloride. Hence
in chloroform 56 has W(C=0 absorption bands \at 1958(s), 1910(vs),
1859(S) and 1800(VW)cm ™' and 58 has them at 1958(VS), 1920(VS), 1860(s)
and 1795(vwW) cm-]‘. Similarly 60 has carbonyl stretching absorption
bands at 1950(vW), 1918(Vs), 1852(S) and 1810(VW) em™ in chloroform.
It can be seen that infrared spectra of 56 and 58 each have a strong
highest frequency »C=0 absorption band compared to those of some
non-aromatic and all the aromatic monothione complexes. Furthermore
when infrared spectra of 56, 68 and 65 are run in non-polar solvents
such as n-hexane and carbon tetrachloride the highest frequenc.y VC=0
absorption band of each one of them is split into two sharp peaks
giving rise to a total of five absorption bands for each spectrum.
For example 56 »C30 absorption bands at 1971(m, sh), 1961(wW),
1929(VS), 1883(S) and 1823(m) cm™ T in hexane (Fig. 1(d)). This
behaviour has been attributed to isomerism which is discussed in
more detail in sections C.5, C.6, C.9 and C.10.

Another observation is that the lowest »C30 absorption
bands of 63 and 64 are at relatively higher frequency than those of
all the other monothione complexes (e.g. 54a and 58) when the spectra
are obtained in the same solvent and on the same spectrophotometer.

For example in chloroform the lowest frequency ACZ0 absorption

bands for 63 and 64 are respectively at 1818 and 1814 cm-1 but those
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for 54 a and 58 are at 1792 and 1795 ¢:m-1 respectively., This may‘be
due to reduced basicity of thiosantonin (70) and Ya\ l’a-androstadiene-
3-thione-17-one (71). This seems to be supported by the observation
that the lowest yC=0 absorption band of 64(1814 cm'l, CHC13) is

at lower~ frequency than that of 63 (1818 em™L

,CHC13) in agreement
with the expectation that 70 will induce stronger steric interactions
when complexed than 71. Lower basicity of EKR1=R2=F) seems to be the
case in 34f where the lowest »C=0 absorption band is at higher

frequency (1826 cm™!

, CCIA) than all monothione complexes which have
been investigated except 64 and possibly 63. Hé;ever the importance
of steric effects to explain infrared data of 63 and 64 in relation
to those of the other monothione complexes is weakened by the fact
that the lowest ,C®0 bands for 61 and 62 occur at lower frequencies
than those for 63 and 64. For example in carbon tetrachloride 62
and 64 have corresponding absorption bands at 1815 and 1829 cm+
respectively despite.the fact that 73 is expected to induce greater
steric interactions because of the bulky tertiary butyl group which
is attached directly to the thiocarbonyl carbon. It is conceivable
that the tertiary butyl group enhances the basicity of 73 since the
former is possibly a better electronic charge donor than the groups attached
to the thiocarbonyl carbon in Z&L’4-androstadiene-e;thione-l7-one (7.
Dithione complexes have characteristic spectra in the

YC®0 region whose pattern varies with the polarity of solvent. For
instance 39 has V(c=p absorptions bands at 1940(S) and 1806(m) em™!
in n-hexane and at 1930(S),1840(W) and 1776(S) in chloroform. Also

57 has absorption bands at 1930(S), 1842(VW) and 1760(m) in chloroform.
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The absorption bands at 1842 and 1840 «':m-1 in 56 and 59 respectively
vary in intensity from spectrum to spectrum possibly due
to decomposition since all the dithione complexes have been found
to be rather unstable., The infrared spectra of pure 35f show two
strong absorption bands at 1986(VS) and 1879(S) em ! in carbon
tetrachloride. Impure samples of the same compound give rise to an
additional absorption band at 1900(VW) cm-l.
The spectrum of 55b is rather interesting in that in chloro-
form it shows two rather broad JJC=0 absorption bands at 1973(m)
and 1856(m) cm-1 but in n~hexane four relatively sharp V30 absorp-
tion bands are observed at 1994(m), 1959(m), 1890(W) and 1812(m) em L.
The two possible structures for dithione complexes are
illustrated by 81 and 82. Structures 81 and 82 have Cl and C2h
symmetry respectively sothat the infrared spectra will be expected to
show three and two yC=0 absorption bands, respectively. Complexes
similar to 82 have been reported to exhibit W»C=0 bands similar

to those cited abovezs. For example, (CpMo(CO)zP(OET)3)2 has been

Cp

oo Yo g0
N N L

"““8

Cp CcOo
FTIL

0

81 82(L=thione)

reported to show absorption bands at 1810 and 1846 cm-l(nujol) and

{CpMo(CO)ZP(OCHs)z}displays absorptions at 1923(W), 1864(S) and

1848(8) cm™L (CH2012)28. Both of these complexes have been reported
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to give five »C3=D absorption bands when their infrared spectra

are obtained in non-polar solvents such as cyclohexane. Hence
{CpMo(CO)ZP(002H5)3}2 is reported to exhibit absorption bands at

1929, 1875, 1857, 1847 and 1827 cm"l in cyclohéxane. The most

stable structure of both {Cpto(C0),P(0C H;),}, and {Cpm:(co)21>(00113)3}2
has been postulated28 to be §§J which happens to have C2h symmetry

and hence is expected to show two »CZ0 absorption bands. The

additional bands have been attributed to possible presence of §£ as

a result of isomerisation as shown by Scheme XIII.

Cp co Cp Cp
A o O
¥ % xp co 40
83 : trans :8_6_;_ : cis

Scheme XIII-(L=P(OCH3)3, P(oczns)3)

N .
1f the’structure of dithione complexes borresponds to 82,

isomerism is possibly present in 55b whose infrared spectrum shows

four LCEOQ absorption bands in n-hexane. This may iﬁply that there

is either trans-cis(Scheme XIII) or trans-gauche (Scheme XIV) isomerisa-

tion in certain sclutions of some of the dithione complexes such as

55b and 59. The trans-gauche isomerism has been reported by Cotton

and_AdamsZ9who have tried to explain the infrared spectra of 45a

in different solvents. If this is the case then the polarity of

solvents has a different effect on 35b and 59 since the latter shows

three peaks in chloroform and two in n-hexane.
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L Cp
Cp
oC 0 oc Cp
0 O (0]
L
c L L 0
105 (a) : trans 105 (b) : gauche

Scheme XIV (L=CO)

However if the structure of dithione complexe; is depicted
by 81 the agreement is good with infrared spectra of 57 and 59 but
not 55b, 55f, 55¢ and 33d in chloroform.

Furthermore it is seen that the - =0 absorption bands
of aromatic dithione complexes are at higher frequencies than those of
the non-aromatic ones., This is especially so when the lowest frequency
bands are considered. For instance the »C=0 absorption bands of
23b, 55¢, 55d and 55f are at 1856(CHCI3), 1892(CH013), 1892(CHC13) and
1881(CC1, Jem™" and those of 57 and 59 are at 1760(CHC13) and 1776(CHC1 Jen™?,
respec&ively. The same trend applies to the rest of the bands. They
may be due to the expected difference in basicity of thione ligands.
If this is the case then it would seem that non-aromatic thiones are

more basic than aromatic ones.

s, 1

H NMR Data
Both monothione and dithione complexes show proton nuclear
magnetic resonance signals in the cyclopentodienyl region in the range

44.00 to JS.BOppm in deuterochloroform. Whenever possible cyclopen-

tadienyl resonance signals were used to either explain the solution

behaviour of or identify some of these complexes,
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Cp go C\p1 ¢p, Cil ¢p,y
OClum..ki__:M 0] OCHAn WnMCo OCﬁmHM——M i Co
/,/ // 2 <77/ 1 2
(0] __L‘__s \\Qto ocC ‘:;E:qzﬁ\\§co
\ /
89 (L=thione) 90(1) 90(ii)

Monothione complexes may be divided into two categories,
The first group consists of those complexes that exhibit two equally
intense cyclopentadienyl resonance signals (Figure 4(a)) which‘are
indicative of the presence of at least two different cyclopentédienyl
groups. These include 54a, 54b, S4c and 60 (Table 4). Hence S4a
has cyclopentadienyl signals at ¢{4.68 and 5.30 ppm and 60 has the
same at 4(5.31 and 5443 ppm. If the structure of monothione
complexes is 89 then the resonance signal at higher field is assigned
to Cp1 and the one at lower field to sz. While these assignments
have been made by assuming that M1 1s more negative than M2 they are
also in agreement with the observations made by Haines and his
co-workersza, who found that the cyclopentadienyl chemical shift
at higher field belonged to the moiety CpMo(CO) (PPh ) of the
complex sz 2(CO) (PPh ) 49, which has been proposed to have a
structure similar to 89. They made this assignment because it was

found that of the two cyclopentadienyl chemical shifts of 49, only

the one at higher field appeared as a doublet as a result of coupling
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between protons of the cyclopentadienyl group (Cpl) and phosphorus-
31 of the phosphine ligand. Another possible structure of
monothione complexes is the one corresponding to I (Page 19).

This may be represented by three canonical forms, namely 90(i),

90(ii) and 91. Charge distribution between the two molybdenum

Cpl sz

0Clu|ﬂH“H“CO
co > \co
91

atoms will depend on the importance of each of the canonical forms.
The resonance structure 2Qﬂi) suggests that Ml is more negative
than M2 whereas the reverse is suggested by 90(ii) and 91.
Therefore the assignment of cyclopentadienyl chemical shifts

of I (Page 19) will depend on how much each of the resonance

forms contributes to the 'overall structure', It seems that
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cyclopentadienyl groups bonded to the more positive metal center
(i.e. Ml or M2) are at lower fields than those bonded to the more
negative ones and this is supported by the fact that the
cyclopentadienyl chemical shifts at lower field vary more significantly
with solvent change than those at higher field (Table 6A). This

may be explained by suggesting that the more positive center is more
solvated than the more negative one34. A similar observation has

been reported63 for bis(N,N-dimethyldithiocarbomato) dimethyltin
where it has been found that the chemical shift changes for N-CH

3
and Sn-~CH3 in moving from CDCl3 to C6D6 are +0.93 and -0.32 ppm
respectively., The nature of the interaction of the above tin
complex with benzene solvent molecules has been proposed to be as

shown by VI.

a

‘H
HnmvluuH " q
\T R J+/c 3

/7 > Cﬁ”\c

The second groupof monothione complexes incorporates all
those that show more than two cyclopentadienyl chemical shifts
(Figures 4(b) and (c)) suggesting that there are at least three

different cyclopentadienyl groups. These include such complexes as

24d, 56, 68 and 69 (Table 4). For example the cyclopentadienyl
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chemical shifts of 54d are at cﬁﬁ.él, 4,67, 5.25 and 5.28ppm in the
ratio 2:3:3:2 and those of 58 are at 33.32, 5.27, 5.49 and 5.46 ppm
in the ratio 43:41:43:41 in chloroform. This is explained by sug-
gesting that there are at least two isomers in certain solutions
of each of these complexes so that a pair of the cyclopentadienyl
chemical shifts may be assigned to each of the two isomers. Hence
for 54d the resonance signals at ¢;L.67 and 5.25 ppm are assigned
to one (major) isomer and those at 3’4.61 and 5.28 ppm to the other
(minor) isomer. Similar assignments may be made for other complexes
with similar spectra. Complexes 56 and 69 show only three cyclopen-
tadienyl resonance signals each. Complex 56 has signals at cfs.ze,
5.34 and 5.37 ppm in the ratio 3:5:2 and 69 has them at.c;5.34,
5.40 and 5.55 ppm in the ratio 9:5:14 in chloroform. It is easy to
see that each of the chemical shifts at <§3.34 and 5.55 ppm for 56
and 69 respectively belengs to two cyclopentadienyl groups each of
which'belongs to a different isomer. That is to say that for §§
the assignment of chemical shifts is as follows: ¢;3.26(Cp’),

5.34(Cp+Cp') and  5.37 ppm (Cp) where Cp and Cp' are cyclopen-
tadienyl groups due to the major and minor isomoers respectively.

In addition it is noteworthy that each of the spectra

of 54a and 54c show two resonance signals due to methoxy and methyl
groups, respectively., This should not be confused with isomerism.
For example 54c has sharp methyl resonance signals at ¢{2.29 and
2. 26 pﬁm. This is attributed to the orientation of the thione

ligand (Figure 2) so that the two aromatic rings together with
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their substituents (e.g. in the case of the 4,4'-dimethylthiobenzo-
phenone complex, _Sﬁc) are in different environments from each other.
A similar observation has been made with Sha except that the two
resonance signals are so close together that at a sweep width of
500 Bz (VARIAN T-60 spectrometer) a singlet ié observed. However
when the sweep width is expanded by about twenty times a doublet
results.

One other thing that is striking is that the difference
(ZSCp) in chemical shifts between Cp1 and sz is much larger in
monothione complexes containing aromatic ligands than in those with
non-aromatic thiones. For example ACp's in S4a, 54b and 54f are about
37, 39 and 36 HZ respectively whereas those in 36, 58, 60, 63 and 64
are respectively about 3, 10, 7, 3 and 2.4 Hz. Suppose that the
structure of monothione complexes is represented by either gg.or o1.
The thione ligand will interact with Cp1 more than with sz (Figure
2). Two effects may be considered her;. The first one will be steric
interaction which will tend to deshield41 Cpl more than sz. The
second effect will be due to ring currents?9 Aromatic rings have

stronger ring currents than non-aromatic groups because of electron

Ii}s/ 2
©

Figure 2.
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delocalisation in the former. An arqmatic ring may be considered
as having a dish-like shape so th;t when the plane of its ring
is perpendicular to the applied magnetic field a proton at the
edge and the one situated over the ring will résonate at lower
and higher fiélds respective1y3o. Therefore it is éﬁssible that
the protons of Cp1 are posibioned ‘'face-to~face' with at least one
aromatic ring in complexes such as 54a and 54b. This may imply
that the effect of ring current dominates over that of steric
interactions. However the competition between steric and ring
current effects may be considerable in 61 which has one benzene
ring and two tertiany buty} groups one of which is attached
directly to the thiocarbonyl carbon. This possibly accounts for
the fact that 61 has cyclopentadienyl chemical shifts at 1{4.99
and J 5.80 ppm resulting in the value of ACp of about 49 HZ.
These results may be correlated with the effect that when proton
NMR spectra are obtained in benzene cyclopentadienyl chemical
shifts are at higher field than when the same spectra are
obtained in chloroform or'ac;tone (Tablel4). For example 54d

has chemical shifts in chloroform at c{4.6l, 4,67, 5.25 and

5.28 ppm and in benzene at 3/4.46, 4,50, 4.86 and 4.90 ppm.
Similarly 58 has cycldpentadienyl chemical shifts in chloroform

at 3’5.23, 5027, 5.41 and 5.43 ppm and in benzene at 3’4.75, 4.81,
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4,97 ppm. This is in agreement with the observations that aromatic

solvents shield 31, 34

as compared to other solvents such as
chloroform and acetone,
Surely a third factor may arise as a result of the

difference in basicity between M, and MZ’ due to lack of symmetry

1
(Figure 2), such that in aromatic thione complexes the difference
in electronic charge density between the two metal centers is
greater than in non-aromatic ones. But this does not clearly
explain why the difference in cyclopentadienyl resonance signals
is much larger in aromatic complexes (Figure 4(a)) than in
non-aromatic one (Figure 4(b) and (c)). From reasonance
considerations (see Scheme I,Page 2) it appears that aromatic
thiones are more basic than non-aromatic ones. Increasing the
basicity of thiones, however, will tend to favour resonance

forms 90(i) and 91 (see Pages 39,45). Tﬁe canonical form 90(i)

is expected to decrease the difference in charge density between
Ml and M2 more than 91, It is not clear whether in aromatic

thione complexes 2L is more important than in non-aromatic ones.

It has been found that cyclopentadienyl chemical shifts

of molybdenum monothione complexes are at a higher field than those
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of tungsten analogs(Table 6B). This is possibly related to the extent

to which molybdenum and tungsten orbitals interact with those of the
ligands. Gansow and his co-workers32 have suggested that the reason
why carbon-13 carbonyl chemicairshifts of the group VI transition
metal hexacarbonyls are in the order Cr(CO)s( J212.5)> Mo(CO)a( 5202.0)
:>W(CO)6(J—192.1 ppm) is that heavier metals are less efficient at
transporting electron density to the '“f(antibondingTI)carbonyl
orbitals due to the larger size of d orbitals. The same argument

may apply to thione complexes.

The proton nuclear magnetic resonance spectra of dithione
complexes show two cyclopentadienyl resonance signals of equal
intensity in the same range as that for monothione complexes (Table 4).
This implies that there are at least two different cyclopentadienyl
groups. Like in the case of monothione complexes aromatic dithione
complexes have a higher value of Acp than non-aromatic ones. The
same explanation as that given for monothione complexes possibly
applies here. The proton cyclopentadienyl chemical shifts of 55b
and 55f are respectively at Jlm37, 5.08 and 4.47, 5.14 ppm. Those
of 57 and 59 are at c(5.22, 529 and 5.01, 5.11 ppm respectively
(Table 4).

In discussing infrared data (Section C.4) it was suggested
that there are two possible structures of dithione complexes, namely
81 and 82. While 8l has two different cyclopentadienyl groups, 82
has two identical ones so that the former would be expected to

exhibit two cyclopentadienyl signals compared to only one expected
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for the latter. In 81 the chemical shift at higher field would be
assigned to sz and the one at lower field to Cpl since it is assumed
that MZ is more negative than Ml’ However if 82 underwent isomerisa-
tion(Schemes XIII and XIV) then more cyclopentadienyl signals would
be expected. In contrastyalthough isomerisatian has been proposed
to explain infrared data of {CpMo(CO)zP(OC2H5)3}2 only one doublet
(due to coupling between phosphorous-3l and cyclopentadienyl protons)
in the cyclopentadienyl region has been observed by Haines and his
co-yorkersza. The presence of two cyclopentadienyl resonance signals
of equal intensity and which are fairly different from each other
seems to favour structure 3l more than 82 although the latter may
not be ruled out completely, —

All the chemical shifts of thione complexes are recorded

in Table 4.

6. Carbon-l3 Nuclear Magnetic Resonance Data

To gain more information-about the structure of monothione
complexes Carbon-13 spectra have been obtained. The carbon-1l3
cyclopentadienyl resonance signals correspond fairly well to those
obtained from proton NMR spectra except that in certain cases (e.g.

56 and 58)the order of the chemical shifts of the major isomer relative
to those of the minor isomer is reversed.
As in the case of proton NMR data monothione complexes may be
divided into two groups, namely those that show twe cyclopentadienyl

resonance signals and the ones that exhibit either three or four of

them, Hence 54a shows cyclopentadienyl signals at J93.6O and 95.83 ppm,
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carbonyl chemical shifts at 4'244.45, 236.93, 234.65 and 233.41 ppm

and two methoxy carbon signals at 6’55.17 and 55.33 ppm indicative

of two different methoxy groups. The reason for the existence of

two methoxy carbon signals is the same as that given for the observa-

tion of two methoxy proton signals (see Sectién C,5.2. The monocadaman-

tanethione complex (56) shows four cyclopentadienyl chemical shifts

at 3’93.23 (cp), 93.58 (cp'), 5‘94.10(Cp) and 94.82(Cp') ppm, where

Cp and Cp' are cyclopentadienyl groups of the major and minor

isomers respectively. Complex 56 also shows carbonyl signals at

d245.30, 239.90, 237.50, 236.40, 236.00 and 235.90 ppm. Similarly

58 has cyclopentadienyl resonance peaks at 3'93.99 (cp'), 93.02(cp"),

93.36(Cp) and 92.38(Cp) ppm and carbonyl resonances at 4’244.64,

239.30, 238.13, 236.32, 235.57 and 235.43 ppm. The carbon-13 NMR

spectrum of 68 shows cyclopentadienyl signals at 3’93.91, 92.46 and

91.75 ppm. Possibly one of the chemical shifts corresponds to two

cyclopentadienyl groups since four peaks are expected so that there

is agreement with the presence of two isomers as in proton MMR data.
Thiocarbonyl resonance signals have been observed in the

carbon-13 spectra of 58 and 54a. Consistent with the suggestion

that there are two isomers in chloroform solutions of 58, two

thiocarbonyl resonances (¢4CS) are observed at crllh.94 and 104.84 ppm.

The fairly large difference between the two chemical shifts suggests

that the C-S bond of one of the isomers has moreM character than the

other. The spectrum of 54a exhibits two resonance signals at C;J106.93

136.41 ppm. Only one isomer or species is expected to be present
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so that only one <;CS is expected in chloroform solution of 34a.
It is likely that ¢{106.93 ppm corresponds to ‘{CS because of

its vicinity to the two resonance signals of 58. The thiocarbonyl
carbon chemical shifts for both 54a and 58 are at a much higher
field than expected for a normal jp:S—>M(M=me£al) group., For
example Alper33 has reported that the chemical shift of the :£=S
group in (OC)SMoL(L=thiocamphor) occurs at ¢;272.8 ppm which is

not very different from the value of the unbound thiocamphor

(5271.5 ppm). Similarly the complex (OC)SMoL (L=tetramethyl-
thiocarbonate) has been found 19 to have the jﬂ:S chemical shift
at  193.16 ppm only about 0.2 ppm down field from the free ligand.
This then may imply that the bonding in monothione complexes
(e.g. 58) may be quite different from that in (OC)SMoL (L=
thiocamphor, tetramethylthiocarbonate).

Again the assignment of the cyclopentadienyl resonance
signals will depend’on the distribution of charge between Ml and
M2° The distribution of charge will depend on how much each ;f
the canonical forms (90(i), 90(ii) and 91) contributes to the
overall structure. If the canonical structure 90 (ii) is
considered M2 will be expected to be more negative than Ml'
However, whatever the case the cyclopentadienyl chemical shift

at lower field is assigned to the cyclopentadienyl group attached
to the more negative center and the one at higher field to the

cyclopentadienyl group attached to the less negative center.
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However Gansow and his co-workers35 have studied carbon-13 NMR data
of CpFe(CO)ZX (X=Cl, Br, etc.) by varying the electronegativity
of X. They have found that both cyclopentadienyl and the carbonyl
chemical shifts move to higher field with incfeasing electron
withdrawing capability of X . This has been justified by suggesting
that the reduction in Tr-back donation by electron withdrawing

groups increases the paramagnetic shielding parameter ( éfb)

f

R,

2
leading to a shift to higher field. Consideration of carbon-l3 NMR
data obtained by Gansow and his co-workers35 and Bodner36 indicates

that a slight change in electronic charge on the metal center does

not lead to significant changes in cyclopentadienyl chemical shifts

to enable one to make a reliable correlatiomn.
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Cyclopentadienyl resonance signals of all the monothione
complexes for which carbon-13 NMR data has been obtained fall in the
region normally reported for similar compounds such as {CpZMoz(CO)4
(HZQ;C=CH2)}(§g)whose spectrum has been reporﬁed 22 to have a
cyclopentadienyl chemical shift at 5'93.09 ppm. The latter (52)
has also been reported 22 to show carbonyl resonance signals at
J’233.48 and 237.16 ppm which are in the same range‘as those for
54a, 58 and 56 (Table 5), but not the androstadiene complex, 64,
which, surprisingly, exhibits carbonyl signals at a higher field
(55220.64, 220.48 and 216.57 ppm) than all the rest although the
explanation for this is rather obscure. It is possible that
the basicity of the thione ligand is somewhat reduced in 64
resulting in a shift of carbonyl signals to higher field.

This may result from possible interaction of one of the olefinic
groups with one of the molybdenum atoms (see structure 92 and 2&).

It is difficult to make an unambiguous assignment of chemical
shifts to olefinic, thioketonic and ketonic groups of 64 because of
the complexity of the carbon-l3 spectrum. In the uﬁsaturated carbon
region there are peaks at 5'144.17, 142.00, 140.76, 135.91, 132.95,

121.75, 130.20, 129.03 and 123.99 ppm. The partly decoupled spectrum

gives doublets at 4135.91, 132.94 and 123.99 ppm. Free Al’a-
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- androstadiene-3-thione-17-one has chemical shifts of unsaturated
carbons at J219.59(C3), 161.11(c17), 147.53(Cl), 142.43(C5), 135.44(C4)
and 133.34 ppm(C2). The free ligand assignments were made with the
aid of a partly decoupled spectrum of the same compound. The chemical

shifts of the complex due to the ligand olefinic carbons fall in the

same range as those of the free ligand. The complexity of the spectrum
in this region is possibly due to the presence of impurities since
64 is fairly unstable in polar solvents such as chloroform where the
spectrum was obtained.
From the partly decoupled carbon-l13 NMR spectrum of 64

the chemical shifts at 5135.90, 132.90 and 123.99 ppm may be assigned
to any of the unsaturated carbons Cl, C2 and C4. Whichever of the
chemical shifts is assigned to Cl will result in an upfield shift of
at least 232 Hz. Suppose that :;135.90 ppm is assigned to Cl and
that C2 experiences an upfield shift comparable to that of Cl. Then

5’132.94 and 123.99 ppm may be assigned to C4 and C2 respectively,
The postulated upfield shift of Cl and C2 may be due to interaction
between the Cl1-C2 double bond and the orbitals of the metal atoms.

Such an observation has been made in the case of ((hs-CSHS)Moz(CO)4

(H2C=C=CH2)} (22)22 where on complexation the chemical shift of the
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terminal carbons of the allenic group shifts from 574 PpPm to J36 ppm
possibly due to a reduction in the multiple bond character of the

C-C bonds. Possible structures of 64 include 92, 93, 94 and 95.
Structures 32 and 93 are more likely to correspona to the right
configuration since they are expected to experience less steric inter-
actions. Also the choice of 92 and 93 makes it possible ﬁo explain
why there is a greater shift of Cl and C2 than C4 (and possibly C5)

to higher field. If either 92 or 94 is present then one of the
resonance signals at J220.64, 220.48 and 216.57 ppm which have been
assigned to the carbonyl groups may be due to the >C=S group which
exhibits a chemical shift at &219.59 ppm in the free ligand.
Nonetheless chemical shifts due to X=0 and CS (if either 93 or 95

is present) may be among the unassigned resonance signals (see Table 5).

_9_5. ;‘ﬂ%p
z
4 3

®vg o0




54

7. Mass Spectroscopy Data

Several attempts were made to obtain mass spectra for a
number of complexes among which were 54a, 56 and 57, but none of them
gave a satisfactory spectrum. However, 57 showed a broad band around
m/e . 385 which was assigned to the fragment {épMO(Co)ZCIOHlAS}+;
Such a fragment was probably as a result of heterolytic cleavage of
the metal-metal bond. The failure to obtain good mass spectroscopic

data is possibly due to instability of thione complexes when subjected

to heat,

8. Structure of Thione Complexes

Using analytical, infrared and nuclear magnetic resonance
data it was not possible to determine the exact molecular formula and
structure of thione complexes., However this was made possible by obtain-
ing a single crystal X-ray picture of zg(Eigure 8). Bond distances
and angles are listed in Figures 6 and 7, and Table 15,

The presence of only four carbonyl groups in 58 was not
expected. This finding eliminated the earlier belief that monothione
complexes had structure 89. Although no thione complex with a structure
similar to that of 58 has been reported a similar complex,namely
{szMoz(CO) A(NCNMeZ)} (99) has been isolated>’ and characterised by

X-ray crystallography. While for 99 bonding may be depicted as in
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99(a) or 99(b) for 58 it may be depicted as in 90, 91 or 90(b). Both
28 and 39 may be thought of as using a multiple bond to co-ordinate

with one molybdenum atom and a lone pair of electrons to bond to the

other.
CcO CcO
Cp = = P
: M/C
bc//\ o
_.?/
90 (b)

The Mo(1)-Mo(2) bondlength is 3.1458 which is shorter than
that in 45a (3.2352)38 but, much longer than that in the triple bonded
§§§(2.4482)39. The Mo-Mo bond distance is also longer than those

22
found in {Cp Mo, (CO), (H,C=C=CH )} (3.1178)% and {Cp Mo (CO),, (HC=CH) )
(2.98&)40, The explanation for the variation of the Mo-Mo bondlengths

in moving from one ligand to the other is said 0?2250

to be possibly
due to the closer approach that is required between certain ligands
and the metal atoms in order to have an effective overlap of orbitals.
Hence the two metal atoms in {szMoz(CO)a(HCECH)} need to come closer
together in order to effect a good bond formation with the T orbitals
of the acetylenic group than in the case of (szMoz(CO)A(HZC=C=CH2)}
where the two T bonds in the allenic group are more far apart; Steric
factors may also éontribute to the extent of metal-metal variations.
The average Mo-CO bond-léngth 2@(1.9432) is slightly shorter
than that in 45a (1.9733)42. While the C(2)-0(2) bond distance

(1.1828) is fairly long the other three carbonyl groups have C-0 bond=

lengths which average to about 1.1488 which is about the same as those



found in éégaz. The carbonyl group with the longest C-O distance
forms a semi-bridging bond of the type Mo(1)-C(2).....Mo(2) where
the dotted line indicates the semi-bridging bond. The Mo(2)...C(2)
bond distance is about 2.666&8 which lies between the semi-bridging
bond of 46a (2.562) and that of {CP2M02(0054(HC=CH)} (2.8262)%".
The Mo(2)-Mo(1)-C(2) angle of 57° in 58 is smaller than that of
67.6° in éggsg. Also in 58 the M(1)-c(2)-0(2) angle of 162° is
much smaller than the average of the other three (177.1°%). It is

surprising that in 46a the Mo-C-0 groups are almost linear (1760)39 .

despite the fact that they are involved in semi-bridging bond forma-

tion. However the extent of bonding of the M-C-0 group may depend

on the nature as well as the extent of semi-bridging interactionmn.
Semi-bridging carbonyl groupsa6 may be a result of

three main factors. The first factor may arise when there is unequal

distribution of charge such that of the two metal atoms bonded to

each other one (Ml) is more negative than the other(Mz). To offset
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(a) Unequal charge (b) Equal distribution (c) Equal or unequal

distribution of charge. SBCO distribution of
between M, and arises from charge. SBCO arises
Mz. crowding. from unsaturation
or electron deficiency
at either Ml or M2 or

both.

Figure 3! (SBCO=semi-bridging carbonyl group).
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the violation of Pauling's principle of electroneutrality the carbonyl

group bonded to Ml bends over to M, and uses its empty antibonding

2

*
T orbitals ( T ) to accept electronic charge from M, giving rise to

2
a weak bond (semi-bridging bond) (Figure 3(a)). This kind of inter-
action has been proposed to be operative in {Cp(OC)BV'———>V'(CO)2C‘P}44
and Cpan(CO)s(AsMez)hs. The metal-metal bond is such that there
is a co-ordinate bond from the more positive side to the more negative
side.

A second factor may arise from steric crowding. Consider
10 Ly and C0(2)
are pushed to one side and all of them are almost opposite the 7 group.

Figure 3(b). Supposing that XC is so bulky that L

Cco(2) will be expected to bend towards M, and in so doing two things

2
may happen. The first one is that its empty antibonding 71 orbitals

*
( W) may interact with a filled d orbital of M, resulting in a

2
semi-bridging bond as illustrated by Figure 3(b). The second thing

is that there may be repulsive interaction between CO(2) and L,. Both

2°
of these effects may lead to the distortion of the linearity of the
Ml-C2-02 groupzz. Steric crowding has been proposed to be responsible
for semi~bridging bonds in {szMoz(CO)a(HCECH)} and {CPZMOZ(CO)A
(EtCECEt)}a7.. This proposal is supported by the absence of semi-
bridging carbonyl groups in éz.wherezz it is expected that there
is less crowding.

The third factor that may bring about semi-bridging

carbonyl groups is unsaturation or electron deficiency on the two

metal atoms bonded to each other. The nature of interaction is



58

illustrated by Figure 3(c). Such an interaction is expected to lead
to less distortion of the linearity of the Ml-Cz-O2 group than in
the other cases. Hence this third factor is possibly present in
46a where the semi-bridging carbonyl groups maintain linearity of
the Mo-C-0 groups (176%).

It is worth mentioning at this point the possibility that
situations may arise where a combination of the above factors may
come into play. All the these factors are expected to lead to a
reduction in C-0 bond order and hence the presence of an absorption
band in the bridging LC=0 region. For example {szMoz(CO)4
(EtCCEt)}["7 has an abs;rption band at 1830 em™t which has been
assigned to the semi-bridging carbonyl group. The presence of
semi~bridging carbonyl groups in monothione complexes seems to be
supported by the fact that all monothione complexes have a weak M C=0
absorption band around 1800 cm-l(Table 3). Also the carbon-13 NMR
spectra of 54a, 56 and 58 have respectively got cérbonyl chemical
shifts at J 264,45, 245.30 and 244.64 ppm which have been assigned
to the semi~bridging carbonyl groups.

From X~-ray data it is likely that the presence of a semi-
bridging carbonyl group in 58 is a result of both steric effects
and unequal distribution of charge. The possible structures that
may describe monothione complexes with a semi-bridging carbonyl
group include 96(i), 96(ii) and 98. It can be seen that these
structures are derived from canonical forms 90(ii), 92(ii) and 90(i)

(Page 37). The nature of semi-bridging will depend on how much each of
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these canonical forms contributes to the overall structure., Canonical
forms 96(1) and 96(ii) contribute to the same structure where 98 is
different. In 96(i) and 96(ii) M, is assumed to be more negative

than Ml; and in 98 the reverse is assumed to be true. A more

detailed discussion on how these structures afe interrelated is

given in section D.9 (below).

0 I
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96(1) 96(ii) 98
(M1=M2=M0,W) (M1=M2=M0,W) (M1=M2=M0,W)

Furthermore the C-S bond distance is about 1.769% which is
longer than the one in (OC)SCrS=CMe2 (1.6152)48 and only slightly
shorter than the C-S bondlength of ethylene sulphide (1.8192)49. The
structure of 58 is interesting in that one molybdenum atom (Ml) is
bonded to both the carbon (Cl6) and sulphur of the thione. At the
same time the other molybdenum atoml(Mz) is bonded to the same sulphur
as the first one. Judging from the C-S bond distance the TV-character

of the C-S bond should be quite small, which is in agreement with
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carbon-13 data of 54a and 58(Table 5). The sulphur atom is involved

in the formation of two three-membered rings one consisting of Cl6,

Mo. and S, and the other comprising Mol, Mo, and S. The latter is

1 2
almost trans to the Mol-Cz-Mo2 ring which results from the semi-
bridging bond formation. The Mol-S and Moz-S bondlengths are 2.371

and 2.397% respectively so that they are considerably shorter than

the sum of the covalent radii (2.658) of sulphur and molybdenum stoms.
This is possibly because of backbonding from filled d orbitals of the
metal atoms to the empty d orbitals of sulphur. All the Mo-CO bond-
lengths are almost the same. No carbonyl group is "really trans" to
the sulphur group. The Mol-C16 bondlength (2.3633) is about the same
as some of those between molybdenum and cyclopentadienyl carbons (e.g.
Mol-06=2.3682). What is fascinating is the fact that the two Mo-S
bondlengths are almost the same as the Mo-Cl6 and Mo-C6 bond distances.
However the Mo-S bond distances in 58 (Figure 6).are about the same

as the Cr-S bondlength (2.3772) in (0C) ;Cr(s=CMe,,) reported by Karcher

and Jacobsonha. The lengthening of the Mo-C,, bond distance, for

16
example, may probably be due to steric interactions.

The proton and carbon-13 nuclear magnetic resonance as well
as infrared data are in agreement with the structure of monothione
complexes as depicted by Figure 8 except for cases where the observed
data have been explained in terms of isomerisation (see Section C.5.
and C.6.). Hence due to the similarity of spectroscopic data of 58
to those of other monothione complexes it is reasonable to conclude

that all the other monothione complexes have structures similar to

that of 58. 1In the solid state the structure of 58 has Cl symmetry so
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that four J C=0 absorptions bands will be expected, which is in agree-
ment with infrared data (Table 3) of all the aromatic monothione
complexes and some of the non-aromatic ones. For certain complexes
such as 58, 56, 65, 67, 68 and 69 although four absorption bands
are observed in polar solvents (such as chloréform and acetone) (Tables
3 and 4) five of them are observed in non-polar solvents such as R
n-hexane. It is proposed that the fifth Y)C=0 absorption band is due to
a second isomer, which has also been detected by both proton and
carbon-13 NMR spectroscopy for 56, 58 and 69 (see Section C.5 and
C.6. and Tables 3 and 5). Despite the fact that {szuz(co)4(p-
CH3O CGHAC(S)(b)} (54d :M=Mo; 54k:M=W) have proton NMR data (Table 4)
that indicate the presence of two isomers their infrared data are
somewhaﬁ different from those of other complexes (e.g. 58 and 68)
which show similar proton NMR properties. Hence 68 has ¥c=0
absorption bands at 1960(W), 1947(W), 1916(Vs), 1859(S) and
1808(W) cm™ L and 54d has them at 1961(W), 1938(Vvs), 1867(S) and
1818(M) em™1 in carbon tetrachloride. Thisrmay be due to the
differencg in symmetry.

The presence of a semi-bridging carbonyl group in the
X-ray picture of 58 has given rise to another possible explanation
for the observed contrast between the JCZ0 absorption bands of
63 and 64 and tﬁose of the other monothione complexes under
investigation. One may wonder whether structures 92, 93, 94 and

95 may not have any semi-bridging carbonyl groups. This does not
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seem to be the case since if structure 92 is considered the bonding
is such that one molybdenum is bonded to the sulphur and the other

to the olefinic T -bond so that the need for the formation of a
semi-bridging bond may still arise because of even greater inequality
of distribution of electronic charge between the two molybdenum
atoms. Also there will be even greater steric interactions which
would lead to even larger distortions of the ligands similar to

the type shown in Figure 3(b). These effects may then lead to the
formation of a semi-bridging bond similar to the one in 32(b) if it
is assumed that Mo, is more negative than Mo

1 2°
considered the semi-bridging bond may be formed as shown in 93(b).

However if 93 is

Also suppose that 63 and 64 have structure 92 or 94. The Mo-Mo
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92b (R=CH,, H) 93b (R=CH,, H)
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bond in both cases would be expected to be longer than in such complexes

as 54a and 58 so that the semi-bridging bond is expected ta be weaker,

if not entirely absenf, in 63 and 64. A similar reasoning has been
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proposed50 to explain why there is a semi-bridging carbonyl group
in {sznoz(co)h-(uc.—.cn)} (Mo-Mo= 2.9842)*3 and none in {szMoz(CO) 4
(B, C=C=CH,)) (Mo-to=3.1178) 22,

It is possible that if dithione complexes have structure
81 they may have semi-bridging carbonyl groupé as illustrated by 100.
This may especially be the case for non-aromatic dithione complexes
where the lowest Y C=0 absorption bands are at Quite low frequencies.
For example 57 and 59 have lowest JC=0 peaks at 1760 and 1776 cm.l

respectively. For aromatic dithione complexes this does not seem

to be the case since all their VC=0 absorption bands are at fairly
high frequencies (Table 3). It was previously mentioned that 55b
shows two and four JC=0 absorption bands in chloroform and n-

hexane at 1973, 1856 and 1994, 1959, 1890, 1812cm™' respectively. It

is possible that in hexane there is isomerisation similar to the



64

S

c R cp \ §

\\ \\ A -~
o o{__.m = P }Mo Mo p
N\ W
oY Sf - ) \‘—'S / \
_ = ——\ co
100 81

type shown in Scheme XV so that there is an equilibrium between 81
and 100. 1In chloroform 55b possibly exists entirely in a form which
corresponds to 8l. As in the case of monothione complexes no

fluxional behaviour has been observed.
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9(a). Isomerisation of Monothione Complexes

Proton and carbon-13 NMR data show the presence of at least
two isomers in chloroform solutions of 34d, 34k, 56, 65, 66, 67, 68
and gg(Tables 4 and 5). Low temperature studies have been conducted
for 56, 58, 68, 54d and 65. From these studies it is found that 65,
34d and 58 crystallis% mainly in one isomeric form., All attempts
to isolate the crystals of the other (minor) isomer of 58 have failed.
Complexes 56 and 68 show cyclopentadienyl chemical shifts at ‘{5.26(Cp'),
5.34(Cp+Cp'), 5.37(Cp) and 5.39(Cp), 5.43(Cp'), 5.47(Cp), 5.50(Cp')ppm
in the ratio of about 4:11:7 and 9:8:9:8 respectively indicative of
the presence of two isomers in the solution of each complex even when
the solid of the appropriate complex is dissolved in chloroform at
a temperature as low as -QOOC. Almost the same ratios are obtained
when the same solutions are left to equilibrate at room temperature
(~20°C). Note that Cp and Cp' correspond to the cyclopentadienyl
groups of the major and minor isomers respectively.

Immediately after dissolving the solid in chloroform at
low temperature ( =10°C) the proton NMR spectrum (Fig. 5(a)) of
58 gives four resonance signals (in the cyclopentadienyl region) at
about  5.23(cp'), 5.27(Cp), 5.41(Cp') and 5.43(Cp) ppm in the
ratio of about 1:5:1:5. All the resonance signals are sharp. When
the solution is left to equilibrate and temperature increased the .
population of the minor isomer (d 5.23, 5.41 ppm) increases and
that of the major isomer @9 5.27, 5.43 ppm) decreases. This is

reflected in the increase of the intensity of the resonance signals
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of the former and decrease of those of the latter. It is also observed
that the rate of equilibration increases with temperature (Table 9).
Also, 54d shows cyclopentadienyl signals at dJ 4.61 and
5.28 ppm due to the major isomer and at J4.67 and 5.25 ppm due to
the minor isomer (at about =40°C) in about the same ratio as in the
case of 58). The ratio of isomers of 54d shows the same temperature
dependence as that of 58. One major difference is that unlike 58
the major isomer of S4d in solution is the major isomer in the solid
state., It is possible that the minor component in solution is more
stable in the solid state of 54d. Also the order of cyclopentadienyl
resonance signals of the two isomers of 54d at lower field are
reversed when compared with those of 58.
However 65 shows two methyl resonance signals at d 2.25
and 2.08 ppm in 1:1 ratio when the solid is dissolved in cold chloro-
form ( = -30°C). As time passes (at constant temperature) and
temperature increased the signal at 6'2.25 ppm decreases and the one
at d 2.08 ppm increases in intensity until at room temperature
(= 20%C) the two resonance signals are in the ratio of about 2:1.
It is proposed that the resonance signal at 4'2.25 be assigned to the
methyl group (Cp-CH3) attached to one of the cyclopentadienyl groups
of the major isomer so that the resonance signal at ¢!2.08 ppm is
assigned to the methyl groups (2 Cp-CHé) attached to the cyclopenta-
tienyl groups of the minor isomer plus the remaining methyl group

(Cp-CH3) attached to the cyclopentadienyl group of the major isomer.
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This implies that in the solid state of 65 only one isomer is present.

Like in the case of 54d and 58 no fluxional behaviour is observed.

A dimethylsulphoxide solution of 58 was heated up to 90°%¢
but no change in the pattern of the proton NMR spectrum was observed.
Also when the chloroform solution of 34a was cooled to as low as -65°¢C
no change was detected in the nature of the proton NMR spectrum.

It is noteworthy that when equilibration has taken place at
é particular temperature lowering the temperature does not give rise
to any observable change in the intensity of resonance signals. This
is possibly because the equilibrium constants do not vary much with
temperature (Table 9).

Although carbon-13 NMR data do support the presence of
isomerisation in chloroform solutions of 56, 58 and 68 no variable
temperature studies have been conducted. In view of this it is
difficult to state conclusively the role of carbonyl groups in
isomerisation of thione complexes. However Cotton and his co-
workers50 have investigated the isomerisation of {(hs-CSHS)ZMOZ(CO)d_

(Rc=CR)} (R=H, Et, Ph) by using both carbon-13 and proton NMR specroscopy

at different temperatures. They have found that all the complexes are
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fluxional so that at room temperéture carbonyl ( 13C) and cyclopen-
tadienyl ( 13C and 1H) signals appear as singlets. On lowering the
temperature these singlets have been found to broaden and eventually
split into two cyclopentadienyl and carbonyl signals. Lowering the
temperature even further the two carbonyl resﬁnance signals have
been reported to finally split into four resonance signals. They
have also reported that no rapid scrambling of carbonyl groups has
been observed (up to 90°C). From these results Cotton and his co-
workers have suggested that there are two energy processes, namely
the low and high energy processes. The former has been proposed to

involve the interchange of semi-bridging carbonyl groups such that,

in Scheme XVI, b in interchanges with ¢ and a interchanges with d.

o’ O\,

Scheme XVI: b—>c (R=H, Et, Ph; a=b=c=d=CO)

The high energy process has been suggested to involve partial rotation
about the Mo-Mo bond as illustrated by Scheme XVII, where the change

in orientation of groups from (i) to (ii) has been somewhat exaggerated.
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The nature of isomerisation of monothione complexes is
not clear., Despite the apparent non-reversibility of isomerisation
with temperature in solution it has been found that the two isomers
of 58 do interconvert on a thin layer chromatographic plate. There-
fore it may be assumed that equilibration of monothione complexes

does exist in solution also. A possible mechanism is shown in

c
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Scheme XVIII (M1=M2=Mo,w; D=Solvent Molecule).
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Scheme XVIII., From Figure 8 the structure of monothione complexes may
be represented by two canonical forms, 96(i) and 96(ii), which may
isomerise to either 38 or 101. The formation of 101 from 96 may be
aided by a donor solvent such as acetone and tetrahydrofuran which
would help cleave the semi-bridging bond. Issmer 98 might be

formed through an intermediate similar to 102. The equilibrations
between 98 and 101, 96 and 98, and 96 and 101 are expected to be
energetically similar to those proposed by Cotton and his co-workers
for {CpMo,)C0),(RCZCR)} (R=H, Et, Ph). Also 99, which may be
considered to have isomerisation properties similar to thbse of
monothione complexes has been reported by Cotton et al 37 to exhibit
fluxional behaviour. It has been proposed that gg_possibly isomerises
by a mechanism similar to the one illustrated by Scheme XXIII. The
fact that no fluxional behaviour is observed in the case of monothiomne
complexes suggests that the complexes reported by cotton and his
co-workers differ in either energies of activation or mechanism of

isomerisation, from monothione complexes.,

‘ | tp— o
“‘_{ N/

CP \\\\\\ v_-_ //l’b
OC\‘“ /Mo o\\lco oce” o Mottii1+11CO
co Cp Cp 0

Scheme XXIII: Isomerisation of 99
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The stability of 101 relative to 96 and 98 may depend on

If M, is more negative

the distribution of charge between Ml and Mz. 2
than M) then 96 will be favoured, otherwise 98 will be favoured.
Nonetheless if Ml and M2 are of about the same basicity the formation

of 101 will be preferable. It is conceivable‘that the distribution
of charge may be influenced by the hybridisation of the CS carbon.
For example structures 96(i) and 98 may be favoured depending on
whether tﬁe hybridisation of the CS carbon is spz or sp3.

From the above considerations the most likely structure
of the major isomer of 58 (Figure 8) is 96, and that of the
minor isomer is eiﬁher 98 or 101. While the choice of 98 (as a
minor isomer) is inconsistent with both infrared (in the VC=0
region) and carbon-13 NMR data (in the carbonyl region) the choice
of 101 (as a minor isomer) is only inconsistent with infrared
data (in the VCZ0 region). The discrepancy with the choice of
both 98 and 101 may be rationalised as follows. The failure to
observe two carbonyl resonance signals in the carbon-l13 spectra of
both 58 and 56 (if 98 is present together with 96) may be justified
by suggesting that the two signals coincide (at 244.64 for 58
and  245.30 ppm for 56). That this is the case for both 56 and
58 is doubtfu}. However, the intensity of the resonance signals
assigned to the semi-bridging carbonyl groups is large enough to be
assigned to two carbonyl groups. A similar explanation may be given

for the fact that only four or five VC=0 absorption bands are
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observed instead of a maximum of eight expected for the two isomers.
That is to say that it is possible that there is accidental degener=-
acy of vibration modes of 96 and those of either 38 or 101.

It has been noted (Table 15) that the plane of the Mol~

Cl6~S three-membered ring forms an angle of 115° with Mo, ~Mo -8

1772
ring and 171° with the Mol-Moz-C2 ring. One wonders whether

isomerisation also involves a change in the angles that the three
rings form with each other, especially the angle (D) between the

Mol-Cl6-S and Mol-Moz-S planes as illustrated by Scheme XIX where

Dl is the angle in the major isomer and D2

isomer such that D1 is less than D2. Such a process, however,

is not very possible. The driving force behind it would be the

that in the minor

Scheme XIX (D, LDy

reduction of steric interactions as a result of either opening up
of the ring to give 101 or exchange of semi-bridging carbonyl

groups (Scheme XVIII), both of which mechanisms would result in M

being more crowded than MZ'
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While an attempt has been made to explain why semi-~briging
bonds may be formed it is not clear why isomerisation has not been
observed with certain monothione complexes. The same factors that
lead to the formation of semi-bridging bonds may be instrumental in
preventing isomerisation in certain complexes; These factors may
include electronic and steric effects. In Scheme XX a less basic
thione will favour the formation of (a) more than (b) and vice versa.

Thiones which favour the formation of (a) would be expected to be

N a > \ +

C—=5 cX s
yd (a)

) ' / (b)
Scheme XX

more inclined to form isomers 96(i), and those that preferably

exist in form (b) would be expected to favour the formation of 96(ii),
98 and 101. As has already been mentioned the nature of the complex
or isomer present may depend on both the electronic environment and
steric interactions. Whichever are the determining factors behind
isomerisation it implies that those thiones which lie on the two
extremes of the above effects may predominantly favour one form of
the isomers or another and those that are moderate may exist in two
or more isomeric forms., In certain cases it is more clear cut why
only one isomer is observed. For example 58 (which contains the
thiocamphor group) shows isomerisation and 60 (which contains the

thiofenchone group) does not. Due to steric effects it is likely
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that 60 prefers structure 96(i) which requires less interaction between
the thiocarbonyl carbon and the metal atom (Mo or W) to reduce steric

interactions.

i

Thiocamphor (V) Thiofenchone (16)

What is difficult to explain is the fact that 54a, 54b and
4c do not seem to isomerise whereas 54d does. Steric properties of
these complexes are expected to be similar. In fact while éép is
expected to be less crowded than both 54a and 54c the steric
. properties of 54d are expected to lie somewhere between the two sets.
This is also pbssibly true in terms of basicity so that the order
s (p-HyCOCH,) ,C5> (p-H,CC.H,),CS> p-H,COCH, *CS*CHs D> (C HJ),CS.
If this is the case one wonders whether the structure of 54b is somewhat
different from that of 54a and 54c. From steric and electronic
consideration this may imply that 54b has structure 96(i) and Sb4a
and 34c have structure either 98 or 101. Such speculation then leads
to the expectation that 54d would have intermediate properties so that
isomerisation would involve an interconversion of 96(i) with either

98 or 101. Nonetheless in the absence of X-ray data of all these

complexes these suggestions are highly hypothetical!
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9 (b). Kinetic and Thermodynamic Data

For the interconversion between the major (X) and minor

(Y) isomers equilibrium conditions were assumed (Scheme XXII). Kinetic

and thermodynamic data of 58 and 54d (Table 9 and 10) were obtained

by measuring the rate of decrease and increase of the intensities

of the resonance signals of the minor and major isomers respectively

as a function of time and temperature.

Scheme XXII

The rates of reaction (Table 9) were generally found to
increase with temperature. The equilibrium constants (kx/ky) for
each complex were found not to vary very much with temperature (-9
to 9°¢ for 34d and 10 to 25°C for 58). Although activation
energies are apparently the same for 54d and 58 the rates of inter-
conversion of 54d are slightly larger than those of 58. This is
possibly because 58 contains the bulkier ligand (thiocamphor) than
54d (which contains 4-methoxythiobenzophenone). It is probably

for the same reason that the Gibb's free energy of activation for

54d is smaller than that of 58. Also while the kinetic data for S4d

were obtained between -9 and 8°C those of the 58 were obtained between

+10 and +25°C. Below +5°C the rate of interconversion of 58 was

found to be extremely slow. Another contrast between 58 and 54d
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was that for the former the rate constants for the forward process
were larger than for the reverse process whereas the reverse was
true for the latter., This seems to correlate with the observation
that 54d has the major isomer in solution as the minor isomer in
solid state,

In support of lack of fluxional behaviour for monothione
complexes the activation parameters for 54d and 58 are larger than
those reported by Cotton and his co-workers50 for szMoz(CO)A(RCCR)
(R=H, Et, Ph), which have been proposed to undergo semi-bridging
carbonyl exchange (Scheme XVI)., For example the Gibb's free energy
of activation, activation energy and enthalpy of activation for
54d for the forward process are 19,31 + 0,20, 21.13 + 449 and
20.59 + 4.49 kcal mol-l respectively whereas the corresponding
values for the high energy process of interconversion of {CpZMoz(CO)4
(PhCCPh)}SO are 10.3 + 0.2 , 9.9 + 0.2 and 2.1 + 0.4 kecal mol L.
Thermodynamic parameters for 58 (Table 10) are closer to those that
have been reported for {szFez(CO)3P(OPh)3}57 for the carbonyl
group scrambling process, for which the activation energy has been
estimated to be 19.8 + 0.2. However there is no evidence of fast
scrambling in solutions of 54d and 38.

From both kinetic and thermodynamic data it is obvious that
the energy barrier of isomerisation of monothione complexes is higher
than that of sznoz(co)a(Rccx) (R=H, Et, Ph), although it is not
exactly clear by which mechanism the isomers of the two types of

complexes interconvert.

For error analysis see appendix II (page 153)
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10. Solvent dependence of isomerisation of monothione

Comglexes

It is found that when proton NMR spectra of 58 are obtained
in different solvents the ratio of the two isomers X (major isomer)
and Y (minor isomer) varies with the polarity of solvent. The results
show that while the concentration of X increases that of Y decreases
with the dielectric constant of solvent. The concentration of each
isomer has been measured by integrating the appropriate cyclopen-
tadienyl resonance signals. The values of the quantity ([x]/[¥])
are recorded in Table 13,

Some workers51 have observed that the major of the two
isomers of diazocyanides has a larger dipole moment than the minor
(Table‘ll). Similarly Cotton and Adam529 have carried out a study
of the infrared spectrum of {sznoz(co)s} (45a) (in the carbonyl
stretching regibn) as a function of the polarity of solvents (Table
12). An X-ray study38 has shown that 45(a) has a trans structure
{105(a)} in the solid state. Cotton and Adams29 have reported that
in addition to 105(a) there is a minor component which has been
assigned a gauche structure (105(b))., It has been found that the
concentration of 105(b) increases with solvent polarity (Table 12).
This has been justified29 by saying that 105(b) is more polar than
105(a) so that by increasing the polarity of solvent, solvation of
the more polar isomer is enhanced resulting in slower conversion of

105(b) to 105(a).
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Assume that the structures present in solutions of
monothione complexes are 96 and either 98 or 101. For the three
structures the population of each one of them in a solution will
possibly depend on its dipole moment. The order of the dipole
moments is expected to be 101 /98 (9& so that as the polarity of
solvent is increased the concentration of 96 is expected to
increase at the expense of either 98 or 101. Another factor which
may determine the fate of each of the isomers is the easgse with which
a solvent may cleave the semi-bridging bond. However, if isomerisa-
tion involves cleaving the semi-bridging bond, 96 and 98 are expected
to be destabilized in relation to 101 with an increase in the
polarity of solvent. Hence the concentration of isomer 101 is expected
to increase with tixé polarity of solvent. At the same time 96 will
possibly be more stable than 2§ since the latter is expected to form
a weaker semi-bridging bond because of possible steric interactions.

Since it is likely that 96 is the major isomer it is
probable that either 98 or 101 is the minor isomer. If 101 is the
minor isomer the fact that its concentration decreases with the

polarity of solvent is surprising. This seems doubtful.
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11. Proton NMR and Infrared Data in Dimethylsulphoxide

Solution
It was mentioned earlier on that 58 undergoes isomerisation
to different extents in different solvents of varying polarity. One
wonders whether or not the same process is present in dimethyl;
sulphoxide solutions of monothione complexes, This is because

when proton NMR spectra are obtained in DMSO all monothione complexes

Cp

OC v it S
: co Cp
-~
106

Scheme XXI (D=dimethylsulphoxide molecule; M=Mo,W;

structures of 96, 98 and 101 are as shown on page 69)
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except 68, 69 and 56 exhibit in the cyclopentadienyl region two
additional sharp resonance signals which do not seem to belong

to any of the original species. It seems then that two typés of
species exist when monothione complexes are dissolved in DMSO,.

The first kind of these is most probably the original species

since some proton NMR spectra display a pattern of cyclopentadienyl
resonance signals which is quite similar to that of spectra obtained
in other solvents (e.g. chloroform). For example the proton NMR
spectrum of 54d in deuterochloroform has sharp resonance signals

in the cyclopentadienyl region of 4.6l, 4.67, 5.25 and 5.28 ppm

in the ratio 2:3:3:2. For the same complex in DMSO resonance signals
arevobtained at ¢(4.67, 4.73, 5.30, 5.35, 5.40 and 5.44 ppm in the
ratio 2:3:1:3:2:1. Those at d4.67, 4.73, 5.35 and 5.40 ppm‘are_
assigned to the original species and the ones at 45,30 and 5.44
pPpm are assigned to the second species. For all the aromatic
monothione complexes investigated the second set of proton NMR
signals consists of a peak on either side of the signal(s) at lower
field of the original species (Figure 11). Let the first and second
species be denoted by I and II respectively. In the case where no
or normal isomarisation is observed species I incorporates all such
isomers as exist in such solvents as chloroform. Because the
concentration of I1I does not seem to change with time despite the

presence of an excess of solvent an equilibrium between I and II
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may be assumed. It has been found that among all the aromatic
monothione complexes 54f gives the highest yield of species II so
that the quantity II/I equals 0.8. No attempt has been made to
isolate II from the DMSO solutions. Although a reaction between
DMSO and 46a has been tried no characterisablé products have been
isolated. Some of the proton NMR and infrared data of different
monothione complexes in various solvents are recorded in Table 14,
A possible mechanism through which DMSO interacts with
I to form species II is illustrated by Scheme XXI. Any of 96,
98 and 101 may constitute species I and 106 represents species II.
The bonding in 106 is possibly through sulphur. Kellog
and his co-worker566 have prepared and characterised complexes

of general formula (OC)SCrL (L=Me25=0, - $=0, etc.). The

complex for L equals[::::>=0 has been characterised by X-ray and
it has been found that the bonding is through sulphur, with the
Cr-S éondlength of 2.3312.

Kitching and his co-worker558 have reported the isolation
of complexes of the general structure PdCl,L,(L=DMSO, Et,SO,

272 2
thso, PhCN). From infrared data they have suggested that the

L
+

: c
PdCL L, > >d< C>Pd<

Cl

Scheme XXIII
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complex (PdClZL ) with L equals Et SO very likely experiences a

2 2
kind of equilibration (in chloroform solution) similar to the one
depicted by Scheme XXIII. The complex (Co(DMSO)6}I has also been
reported62. Furthermore it has been reported 64 that M(CH3)3C1
(M=Sn, Pb) is solvated according to Scheme XXiV. It has been
suggested that the extent to which 103(b) approaches a trigonal
bipyramidal structure will depend on the donor abilityrof solvent

(S). From proton NMR data it has been proposed64 that when S

equals pyridire- (Py) 103(b) attains a trigonal bipyramidal structure.

cl cl
__>%3
REgs 1
- i
H.C = T~ ! i
3 s ~< !
ey . : S~ i
2 ] ~~YcH
CH3 3 -3
103 (a) 103 (b)

Scheme XXIV (M=Sn, Pb; 8=C.D,, DMSO, Py, etc,)

From the proton NMR data in Table 14 it can be seen that
cyclopentadienyl resonance signals are at lower field in DMSO than
when other solvents (such a; chloroform and benzene) are used. For
example 54d does show cyclopentadienyl proton NMR signals at 4-4.46,
4.50, 4.86 and 4.90 ppm in benzene and at d 4.67, 4.73, 5.35 and 5.40°

ppm in DMSO (Table 14). The variation of the chemical shifts with
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the nature of solvent is, as has already been mentioned above (Page
38), due to the interaction between molecules of the solvent and
those of the soluteSG. If the DMSO molecule was coordinated, to say

38, in a manner shown by 107, the following might happen. Since

s7 é\
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DMSO is expected to be a worse domor ligand than a thioketone M2
will be‘more negative than Ml so that the resonance signal due to
Cp1 will appear at lower field than that of sz. However, the

:§=O group of the DMSO molecule will be expected to interact
with sz more than with Cpl resulting in greater deshielding of
sz. This possibly accounts for the fact that the cyclopentadienyl
signals of 106 are closer and at lower field (Figure 11) than
those of say 54b (Figure 4(a)).

While all the aromatic monothione complexes give proton

NMR spectra in DMSO that show one sharp resonance signal on either

side of the cyclopentadienyl resonance signal(s) at lower field
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(Figure 11(a)) non-aromatic ones are different. For example the
spectrum of 58 (Figure 11(c¢)) has resonance signals at 6’5.36,

5045, 5.53 and 5.67 ppm in the ratio 1:9;1:9. This pattern is just
the reverse of the case with aromatic monothione complexes such as
J4d. It is not conceivable that species I wiil experience a greater
shift to lower field than species II. One explanation may be that
species II is the major component in the DMSO solution of 58. Also,
in contrast to J4d where the two isomers are present in the same
ratio as in the other solvents, only one isomer is apparently present
when 58 is dissolved in DMSO.

Complexes 56 and 68 each show a single sharp resonance
signal in the cyclopentadienyl region at <{5.50 and 5.69 ppm
respectively although the former shows two barely visible peaks at

5035 and 5.46 ppm. If species I are present in DMSO solutions of
58 and 68, the presence of a single cyclopentadienyl signal may be
a result of the cyclopentadienyl groups becoming identical. Also
there is a possibility of fast ligand - DMSO exchange.

An attempt was made to investigate by proton NMR spectro-
scopy the behaviour of 56 and 68 in a mixture of solvents. The proton
NMR spectra of 68 as a function of DMSO:CDCI3 ratio in the cyclopen-
tadienyl region are shown in Figure 12, Note that JA ’ d% and éb
are all cyclopentadienyl resonance signals in the range d 5.30 to

4’5.90 PpPm. As the concentration of DMSO was increased the intensity
of the resonance signal J;. increased, and d% and ‘{C decreased.

It looks like on addition of a little DMSO to a CDCl3 solution of 68
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three species are present. As the concentration of DMSO increases

one species increases whereas thé other two decrease in concentration.
In a DMSO solution of 68 (and possibly 36) it is likely that only
species II is present. On addition of chloroform it seems that two

)

more species are formed giving rise to the two resonance signals,
JB and JC'

When one starts with a chloroform solution of 68 the decreas-~
- ing resonance at A}aand J; possibly correspond to species I which
are composed of 96 and either 98 or 101 and'the chemical shift at
JA to species II (106). The fact that only one cyclopentadienyl
signal is observed for each component which is supposed to contain
two cyclopentadienyl groups is not clearly understood but it is
possible that the cyclopentadienyl groups happen to be identical by
chance. Another possibility, which has already been mentioned, is
that some of the complexes may be undergoing fast ligand - DMSO
exchange. However, a more thorough study is required in order to
understand more fully the effect of different solvent mixtures on
the behaviour of monothione comple#es such as 56 and 68.

The infrared data obtained for both aromatic and non-
aromatic monothione complexes in dimethylsulphoxide (Table 14)
indicate that at least two types of species are present in DMSO
solution. Again these may be denoted species I and II since the
pattern and position of V(=0 absorption bands assigned to I are

very similar to those obtained for monothione complexes in other
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solvents where normal or no isomerisation has been observed. Hence
two types of /' C& absorption bands may be separated out, The first
type is assigned to s?ecies I and the second to species II. Just

to illustrate consider the following cases. The infrared spectrum

of 54a in chloroform has 4/ cz0 absorption b;nds at 1963(vw),
1938(vs), 1862(s) and 1810(vw) cm-l. In DMSO the same complex has
absorption bands at 1955(w), 1928(s), 1854(m) and 1811(vw) — all
of which may be assigned to species I and at 2121(vvw) and 2011(w,b)
which are assigned to species II., The same feature has been observed
for all the other IR spectra of monothione complexes in DMSO (Table
14). The V C=0 absorption band that has been assigned to the semi-
bridging carbonyl group is not lowered on chénging from chloroform
(54a: 1810 cm~l) to DMSO (54a: 1811 cm-l) as compared to changing
from say carbon tetrachloride (54a: 1815 cm-l).

It is interesting that when the infrared spectrum of 54d
was obtained in acetone only three L Cs0 absorption bands were
observed (at 1959(w), 1934(vs) and 1865(m) cm’l) as compared to four
v C:O absorption bands observed (at 1960(w), 1933(vs), 1858(m) and
1805(w) <:m-1 in chloroform. However the infrared spectrum of 54a in
the same solvent (acetone) has four V C=0 absorption bands including
the one at 1812 cm-l. Again no lowering of the semi-bridging L/ C=0
absorption band is observed, on changing from chloroform to acetone.
It is not clear whether there is a limit to which an absorption band
may be lowered or there is a weakening of the semi-bridging bond as

a result of solvation.
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Table 12 Concentration of the Gauche Isomer of
[cpZMoz(CO)é ] in different solvents
(taken from reference 29)
Intensity of Peak

Assigned to Dielectric

Gauche Isomer Constant

(> 2000em-1) of Soivent
Cyclohexane 0.00 2.02
Benzone 0.30 2.27
Carbon disulphide 0.20 2.64
Chloroform 0.44 4,70
THF 1.09 7.36
Methylene chloride 0.50 8.99
Acetone 1.50 20.79
Nitrobsnzene 1.10 34.60
Acetonitrite 1.64 36.20
DM50 1.98 47.60
Table 13 Isomerisation of 58 in Different Solvents

. l = [X]/
E%pgéivgo$ent Dielectric K [¥]
Soclvent A constant of T ... .
(D) solvent (K, - ©quilibrium
I = ‘constant )
CC1l4 0.00 2.24 1.12
Benzene—d6 0.0 2 28 1.26
CDC13 1.15 4,80 1.40
THF—d8 1.75 7.58 2.38
Acetone—d6 2.69 20.70 3.90
Nitromethand-d3 3.56 35.87 8.60
0-d .30 . possibly a reaction

DMS 6 39 46.68 took place

* average mean deviation for

1/Xr =*0,26
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X _
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Figure 5: Cyclopentadienyl proton chemical shifts (c(ppm) of
{szMoz(CO)aL) in CDCl3 at low temperature:

(a) L=thiocamphor and (b) L=p-H3C0C6H4°C(S)’C6H

_ 5
(only the pair at higher field is shown).
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Figure 6= X-ray picture of 38t bondlengths.
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X-ray picture of 58: bdddangles

7=

Figure
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Figure 8: An ORTEP

diagram of 5

[}
.

orientation of atoms.
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Figure 11:

] T
6 5

o -

Cyclopentadienyl proton chemical shifts (cfppm) of

{CpZMoz(CO)QL} in DMSO: (a) L=A—H3COC6H4°C(S)'C6H

5
(b) L=(4—FC6H4)CS and (c¢) L=thiocamphor.
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D. EXPERIMENTAL.

Infrared spectra were obtained on either BECKMANN IR-20
or UNICAM SP1100 infrared spectrophotometers. Proton NMR spectra
were run on either VARIAN T-60 or HA-100 spectrometers, whereas
carbon~13 spectra were obtained on a VARIAN Ff—80 spectrometer.
Elemental analyses were done by Drs. F. and E. Pascher, Bonn,

West Germany; M~H-W and Galbraith Laboratories both of the Uniteq‘
States. Melting points were obtained on a Fischer-Johns melting
point apparatus and they are uncorrected.

Starting materials were either obtained commercially
or prepared by literature methods. Those that were obtained commer-
cially‘are {szMoz(C0)6} and 4,4'-dimethoxythiobenzophenone. In
fact the former was prepared by literature methods52 for most experi-
ments where it was used. 'Thiocamphor53, thiofenchonesa; adamantane-
thionea, {(hS-CSHS)Fe(hs-Csﬂdc(S)°CMe3)}55, p-MeBC-CGHa-C(S)-CMe353,

59

thiosantonin™’, A}’a-androstadiene-B-thione-l7-one59
}52

’

5 52 5 5 -
{(h -csﬁacu3)zno3)2Moz(co)6} y ((n ~C5H5)2W2(C0)6 , {(n -CSHS)ZMZ(CO)A}
52
)

5 52 , 33
s {(h -C5H40H3)2M02(C0)4} and all the aromatic thiones

(except 4,4’-dimethoxythiobenzophenone) were prepared by literature

(M=Mo,W

methods.

Purification of both starting materials and products was
normally effected by first passing the crude mixture through a
chromatographic column followed by either recrystallisation from a

suitable solvent or distillation depending on whether the compound

-
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exists as a solid or an oil at room temperature. All the choromato-
graphic materials such as alumina, silica gel and florisil were
obtained commercially. |

All solvents wefe dried either by distillation from
LiAlHarunder a nitrogen atmosphere or over aA appropriate molecular
sieve before use. All reactions as well aé separation of products
were conducted under a dry nitrogen atmosphere.

Photolytic reactions were effected by exposing appropriate

benzene solutions to UV radiation (30008) from a Rayonet Photochemical

reactor.

Determination of Kinetic and Thermodynamic Data

The proton NMR spectra of both 34d and 58 showed four
resonance signals in the cyclopentadienyl region two of which were
assigned to éach isomer; Let X and Y.be the major and minor isomers
respectively (Figure 13). When the solid4of each of 34d and 58
was dissolved in cold deuterochloroform (between -40°C and 25°C) the
concentration of X and Y decreased and increased respectively with
time, at constant temperature until an equilibrium was reached. For
each complex (i.e. 54d and §§) the concentration of each isomer was
determined by integrating the appropriate resonance signals és a
function of time. For each of the two complexes this was done at
four different temperatures (Table 9). Some of the raw data for S54d
and 58 are shown in tables 7 and 8 respectively. Due to some
irregularities raw data were averaged according to appendix I. Some
-0of the averaged data are éhown in Tables 7 and 8 for 34d and 58

respectively.
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Assuming that X and Y are in equilibrium and that the
mechanism of interconversion is first order equations (1) and (2)
may be derived6l. The assumption that X and Y interconvert by a
first order mechanism is supported by the fact that when

kx |
) Qrn—— 4
kY

Scheme XXII
In{[ Y] Ly 1, ) was plotted against time an almost straight line
curve60 was obtained for both 54d (Figure 9) and 58(Figure 10).

In Scheme XXII, kxand ky, are fo;.'ward and backward rate constants
respectively. In equations (1) and (2) EX]O is the initial
concentration of X, EX]t is the concentration of X at time t,EX]e
is the equilibrium concentration of X, CY]O is the initial concentra-
tion of Y, [th is the concentration of Y at time t,EYJe is the
concentration of Y at equilibrium and Keq is the equilibrium

constant,

- Ty | (D1
1n( [Y:‘e- EYJt. )._{ Y_Y]e kt (L

k Ly .
Keq =X — -é (2)
o L,

Using equation (1) values of kx(Table 9) for both 54d and
38 at the four temperatures (Table 9) were calculated by the least
71
squares method.™ Using the known -values of [Y]e, [X]e and kx

values ky (Table 9) were determined from equation (2).



118

Activation energies (Ea) (Table 10) were obtained from
equation (3) by the least squares methodz1 In equation (3) Ea, k',
R, T and A are the activation energy, rate constant, gas constant,

absolute temperature and the pre-exponential constant respectively,

-_E.‘.a.+ 1na (3)

]
Ink RT

Furthermore using equations (4)60 and (5)60 values of
Gibb's free energy of activation ( AG¥* ), entropy of activation
( 85% ) and enthalpy of activation ( AH¥ ) were determined. In

equation (4) k and h are Boltzmann and Planck's constants respectively.

, N - +
lnk' = (%)exp(- —%g——) = (E-:-)exp( Ag )cexp(- AET ) (4)
Ea =AH¥: RT (5)

Thermodynamic and kinetic data are recorded in Tables 10

and 9 respectively.

C_H,).CsS)}

, 5
Preparation of {(h -csﬁs)znoz(co)A((p-cn30 6?5

3OC6H4)ZCS and

0.246 g (0.5 mmol) of {CpZMoz(CO)G} in benzene (70 ml) was irradiated

A solution of 0.258 g (1 mmol) of (p-CH

under a nitrogen atmosphere for 39 hours. At the end of the reaction
all the molybdenum carbonyl had been used up leaving some unreacted
thioketone and the colour of the solution had changed from a purple-

blue to a brownish colour.



119

The solvent was then rotary-evaporated until there was
just enough solvent to keep the product in solution. The solution
was then chromatographed on a column of alumina (80-200 mesh,
A-540, Fisher Scientific Company). Elution with 1:5 benzene/hexane
gave a blue solution which on evaporation yieided 0.11 g of
unreacted thioketone. Elution with benzene gave a brown viscous
solid. This was then crystallised from 1:4 diethyl either/hexane
in an acetone-dry ice bath to give 0.22 g (64%) of brownish green
shiny crystals of product (54a). Analytical, infrared, and proton

and carbon-13 NMR data are listed in Tables 2, 3, 4 and 5 respectively.

Preparation of {CP2M02(00)4(<DZCS)}

A solution of 0.32g (1.6 mmol) ofcbzcs and 0.393g (0.8
mmol) of {CPZMOZ(CO)G} in benzene (100 ml) was irradiated for
44 hours. The colour of the solution changed from a purplish red
to brown. The solvent was then evaporated to leave a brown semi-
solid, which was dissolved in a minimum amount of benzene and placed
on a column of alumina (80-200 mesh, A-540, Fisher Scientific
Company).

Some unknown colourless components were eluted with hexane.
Elution with 1:1 hexane/benzene gave 0.13 g brown (major) and colour-
less (minor) components. All attempts tq separate the two components
failed. By comparing the 1H NMR and IR data to that of S4a the brown
component was assigned the molecular formula {szMoz(CO)4(<QZCS)},
24b. lH NMR and IR data are listed in Tables 4 and 3 respectively.

The colourless component was identified as benzophenone.
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Preparation of {szMoz(CO)b’( ¢2CS)2},V 55b

A solution of 0.792g (4 mmol) of d?zcs and 0.98g (2 mmol)
of {szMoz(CO)6) in benzene (90 ml) was irradiated for 41 hours.

A very small brownish-purple spot and a large brown spot were seen
on the TLC plate. While {szMoz(CO)6} was still present no thio-
benzophenone was seen on the TLC plate.

Then 0.79 g (4 mmol) of thiobenzophenone was added to the
reaction mixture and irradiation was continued for another 54 hours.
Now there was no {szMoz(CO)s} but a very small amount of the
brown component and a considerable amount of unreacted thiobenzophenone
was present. In addition there was a brown purple component.

The solvent was reduced (under vacuum) to about 10 ml and
the resulting solution was then placed on a colu@n of alumina (80-
200 mesh, A-540). Elution with hexane gave unreacted impure thione.

Elution with 1:1 hexane/benzene afforded a minute amount
of a brown semi-solid consisting of one brown and several other
colourless components. From the infrared data the mixture was
found to contain 54b, which could not be isolated so that no
analytical data could be obtained.

Elution of a red-purple band with benzene gave a red-
purple solution. As the red-pnrﬁle band moved down the column it
left a trail of green material probably due to decomposition.
Evaporation of the solvent gave a purple viscous solid which was
then chromatographed on a preparative TLC plate to give about

0.61 g (=46%) of slightly impure red purple solid of 55b,
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m.p.lSOOC (dec). Due to continuous decomposition in both solution
and solid state satisfactory analytical data (Table 2) could not
be obtained. 1H NMR and infrared data are listed in Tables & and

3 respectively,

Reaction of {szMoz(CO)s} with (p-CH306H4)ZCS

A solution of 0.226 g (1 mmol) of (p-CH3CGH4)2CS and
0.245 g (0.5 mmol) of szMoz(CO)6 was irradiated in benzene
(50 ml) for 35 hours. At the end of the reaction the colour of the
solution had changed from purplish red to brown. The solvent was
reduced (under vacuum) to about 10 ml. The crude product was then
Placed on a column of silica gel (60-200 mesh, Baker analysed
reagent).

Elution with 1:1 benzene/hexane afforded 0,092 g of the
unreacted thione. Elution was continued with the same solvent
mixture to remove all the organic components, Elution with benzene

gave a brown viscous solid which was then crystallised from hexane

at -78%C to give 0.185 g (56%) of (szMoz(CO)a(p-CH306H4C(S)06H4CH3_p)},

J4c, as dark-green crystals; m.p. 125°C(dec). Analytical, infrared

and lH MMR data are listed in Tables 2, 3 and 4 respectively,
Elution with benzene gave a mixture of red and colourless

crystals. All attempts to isolate the two components failed, From

infrared data (Table 3) the red component was assigned the molecular

formula [szMoz(CO)a((p-CH306H4)ZCS)2), 55¢c.
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Reaction of (CpMo,(CO) } with P-CH ,0C H c(b

A solution of 0.735 g (1.5 mmol) of {szMoz(Co)s} and
0.342 g (1.5 mmol) of thione was refluxed until all the thione was
consumed. The solution was cooled to room temperature, concentrated
to a small volume and then chromatographed on a column of alumlna
(80-200 mesh, A-540 Fisher Scientific Co.).

Elution with 1:10 benzene/pet. ether (60-80°¢) yielded
0.2243 g of unreacted {CpéMoz(CO)s}. A brown band was eluted with

1:3 benzene/pet. ether (60-80°C) to give a brown viscous solid.

"The solid was then dissolved in a minimum of diethyl ether. To the
resulting solution was added twice the volume of hexane. Concentra-
tion of the solution by evaporation resulted in the appearance of a
brown solid. This was left to stand in the refrigerator for about
an hour. The solid was then washed with cold hexane and dried to
yield 0.103 g (15%) of a brown powdery solid of ‘_{szﬂoz(co)h(p-
cn3006nac(s)<b)}, S4d, m.p. %05V°c‘_(udec)..

In one of the three attempts made to prepare 54d an
impure orange semi-solid was obtained. From infrared data (Table

3) it was assigned the molecular formular _prZMoz(CO)n (p-

CH3OC6H4C(S)¢)2},, 55d (n=either 3 or 4).

Reaction of {szMoz(CO)6} with Adamantanethione

A solution of 0.332 g (2 mmol) of thioketone and 0.98 g
(2 mmol) of metal carbonyl was refluxed in benzene (40 ml) until

there was no thioketone present (36 hours). Evaporation of

-
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solvent (under vacuum) gave a purple-brown solid. This was then
dissolved in a minimum of benzene and placed on a column of silica
gel (60-200 mesh, Baker analysed reagent),

Half the red band of {CPZMOZ(CO)S} was eluted with hexane.
With the same solvent the rest was eluted togéther with a purple
component to give a purple solution. Evaporation of solvent resulted
in a purple viscous solid (A). Elution with benzene gave a dark
purple viscous solid (B). With 4:1 hexane/diethyl ether was eluted
a purple and a purplish violet band (c).

Portions A, B and C were combined and passed through a
column of silica gel (60-200 mesh, Baker analysed reagent).

Elution with 1:1 hexane/benzene removed all the {CpZMoz(CO)G}..
A mixture of green, purple and purplish violet compounds was eluted
with additional 1:1 hexane/benzene.

The top of the column was found to contain an undissolved
purple solid, which was then transferred to a medium sized pore
sintered glass funnel and eluted with chloroform. Evaporation
from a mixture of hexane and chloroform (=1:1) gave 6.2 mg. of
purple crystals.

The mixture was then Placed on a preparative TLC plate
of silica gel (HF -254, EM reagents) which was dipped into a bath
containing 1:4 diethyl ether/hexane. One broad poorly resolved
band developed. After about 8 hours the front part of the band was
scraped off the plate and eluted with chloroform to give 83.3 mg of

a purple crystalline solid. The remaining mixture was then eluted
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and passed through a column of silica gel (60-200 mesh, Baker analysed
reagent). Elution with hexane gave a purple solution, evaporation
of which yielded 9.5 mg of a purple crystalline solid.

The three portions of the purple solid were all found to

correspond to the compound of molecular‘formﬁla {cpzm_oz(co)n

(adamantanethione)zj, 37 (n=either 3 or 4), m.p. 150°C(dec.). The
" total yield for 57 was found to be 0.102 g (14%, n=4)., Analytical,
infrared and lH NMR data is listed in Tables 2, 3 and 4 respectively.

A green viscous solid obtained on elution with 1:1
hexane/benzene was then recrystallised from hexane to give 56.6 mg
(5%) of a green crystalline solid of {szMoZ(CO)Q(adamantanethione)},
56, m.p. 122°C. The yield of 56 could be improved to as high as 50%
by using an excess of tﬁione (say about 4 times the amount used
in this procedure). Analytical data, infrared and proton and carbon-
13 NMR data are listed in Tables 2, 3, 4 and 5 respectively.

Elution with 1:4 diethyl ether/hexane yielded a rather
impure purple-red solid (8.2 mg).l/CEO(CHC13): 1949(vw), 1896(vs),
1829(w) cm-l. lH NMR(CDcl3): 5.20 (s,cp), 1.50-2.53 (complex,
broad, saturated C-H)., This compound was never obtained in a pure

enough form for elemental analysis.

Reaction of (CpZMoz(CO)s} with thiofenchone

A solution of 0,305 g (1.8 mmol) of thiofenchone and
0.49 g (1 mmol) of {CPZMOZ(CO)6} was refluxed in benzene (40 ml)
for 19 hours. No reaction was observed. The reaction mixture was

then transferred to a quartz irradiation vessel and irradiated for
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94 hours. Thin layer chromatography indicated the presence of violet
grey product as well as both starting materials.

The solvent was evaporated (under vacuum) to leave a dark
brown solid. This was dissolved in a minimum amount of benzene
and chromatographed on a column of alumina (30-200 mesh, A-540,
Fisher Scientific Company).

Thiofenchone together with other components was eluted
with 1:1 hexane/benzene. Further elution with 1:1 hexane/benzene
gave 0,20 g of unreacted {szMoz(CO)a}. Elution with benzene gaﬁe
a dark violet purple viscous solid. Crystallisation from hexane
yielded 54.3 mg (15%) of (szMoz(CO)a(thiofenchone)}, 60, which was
obtained as a violet purple shiny crystalline solid, m.p. 143°C.

1

Analytical, infrared and "H NMR data are listed in Tables

2, 3 and 4 respectively.

Reaction of {CpMo(CO)é}Z.with thiocamphor

A solution of 0.246 g (0.5 mmol) of {szMoz(CO)s} and
0.337 g (2 mmol) of thiocamphor in benzene (50 ml) was refluxed for
56 hours,

The solvent was evapbrated leaving a purplish violet solid.
The solid was then dissolved in a minimum of benzene and placed on
a column of alumina (80-200 mesh, A-540, Fisher Scientific Company).

- Elution with 1:1 benzene/hexane gave a red solid. This

was found to be mostly a mixture of colourless components with no

L/ C=0 absorption bands in the infrared spectrum, Further elution



126

with 1:1 benzene/hexane yielded a purple viscous solid. This was

then crystallised from hexane to give 66 mg (17%) of purple crystallihe
{szMoz(CO)n(thiocamphor)2},_ 9(n=either 3 or 4), m.p. 248°C(dec.).

Analytical, infrared and lH NMR data are listed in Tables 2, 3 and 4

respectively.

Elution with benzene gave a green-brown solid which was then
crystallised from hexane affording 96 mg (32%) of (szMoz(CO)a(thio-
camphor)} , 58, m.p. 190°C. This complex was also prepared by
irradiating a benzene solution of the same starting materials as
used in the above procedure. A much higher yield of about 74% was

obtained. Analytical, infrared and lH NMMR data are recorded in

Tables 2,3 and 4; carbon-13 NMR data are recorded in Table 5.

Reaction of {(hS-CSHAQH3)M6(CO)3}2 with Thiocamphor

A solution of 0.541 g (3 mmol) of thiocamphor and 0.777 g
(1.50 mmol) of the metal carbonyl in benzene (50 ml) was refluxed
until no {(hS-CSHACHB)ZMOZ(CO)6) was seen on the TLC plate.
Evaporation of solvent left a green semi-solid, which was dissolved
in a minimum of benzene and placed on a column of alumina (80-200
mesh, A-540, Fisher Scientific Company).

A mixture of yellow and purple components was eluted with
hexane. Evaporation of solvent left a purplish-red semi-solid
which was found to be mainly composed of unreacted thione. The
yellow component could not be isolated and hence characterised.

Elution with benzene gave a green viscous solid. The

solid was then dissolved in a minimum amount of 1:1 diethyl
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ether/hexane mixture. Ether was then slowly evaporated resulting

in the formation of shiny green crystals. Filtration of the solid
o 5

and vacuum drying afforded 0.71 g (75%) of {(h -CSHACH3)2M°2(CO)4

(thiocamphor)}, 65, m.p. 189°C(dec.). Analytical, infrared and

lH NMR data are listed in Tables 2, 3 and 4 respectively.

Reaction of {CpMo(C0)3}2 with (p-FC6H4)2CS

A solution of 0.735 g (1.5 mmol) of the metal carbonyl
and 1.17 g (5 mmol) of (p-FCGHA)ZCS was irradiated for about 32
hours. At the end of the reaction the colour of the solution had
changed from a purple-blue to brown. The solvent was evaporated
to leave a brown blue semi-solid. This was then dissolved in a
minimum of benzene and placed on a cblumm of alumina (80-200
mesh, A-540, Fisher Scientific Company).

Elution with hexane yielded 0.354g of unreacted thione.
Elution with 1:1 benzene/hexane afforded a small amount of a mixture
of uncharacterised products.

Elution with benzene gave a purple compound which was
found to contain some colourless compounds. The solvent was then
reduced to about 10 ml and placed on a column of silica gel(60-200
mesh, Baker Analysed reagent),

A purple band was eluted with benzene to give 60 mg (~6%)
of not very pure brown-purple powdery solid of {szMoz(CO)4
(p-FCgH, C(S)C.H F-p),}, 55f (n=either 3 or 4) m.p. 160°C. An
-attempt to purify 55f further failed so that no analytical data was
obtained. It was assigned the above structure by comparing its in-

frared and lH MMR data (Tables 3 and 4) with that of 59 and jﬂ}
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Reaction of {CpMo(CO)3}2 with (p-MeZNC6H4)2CS

A solution of 0.2284 g (1 mmol) of thioketone and 0.50 g
(1 mmol) of the molybdenum carbonyl in benzene (80 ml) was irradiated
until most of the molybdenum dimer was consu@ed.

The solvent was then evaporated to give a fluffy green
solid. This was redissolved in a minimum amount of benzene and
placed on a column of silica gel (60-200 mesh, Baker Analysed
reagent).

Elution with benzene gave a‘green-yellow solution which
on evaporation yielded a very small amount of green mixture of
components, none of which was isolated or characterised.

‘Further elution with benzene gave a viscous yellow-
brown solid which when examined on the TLC plate was found to
contain four poorly separated components in almost equal amount.
Attempts to isolate them failed. The mixture always left a green
trail on both alumina and siliba gel columns possibly due to

decomposition.
In the &C= region the infrared spectrum (in CHC¥3)
of the mixture showed four absorption bands a£ 1950Cvw), 1927(vs),
1849(ms) and 1805 cm-l(VW). Due to the similarity between these
infrared data and those of S4a (Table 3) the four absorption bands
were assigned to the metal carbonyl stretching modes of the

monothione complex {szMoz(CO)a(p-MeZNC6HQC(S)C6H4NMe2-p)}, S4e.



129

Reaction of {szMoz(CO)s} with Thiosantonin

A mixture of 0.494 g (1 mmol) of the metal carbonyl and
0.59 g(2.3 mmol) of thiosantonin in benzene (70 ml) was refluxed
with stirring for 21 hours. At the end of the reaction there still was
a small amount of {CPZMOZ(CO)6} and the colour of the solution had
changed from dark red to brownish green.

The solution was rotary evaporated to give a brown-green
solid which was then dissolved in a minimum of chloroform and placed
on a column of alumina (80-200 mesh, A-540, Fisher Scientific Company).

Elution with chloroform gave unreacted {Cp,Mo.(CO). }
. 272 6

followed by a fluffy brown solid. Thé latter was dissolved in a
minimum of 1:1 diethyl ether/pentane solvent mixture. Evaporation

of some of the solvent resulted in appearance of a greyish brown solid.
The supernant solution was then discarded and the solid dried to

give 0.23 g (33%) of rather unstable powdery solid of {szMoz(CO)4
(thiosantonin)} , 63, m.p. 134%. Analytical, infrared and lH NMR

data is recorded in Tables 2, 3 and & respectively.

Reaction of (szMoz(CO)G} with A}’A-Androétadiene—B-
Thione-17-One

The thioketone (0.601 g, 2 mmol) was reacted with the
molybdenum carbonyl in the same manner as thiosantonin. The solvent
was then evaporated to a green-brown solid. This was then redissolved
in a minimum amount of benzene and placed on a column of silica gel

(60~200 mesh, Baker analysed reagent).
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Elution with benzene gave a yellowish green solid, Thin
layer chromatography indicated that the mixture contained several
minor and one major components. Repeated purification by passing
the solution of the mixture through silica gel and eluting with
benzene gave a yellow-green viscous solid. ‘Recrystallisation of
the solid from pentane gave 0.23 g (31%) of the powdery yell&w-
green rather unstable solid of {CPZMOZ(CO)A( A}’a-androstadiene-’
_3-thione-l7-ong)}, 64, m.p. 161°%. Analytical, infrared and

lH NMR data are recorded in Tables 2, 3 and & respectively,

Reaction of (szwz(co)6) with (p-CH3OC6H4) 2c=s

A solution of 1 g (1.5 mmol) of {szwz(co)s} and 0O.4g
(1.5 mmol) of (p-CH30C6H4)2CS in dry benzene was irradiated until
all the thione had reacted (29 hours). However a considerable

amount of {CpZWZ(CO)6} was still present.

The solvent was then evaporated to leave a reddish brown
solid. This was then dissolved in about 10 ml of benzene and
Placed on a column of silica.gel(60-200 mesh, Baker analysed reagent).
Elution with benzene/hexane (1:1) gave 0.214 g of
unreacted {szwz(co)s} . Further elution with 1:1 hexane/benzene
or benzene afforded a brown viscous solid. The solid was then
dissolved in a minimum amount of diethyl ether. An equal- volume
of hexane was added. Slow evaporation of diethyl ether resulted in

the appearance of a brown solid. Then the supernant solution was
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discarded and the crystals dried to give 0.297 g (29%) of dark-grey

powdery solid of (szwz(co)a(p-cn3oc6H40cn3-p)} , S4g, m.p. 172°C

(dec.). Analytical, infrared and lH MMR data are listed in Tables

2, 3 and 4 respectively.

Reaction of {szwz(co)6} with (p-CH3C6Ha)2CS

A solution of 1 g (1.5 mmol) of the tungsten carbonyl and
0.68 g (3 mmol) of 4,4'~dimethylthiobenzophenone in benzene (80 ml)
was irradiated until all the thione was consumed (79 hours). The .
colour of the solution had changed from purple to brown.

Evaporation of solvent gave a dark brown semi~solid., This
was then dissolved in a2 minimum amount of benzene and placed on a
column of silica gel (60-20C mesh,Baker analysed reagent),

Elution with 1:2 benzene/hexane gave 0.06 g of a light red
solid. The infrared spectrum revealed the presence of the starting
material,{szwz)co)G},andan unknown component,which showed an ‘absorp-
tion band at 1812 cm‘l(s). Due to the small size of the sample no
further purification was done.

Elution with hexane/benzene (1:1) gave a brown-green solution,
Using TLC it was found to contain four very poorly resolved components.,
Removal of solvent gave 0.9 g of a greenish brown viscous solid. All
attempts to separate the components failed, However an infrared
spectrum (in CClA) gave absorption bands at 1956(w), 1927(vs, sh),

1852(s) and 1813 cm-l(w) which were assigned to the monothione complex
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{szwz(CO)4(p-CH H,C(8)C H,CH,-p)} , 54), by comparing with the

3061, C(8CeH, Cliyg
infrared data of 54g and S4c (vide supra), both of which have already
been characterised.

Reaction of (CpZWZ(CO)6} with Thiocamphor

A solution of 1 g (1.5 mmol) of the tungsten carbonyl
and 0.506g (3 mmol) of thiocamphor in benzene (70 ml) was refluxed
for 14 hours. No reaction was observed.

The reaction mixture was then transferred to a quartz vessel
and irradiated until all the {szwz(co)a} was consumed (117 hours).
The colour of the solution had changed from red to brown. The solvent
was concentrated and then placed on a column of alumina (80-200 mesh,
A-540, Fisher Scientific Company).

Elution of a brown band with 1:1 benzene/hexane gave a
brown viscous solid, which was found (by TLC) to contain several
organic (colourless) components in addition to one brown component.
None of theﬁ was isolated and characterised.

A second mixture was obtained on further elution, It
consisted of three minor (colourless) components and one major{brown)
component. The mixture was then passed through a column of silica
gel (60-200 mesh, Baker analysed reagent),

Slow elution with benzene gave a brown semi-solid which was
then recrystallised from hexane to give 0.34 g (29%) of a brick red
powdery solid of {CPZWZ(CO)A(thiocamphor)} , 69, m.p. 198%°Ce uc=0
(KBr) : 1942(ms), 1910(vs), 1839(vs), 1786(m). Analytical data,
infrared (solution) and 1H NMR data are reeorded in Tables 2,3 and

4 respectively.
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Preparation of {CpMo(CO)Z}2

A solution of 1 g (2 mmol) of {CpMo(CO)3}2 in p-xylene
(40 ml) was refluxed until there was no or very little change in
the extent of the reaction on further refluxing (§ hours). The
reaction was followed by either TLC or the observation of a strong
&C30 (in p-xylene) absorption band of (szMoz(CO)s} at 1958 cm"l
in comparison to the C=0 (in p-xylene) absorption bands of
{CPZMOZ(CO)Q} around 1900 and 1860 cm-l.

The solution was then cooled t; 0% (in an ice bath).
Dark-red crystals formed over a period of one hour. Then the
solution (A) was decanted leaving crystals behind. The solid was
then washed with 2 po;tions of hexane (20 ml) and dried under
vacuum to yield 0.2 g of szMoz(CO)4 containing a trace of
{cpMo(c0) ],

The solution (A) was then placed on a column of silica
gel (60-200 @esh, Baker analysed reagent).

Elution with 1:5 benzene/hexane yielded 0.005 g of
{sznoz(co)6).

Elution with benzene yielded 0.43 g of a flaky orange
solid containing a trace of {CpMo(CO)3}2.

Addition of the twé batches gave a total yield of about
0.63 g (73%) of {CPMo(CO)z}z'IICEO(K Br): 1891(m), 1843(s).Literature: 23

& C=0 (iso-octane) : 1889, 1859 cm-l.
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Reaction of {szMoz(CO)A} with (p-CH30C6H4)ZCS

A solution of 1,5 g (3 mmol) of {Cp2Mb2(C0)6} was
refluxed in m-xylene (50 ml) until there was no change in the ratio
between {CpMo(CO)3}2 and (szMoz(CO)é} on further refluxing (59
hoﬁrs). The solution was cooled to room temperature,

A benzene solution of 0.69 g (2.3 mmol) of (p-CH3OC6H4)2CS
was then added to the molybdenum carbonyl solution., After about
6 minutes there was no unreacted thione in the reaction mixture,
and the colour changed from orange ﬁo dark brown. ihe reaction
was then stirred for one hour at room temperature. Evaporation of
benzene left the crude product in m-xylene. This was then placed
on a column of silica gel (60-200 mesh, Baker analysed regent).

Elution with 1:1 benzene/hexane gave a brownish red solid

which was found to contain some unreacted {CPZMOZ(CO)Q} in addition

to a black mass possibly decomposed products of unreacted {CpMo(CO)2}2

LJ

Elution with benzene gave a brown viscous solid. It was
dissolved in a minumum of 1:1diethyl ether/hexane. Evaporation of
ether (under vacuum, 20°%¢c) gave rise to the appearance of brown-green
crystals. Crystals were then filtered and dried to give 1,238 g
(78%) of S4a. Infrared and lH NMR data were found to be similar to

those found earlier on (Tables 3 and 4),

Reaction of {szMoz(CO)A} with c1>2cs

A solution of 0.5 g (1 mmol) of {cpznoz(co)é} in n-octene

(30 ml) was refluxed until there was no change in the concentration
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of {CpMo(CO)Z}2 in relation to {CpMo(CO)3}2 on further refluxing
(23.5 hours). The crude product solutioﬁ was cooled to room
temperature, and then a benzene solution of 0.4 g (2 mmol) of
thiobenzophenone was added. The reaction mixture immediately
changed from an orange to brown. Neither the {szﬂoz(CO?G} nor the
{CpMo(CO)2)2 was seen on the TLC plate.

Benzene was then evaporated to leave an octane solution of
the crude product. This was then placed on a column of silica gel
(60-200 mesh, Baker analysed reagent).

Elution with 5:1 hexane/benzene gave 0,173 g of unreacted
thione.

Elution with 1:1 benzene/hexane yielded a brown viscous
solid. Recrystallisation from hexane gave 0.51 g (81 %) of a
brown crystalline solid of {CpMo,(CO),( $,c8)) , 54b, m.p. 145%
(dec.). Analytical data are listed in Table 2. Infrared and ‘H NMR
data(Tables 3 and 4) were found to be identical to those found earlier

on for the same complex (see above).

H,).CS

Reaction of {szMoz(CO)A} with (p-CHBC6 479

To a stirred benzene solution of 0.20 g (0.46 mmol) of
{CpMo(CO)Z}2 was added 0.226g (1 mmol) of (p-CH306H4)2CS. The
colour of the solution immediatgly changed from orange to brown.
Stirring was continued for 30 minutes after which the solvent was

evaporated to give a brown semi-solid. This was dissolved in a

minimum amount of benzene and placed on a column of alumina (80-

200 mesh, A-540, Fisher Scientific Company).
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Elution with 1:1 hexane/benzene gave a brown viscous solid
which was recrystallised from pentane to give 0.20 g (66%) of

greenish brown crystals of {szMoz(CO)a(p-CH c(s) C_H,CH_~-p)} ,

3% AL
S4c. Infrared and 1H MMR data (Tables 3 and 4) and melting point

were similar to those found above.

Reaction of_{szMoz(CO)d;} with p-cu3oc6H40(s)cb

A solution of 0.99 g (2 mmol) of (CpMo(CO)3}2 in toluene
(60 ml) was refluxed until there was no apparent change in the
concentration of both {CpMo(CO)z}2 and {szMoz(CO)é} (13 hours).
The solution was then c&oled to room tempefature after which a
benzene solution of 1 g (4.4 mmol) of 4~methroxythiobenzophenone
was added to it, Immediately the colour of the solution changed
from orange to brown. The stirring was continued for 8 hours, after
which the solvent was evaporated to leave just enough to keep the
Product in solution. The solution was then placed on the column of
silica gel (60-200 mesh, Baker analysed reagent).

Elution with 5:1 hexane/benzene gave a trace amount of

(CpZMoz(CO)e} . Unreacted thione (0.558 g) was eluted with 1:9
benzene/hexane.

Elution with benzene yielded a brown viscous solid, which
was then recrystallised from hexane to give 0;993 g (77%) of a brown
powdery solid of (szMoz(CO) A(p-CHB()CéHaC(S)@)} , 54d. Infraréd,
lH NMR and melﬁing point were found to be similar to those obtained

above (Tables 3 and 4).



137

Reaction of {(hS-C H

5 4CH3)M0(CO)2}2 with
p~CH OCGHAC(S)CP

3

A solution of 1 g (1.9 mmol) of {(hS-CSHACH3)2M02(CO)6}
was refluxed in p-xylene (50 ml) until most of the starting material
was converted toi{(hs-CSHACH3)2Moz(CO)4) (6 hours). The reaction
mixture was cooled to room temperature following which 0.93 g (4 mmol)
of p-CH3OC6H4C(S)<D was added. Immediately after the addition of
the thione the colour of the solution changed from orange to brown.
The reaction mixture was stirred for 27 hours after which the re-
sulting solution was placed on a column of silica gel (60-200 mesh,
Baker analysed reagent).

Elution with 9:1 hexane/benzene gave a mixture of blue

unreacted thione and some colourless unidentified components,

Elution using benzene gave a brown solution together with
some thione, The solvent was then reduced (by evaporation under
vacuum) to about 20 ml and the mixture was then passed through the
column again. All the thione was eluted with 9:1 hexane/benzene.
This was then followed by the elution of the brown compound with
benzene. On evaporation of solvent a mixture of brown and colourless
(solid) was obtained.

The-purification was repeated on a column of alumina (80-
200 mesh, Baker analysed reagent). Elution with 1:1 benzene/hexane
gave a viscous solid. Recrystallisation from hexane gave 0,6818 g
(53%) of a brown powdery solid of {(hS-CSHQCH3)2Mo2(CO)4 -
(p-CH3OC6HAC(S)}, 66, m.p. 137°C. Infrared and 1¥ NMR data (Tables

3 and 4) were found to be similar to those of S4d.



138

Reaction of {(hs-C H

5 4cu3)Mo(co)2}2 with

Adamantanethione

A solution of 0.60 g (1.1 mmol) of {(hS-C5H40H3)2M02(CO)6}
was refluxed in p-xylene (40 ml) until there w#s no change in the
amount of product on further heating (47 hoﬁrs). The solution was
cooled to room temperature and then passed through a column of
silica gel (60-200 mesh, Baker analysed reagent).

Elution with 1:1 hexane/benzene gave unreacted

{(hS-CSHACH3)2M02(CO)6} - Using the same solvent a mixture of
unreacted {(hs-csaaca3)no(co)3}2 and {(hS-C6H4CH3)Mo(CO)2}2 was

eluted. Evaporation of solvent gave an orange viscous solid (A).

Then with benzene a mixture of starting material and {(hs-CSH4

CHB)Mo(CO)Z}Z
was eluted. Let this be portion B.

To portion B a benzene solution of 0.162 g (0.98 mmol) of
adamantanethione was added, the colour of the solution changing
from orange to green. ‘The solution was concentrated to about 10 ml
and then chromatographed on silica gel (60-200 mesh, Baker analysed
reagent),

Elution with 3:1 hexane/ benzene gave unreacted
{(hs-csﬂacn3)uo(co)3}2.

Elution with 1:1 benzene/hexane yielded a green viscous

solid. Recrystallisation from hexane gave 0.155 g (25%) of a green

5 .
powdery solid of {(h -CSHACH3)zMoz(CO)A(adamantanethlone)} y 67,

Mm.pP. 178°C. Infrared and lH NMR data are recorded in Tables 3 and

4 respectively. The former are especially similar to those obtained

for 6.



139

Reaction of {CPZMOZ(CO)4) with Thiocamphor

A solution of 1 g (2 mmol) of {CpMo(CO)3}2 in p-xylene
(50 ml) was refluxed until most of the starting material had been
converted to {CpMo(CO)z}2 (20 hours). The solution was then allowed
to cool to room temperature after which a benzene solution of 0.673g
(4 mmol) of thiocamphor was added. Th; colour of the solution
immediaﬁely changed from orange to green-brown. The stirring was
continued for 1 hour. Benzene was evaporated and the residual
solution was chromatogra;hed on a column of silica gel (60-200
mesh, Baker analysed reagent).

Elution with 9:1 hexane/beﬁzene gave a small amount of
unidentified product.

Elution with 1:1 hexane/benzene gave a dark green shiny fluffy
solid. Recrystallisation from hexane yielded 0.907 g (75%) of dark
green crystals of {szMoz(CO)A(thiocamphor)},} 58, m.p. 190°c.
Infrared and proton NMR data(Tables 3 and 4) were found to be

similar to those obtained for the same complex earlier on.

Reaction of {Cp (co),} with (p-FC.H,).CS
eyl 6847 2

A solution of 1 g (2 mmol) of {CPZMOZ(CO)6} was refluxed
in p-xylene (50 ml) until there was no or very little starting
material left (9.5 hours). The solution was cooled to room temperat
ture, and a benzene solution of 1.59 g (5.5 mmol) of 4,47
difluorothiobenzophenone was added. Immediatély the colour changed

from orange-brown to dark brown.
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The reaction mixture was stirred for four hours, following
which benzene was evaporated leaving the crude product in p-xylene.
The solution was then placed on a column of alumina (80-200 mesh,
A-540).

Using hexane all the p-xylene was eluted. No thioketone
was recovered from the column despite the fact that it was present
when the solution was placed on the column.

Elution with hexane/benzene (1:1) gave a. brown semi-solid.
The semi-solid was then di;solved in a minimum amount of diethyl
ether and to the resulting solution was added twice the volume of
pentane. On reduction of the volume of the solution greyish green
crystals appeared. These were then washed with pentane and dried.
to give 0.179 (13%) of dark green crystalline solid of
{ szMoz(CO)a(p-FC6H4C(S)C6H4F-p)}, 54£, m.p. 175°C. Analytical,
infrared and Proton NMR data are listed in Tables 2, 3 and 4
respectively,

Elution with benzene gave a red-purple semi-solid.
Recrystallisation from hexane yielded 0.161 g (9%) of red-purple
crystals of {CpZMoz(F-CsHAC(S)CsHA-F)), 55f, m.p. 170°C(dec.).
Analytical, infrared and proton NMR data are recorded in Tables

2, 3 and 4 respectively.

Reaction of (szMoé(CO)a} with —+—<::>»C(S)—*‘

A solution of 1 g (2 mmol) of {szMoz(CO)4} in p-xylene

(50 ml) was refluxed until most of the starting was converted to
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{ CPZMOZ(CO)A} (9 hours). The solution was cooled to room tempera-
ture. Then 1.39 g (5.9 mmol) of the thioketone was added and the
reaction mixture was stirred for 12 hours. The solution was placed
on a column of silica gel (60-200 mesh, Baker analysed reagent).
Elution with 4:1 hexane/benzene g;ve 0.12 g of unreacted
{ijZMoz(CO)6 }o Further elution with 4:1 hexane/benzene gave

unreacted Cp Mo?-(CO)[+ s followed by 0.556 g of unreacted thione.

2

Elution with benzene resulted in 0.58 g of semi-solid,
Recrystallisation from pentane (at 0°¢C) gave 20 mg (2%) of brown

crystalline solid of {sznoz(C(S} }, 61, m.p.180%(dec.).

Infrared and proton MMR data are listed in Tables 3 and 4 respectively,

The complexwas obtained as amixture possibly with (O)—‘—-.

so that the yield was estimated from proton NMR data., Also no

analytical data was obtained.

Reaction of {CPZMOZ(CO)4} with Fcﬁ~+—
(Fe=ferrocenyl group,-+—=C(CH3)3 )

0.5 g (1 mmol) of {szMoz(CO)s} was dissolved in p-xylene

(50 m1) and the solution was refluxed for 10 hours. Then a benzene
solution of 0.646 g (2.2 mmol) of FcC(S)—+— was added to the cooled
solution. The reaction was stirred for 21 hours, after which benzene
was evaporated. The resulting solution was then placed on a column
of silica gel (60-200 mesh, Baker analysed reagent).

Elution with 5:1 hexane/benzene gave unreacted unreacted

{CpZMoz(CO) } (0.08 g) followed by 0.48 g of FeC(s)+.
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Elution with benzene gave a viscous brown solid. An
infrared spectrum (in 0014) of the solid showed »C=0 absorption
bands at 1957(w), 1934(vs), 1864(m) and 1815 cm-l(w), typical of
complexes of general formula (szMo(CO)aL), (cf 54a), where L is
thione. This therefore, was indicative of the presence of

" {Cp Mo ,(cO), (Fec(8)4d, 62.

It was found (by TLC)that the brown solid also contained

some other components apart from 62. Unsuccessful attempts were

made to obtain pure 62.

Reaction of {CpMo(CO)z}2 with ‘ﬁe’a-androstadiene-3-

thione-17-one

From 1 g ( 2mmol) of {szMoz(CO)G) in p-xylene (40 ml)
the complex {CPZMOZ(CO)A} was made in the similar way as described
above,

To the crude complex a benzene solution of 0.75 g (2.4
mmol) of Zl1’4;androstadiene-3-thione-l7-one was added. Immediately
the colour of the solution changed from orange to brown-yellow. The
reaction mixture was stirred for one hour. Then benzene was evaporated
to leave a solution of the crude product in p-xylene, This was then
placed on a column of silica gel (60-200 mesh, Baker analysed reagent).

Elution with benzene gave 17 mg of a brown viscous solid
of possibly {szMoz(CO)aL}, where L is probably Ail’h-androstadiene-
3, 17-dithione. The infrared spectrum of the above monothione complex

showed JYC=D absorption bands at 1957(w), 1934(vs), 1871(s) and
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1829(w) cm-l (in CClA), typical of complexes of general structure

{szMoz(CO)AL} (where L=thione, M=Mo 5r W). The absence of the

J/ C=0 absorption band led to the above suggestion about the structure

of the ligand. lH NMR (CDCl3): d5.41 (s, broad, Cp), 0.7-3.00

(complex, saturated C-H), 3.73-4.43 (comple#, define C C-H of thione).
Using methylene chloride as eluant yielded a brown viscous

solid. Recrystallisation of the solid from pentane resulted in

0.861 g (59%) of a powdery brownish yellow solid of {CPZMOZ(CO)AL}’

64, where L is ‘Al’4¥androstadiene-3-chione-l7-one. Infrared and

1

H NMR data (Table 3 and 4) were found to be similar to those

obtained earlier on. Carbon-13 NMR data are listed in Table 5,

Reaction of {szwz(co)a} with cpzcs

A solution of 1.02 g (1.5 mmol) of [CpW(CO)3}2 in p-xylene
(40 ml1) was refluxed until there was no or very little change in the
extent of formation of {CPZWZ(CO)A} when heating was prolonged
(20.5 hours).

The reaction mixture was left to cool to room temperature
after which a benzene solution of 1.07 g (5.4 mmol) of thiobenzo-
phenone was added. Immediately the colour of the solution changed
from orange to deep brown. The reaction mixture was stirred for one
hour, benzene was then removed and the remaining solution was placed
on a column of silica gel (60-200 mesh, Baker, analysed reagent).

Elution with 9:1 hexane/benzene gave 0.70 g of unreacted

thiobenzophenone,



Elution with 1:1 hexane/benzene yielded a brown semi-
solid. This was then recrystallised from hexane to give 0.8224 g
(64%) of a brown crystalline solid of {szwz(co)A( qbcs)), 54h,
m.p. 182°C. Analytical, infrared and lH NMR data are listed in

Tables 2, 3 and 4 respectively.

Reaction of {szwz(CO)a} with (p-cu3c654)zcs

A solution of 0.80 g (1.2 mmol) of {szwz(co)s) in
toluene (50 ml) was refluxed for about 11 hours. No reaction was
observed. Toluene was then distilled off and replaced with ne;fly
an equal amount of m-xylene. The reaction mixture was then refluxed
until there was no increase in the concentration of {szwz(co)h}
when heating was prolonged (82 hours).

After cooling to room temperature a benzene solution of
0.453 g (2 mmol) of (p-CH306H4)2C=S was added to the solution.
immediately the colour of the reaction mixture changed from orange
to brown. The mixture was stirred for 12 hours after which benzene
was removed by evaporation and the solution was placed on the column
of silica gel (60-200 mesh, Baker analysed reagent).

Elution with 3:1 hexane/benzene gave 0.20 g of unreacted
thione.

Elution with 1:1 hexane/benzene yielded a brown viscous
solid. The solid was then recrystallised from hexane to give 0,847 g
(84%) of powdery grey solid of {szwz(CO)4(p-CH3C6H4C(S)CsH4CH3-p)},
S4j, m.p. 140°¢. Analytical, imfrared and proton NMR data are recorded

in Tables 2, 3 and 4 respectively,
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Reaction {szwz(CO)a} with p-CH30C6H40(8)®

A solution of 1 g (1.5 mmol) of {szwz(co)é} in p-xylene
(50 ml) was refluxed until most of the starting material had been
transformed into {CPZWZ(CO)Q} (45 hours). The solution was then
allowed to’'cool to room temperature. With stirring a benzene
" solution of 0.6712 g (2.9 mmol) of thiome was added. The colour of
the solution immediately changed from light to deep brown. The
reaction was continued for one hour after which benzene was evaporated
off to leﬁve a p-xylene solution of the crude product, which was then
placed on the column of silica gel (60-200 mesh, Baker analysed
reagent), .

Elution with 1:9 benzene/hexane yielded 0.045 g of unreacted
{szwz(co)s}.

Elution with benzene resulted in a brown semi-solid, which
was then recrystallised from hexane to give a greyish brown solid
(0.312 g; 26%) of (Cp W,(CO), (p-CH,0CH, C(S) D)}, Skk, m.p. 149°C (dec.).
Analytical, infrared and proton NMR data are listed in Tables 2, 3

and 4.

Reaction of {CPZWZ(CO)A} with adamantanethione)

A solution of 0.94 g (1.4 mmol) of {CPZWZ(CO)6} in p-xylene
(60 ml) was refluxed until most of the starting material was trans-
formed into {szwz(co)A} (48 hours). Then the solution was allowed
to cool to room temparature. A benzene solution of 0,50 g (3 mmol)

of adamantanethione was added to the crude intermediate solution.
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The colour of the reaction mixture changed from orange-brown to green,
The solution was then stirred for 12 hours, after which benzene was
evaporated to leave a p-xylene solution of the c¢rude product. This
was then placed on the column of silica gel (60-200 mesh, Baker
analysed reagent). |

Elution with 5:1 hexane/benzene gave 0.06 g of unreacted
{c:pzwz(co)6}. |

Elution with 9:1 benzene/hexane vyielded a green semi-
solid. Recrystallisation of the‘solid from pentane resulted in
0.805 g (73%) of dark green crystals of {szwz(co)A(Qdamantanethione)},
68, m.p. 232% (dec.). Analytical, infraréd and proton and carbon-13

NMR data are listed in Tables 2, 3, 4 and 5 respectively.
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X-ray Analysis

The complex 024H2604M°28 M = 602.4, forms brown prismatic

crystals which are monoclinic, space group 221, with a = 15,607(2),
= 10.280(2), ¢ = 7.993(2) 8, B=109.86(3)°, v = 1206.1 £3, z = 2;
= 1,66, D =1.69 g em™3 (by flotation in bromobenzene/iodobenzene),

(000) = 604, K(CuKa) = 97.10, MMoK) = 11.24 cm™r.

|‘=1 |(lb

The X-ray measurements were carried out om a four-circle
Picker diffractometer using a crystal fragment, 0.10x0.26x0.44 mm,
mounted along b*. The unit cell paramenters were derived from the
angular settings of six high-order axial reflections measured with
Cu radiation {A(Ke) = 1.54050, A(Ke)) = 1.54434 8). The intensity
data were measured with Nb filtered Mo-radiation using the 6-2¢
scan procedure at a 29 speed of 2° min-l. The 2¢ scan ranges were
1.9° for 26 10° 2.0° for 28 = 10-50°, 2.4° for 26 < 50-55°, and
the background was measured for 10 sec at the start and end of
each scan. The (003) and (400) reflections were monitored at
regular intervals for scaling, and showed a variation of less than
3% Reflections with net counts {100 or & 5% of their background
counts were categorized as unobserved. Thus, of the 2932 indepen-
dent reflections with 20 é;SSO, 2690 (92%) were observed. The net
intensities were corrected for Lorentz and polarization effects
and for absorption.,

The structure was determined by the heavy-atom method and
the atomic parameters were refined by block-diagonal least squares.

All hydrogen atoms, except one from each of the three methyl groups,
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were located on difference Fourier maps and their parameters were
refined isotropically. Scattering factors were taken from the
"International Tables for X-ray Crystallography”67 and the molyb~
denum and sulfur curves were corrected for anomalous dispersion.
Throughout the refinement the function i‘y-(lgo‘ -|§J)2 was
minimized and the following weighting scheme was used during

the figal stages: w = Wi¥ys Where w, =1 for lgo\:g 35, W =
35/|E,| for |E|> 35, w, = s1n%0/0.07 for sin?e <§.07, w, =1
for sinzﬁ;z 0.07. Two very strong reflections, (020) and (110),
and all unobserved reflections were assigned zero weights.

After the final cycle the average parameter shift equalled 0.1 6§
and the largest one 1.2€, The agreement index 5_’ (Ew AF / wE
is 0.034 and the weighted index R’ (izAEZ/ZLFOZ) is 0.032 for’
the 2690 observed reflections. The absolute configuration
assumed in the refinement and shown in the figures is that.
derived from d-camphor. The final difference Fourier map showed

no distinctive features. A list of observed and calculated

68
structure amplitudes is available .

Legends for the Figures

(1) Stereoscopic view of the complex showing 209 probability
ellipsoids.

(2) Bond lengths (&) and valence angles (°). The root mean
squares of the estimated standard deviations of the bond

lengths are: Mo-Mo, 0.001; Mo-S, 0.002; Mo-C, 0,009;
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5-C, 0.006; c-0, 0.010; c-C, 0.012 in the bicyclic camphane
and 0.02 & in the cyclopentadienes. The corresponding
values for the angles are 0.1° if the three atoms are

Mo or S, 0.2° if two of the atoms are Mo or s, 0.4° if

only one of the atoms is Mo or S, 0.7° for Mo-C-0 and

C~C-C of the bicyelic camphane, and 1° for C~C~C in the
cyclopentadienes. The C-H lengths are in the range 0,60~

1.17 X and their mean is 0.93 X.
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APPENDIX I: TREATMENT OF RAW KINETIC DATA

Assume that iﬁ solution an equilibrium depicted by Scheme
XX does exist., If X is the major or only component in the solid
state then on dissolving either 54d or 58 in a suitable solvent such
as chloroform X will convert to Y until an equilibrium is reached.
Consider the proton NMR cyclopentadienyl resonance signals of 58 in
Figure 4 . Starting with the peak at lowest field let the four
resonance signals be labelled A, B, C and D respectively. At a
particular temperature, peaks A and C are supposed to decrease and B
and D are supposed to increase with time. Sometimes this trend is )
not consistent resulting in all the resonance signals either decreas=-

ing or increasing in intensity over certain time intervals although

the ratios between the peaks may have expected values,

,.
———
—

Figure 13: A sketch of proton NMR cyclopengadienyl signals
of 58 at low temperature (¥ -40C.) before
equilibration (in cnc13).
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This problem may be corrected as follows. Assume that
at any time t the sum of the intensities of the resonance signals
due to X and Y is constant. Then at any time t and temperature T
for an ideal case equations (8), (9) and (10) hold. In this case

equation (9) may be used. Note that A, Bt; C, and D_ are

A, +B_+C, +D_= constant = Q (8)
A, + B_ = constant = Q, 9
C, + D_ = constant = Q2 (10)

intensities of resonance signals A, B, C and D respectively at time
t. Then the average of Q2 may be found for each temperaﬁure. This
is followed by adjusting values of A, and B_ such that equation (11)
holds, where A't and B't are respectively new values of At and Bt at
time t and Q is the average value of the quantities At + Bt over

all the time intervals at temperature T. The procedure for finding

A't + B't = Q 7 (11)
- At .
Alt= ( ) ) Q = mt (12)
t 't
Bt 4
B't= (—jA—t—:gt—-——) Q= [Y}t (13)

the values of A'_ and B' 1is illustrated by equations (12) and (13)
respectively, Finélly the values of A't and B’t ;re assigned to
{X}t and {Y}t fespectively. These are the averaged values of {X}t
and {Y}t that are used in determining the rate constants using

equations (1) and (2).
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APPENDIX II: COMMENTS ON ERROR ANALYSIS

Estimation of rate constants, energies of activation and
Arrhenius constants, together with their uncertainties were
obtained by the least squares methodzo’ 71‘ The uncertainty in
resonance signal intensity was estimated to be *+1.1 whereas that in
temperature was_assumed to be il,ﬁg (for a methanol standard).

Standard deviations of AG,*, AH¥ and AS¥F were
estimated by the method of propagation of variancé72, from
equations (7), (5) and (18) respectively. For example, the
following is how the expression (equation (17)) for the estima-
tion of the standard deviation of the Gibb's energy of activation
was derived.

Gibb's free energy may be obtained from equation (7) or

(14). In equation (7) ky » k and h are the Bottzmann, rate and

kB T

* _ .

AG¥ = RTIn ( TN ) (N
AGF - AH¥ - TAsF (14)

Plank's constants respectively, Let éé, 6;, 6; and 6; be

estimates of standard deviations of Gibb's free energy of
activation, rate constant, enthalpy of activation, temperature

and entropy of activaﬁion respectively. By method of propagation of
error we obtain from equations (7) and (14) equations (15) and (16)
respectively, where ToT is the correlation coefficient between

the error in temperature and that in rate constant, etc., Correla-

tion coefficients vary between -1 and +1 inclusive.
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éé7=(RT—ﬁk—)2 {R(ln(kB )+1)& 32,

(15)

T 6r & T
2[RT{1n(kB ) + 1) (2 kI

It was found that by varying the correlation coefficients

equation (9) could be approximated to equation (17), which was

ch = | éﬁz + (T &s)z + (As# &T)2+ 2{ (rds* s 6 Tgp)
- (14 & ry) - (As* éT&H r) (18

£ - e ——f—"— )2 . >{R (1n (—k';z——-) + D€ an

As* - {1ma - 1n( hT ) -1 } R (18)

then used for the estimation of the standard deviations of

Gibb's free energies of activation.
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