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ABSTRACT =

An account of the reaction of {(h CSHS)ZMz(CO) } and
{(h -CgH )2M2(CO) b (M:Mo W) with aromatic and non-aromatic thiones
to give mostly complexes of general molecular formula ((h ~CgH )2M2
(co) 1.} (M=Mo, W; L=Thione) is given. {(h2-c 5H,CH )ZHO(CO) ] and
{(h —CSHACHB)ZMOZ(CO) ) react with thiones in a similar manner.
Thiones used include thiofenchone, thiocamphor and 4,4'-dimethoxy-
thiobenzophenone, .Also‘compliﬁes of general molecular formula
{szMo (co) L } (n=either 3 or 4; L=thione Cp=1T- CSHS) are isolated
when {(h -C )ZMO (CO) } is reacted with thiobenzophenone, 4,4'-
dimethylthiobenzophenone, A—methoxythiobenzophenone, 4,4'-difluoro-
thiobenzophenone, thiocamphor and adamenianethione, and when
[Cp Mo (CO) } s reacted with 4,4'-difluorothiobenzophenonesComplexes
of the type {(h>-C §H,R) M,(CO), L} (M=Mo,W; R=CH,H; Lek-methoxy- |
thiobenzophenone, thipcamphor and adamantanethione) exlst in at least
two isomeric forms in non-polar &nd moderately polar solvents such as

benzene, carbon tetrachloride and acetone, It is also noted that
isomerisation depends on the polarity of solvent so that éhe‘populaéion
of one of the isomgrs incregses with the polarity of solvent at the
expense of the other. The proton NMR spectra of ((h -CcH R)2Mo (co) L]
(L=thiocamphor, R=H,CH3;RéH and L=4-methoxythiobenzophendne) at low
temperature (””;ﬁOOC) show that one of the two isomers generally present
in solution is overwhelmingly in larger ﬁropbrtion 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
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ié left to eégilibrqte. ‘This property has m;de it possible to obtain
' both kinetic and thermodynamic data. Also the single Crystal struc-
ture of {hs-csus")lfioztco) 41.} (L=thiocamphor) ha.a.s been obtained |

and the Mo~Mo and C-S bondlengths are foﬁnd EB be 3,1458 and 2.7692
respectively. In addition to the use of X-ray data chafacterisatlon
£ complexés has been done by-utiliaétion of infrareé s;ectfgscopy
jandy proton and carbon-13 NMR spectroacopf as well as elemental

analysis wherever and whenever possible and necessary.
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A. INTRODUCTION - - ' .,

Unlike ketones thionga are generall; unstable under ﬁrdinary‘
conditons, They tend io form compounds in which the sulphur atom is
not involved‘iﬁ multiple bond formation. For example thicacetone
trimnrl:enl to ) at room temperature, ' Such behavigur of thionés

may be explained by the generﬁl tendency of main group elements

[ L

to form weaker multiple bonds as one g&ha down the gfoupéz. Hence
oxygen is expectgd to form stronger multiple bonds with carbon, than
sulphur, .
: ™

Haweé#r some thioketones are 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 transitiom metals_f&rming complexes in which
the carbon:- sulphur 3IC-bond is eifher retained or ruptured depepding
on the nature of the complex. The rest of this section is devoteh to

the description of some of these complexes.

1. Iron and Ruthenium Complexes

Alper and Chan5 have reported that Fez(CO)9 reacts with
- . by
2(R1,R2=H, CH3:Q§H3,NH32) to foqekfgpplexea of general structure

3,.§, 5 and 6. The formation of 3 is possibly facilitated ﬂ;~reaonance




+ szvp3(co)9

as illustrated‘by_séheme I. Such a representation {s more favourable when

®

and 32

6

—
-

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

OCH.. This ie supported by therfact that when 7 was reacted with

3

RI’<i;*‘@’<::>*R£“_*

-+

'Scheme:I

e _H_‘.
i g ¥

Fe2(00)9 8§ was obtained as a major'products. Hence in para-substituted
thiones the ortho-hydrogen is ;abiliéed by resonance., It must be also
noted that 3 is only obtained when there is an ortho proton. Otherwise

.

only analogues of &, 5 and § may be obtained.

Hy | :
605
Fe (CO) e(CO) .
’ =of§ 2 2 : 3 e(CO)3
e(CO)
. 695 . 3 e(co)3
. H3 -

-J

&\\ ' ‘ 8 (major product) "9 (minor B%quct)
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- glve a varfety of complexes, some of which are similar to those
obtaiped with aromatic thiones®. Hence adaﬁqntanethione' (10) reacts

with Pe,(C0),, at room temperature yielding 11, 1%, }3-and 4.

e(CO)3 —;Fe(co)3

i3 14
It is not clear why no dlméf or Mridging carbonyl complexes .
could not be formed in the reactions of aromatic thiones (g)'ﬁith
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 (16) has been found

to react with 1?:32(co)9 resuiting in the formation of szrez(co) g 88

 the sole'products.

"

Some non-aromatic thione complexes have bgeﬁ}bbsetved
to isomerise when subjected to certain conditions. Treatment of

4




'have been isolated7.

11 with LiAlH, results in 12, And vhen a petroleum solution of 11

15 exposed to air in the dark and a carbon tetrachloride.solution of

© 13 1s left to.staﬁd cbmplpxea 13 and 14 are formed respectively,

The mechanisn for \re formition of these complexes is not

definite, but it has been foupd that 17 reacts with Fe (co)§ to .
e(co)3

15 16 17

give 4,3 and § accompanied with very little 3 (R =R =H) This
suggeats that in the presence of Fe(CO) thiolanes are formed and

these then further react with : Fez(co)g or some other species to
form some of the observed pfoducts. Therefore to obtain some of the
above products one does not have to start with thicnes.

Also by reacting Ru3(00)12 with.2(R1=R2=OCH3, cu3)r

orthometallated complexes with proposed general structure l§(R=OCHB, CH3)
5 P
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. 2. Manganese and Rhenium Complexes

It has been observed by Alpera' i that refluxi.ng a mi:;cture .
of M (co)m(w’ Re) and 2(n1=n =t ,, NEL , ) in methylcyclohexane
yields orthometalla.ted complexes which have been snggested to have , i s

general structire 19 (Mﬂm,Re;RnNﬁez,NEtz). _When MZ(CO)E_O(HEM“) and

-«

2(R1=R2=OCH3,CH3,H,H) are treated in the same way as above only

20(n is unknown) and 21(desulphurization product) are obtaineds.

While no reaction is observed when a mixture of uz(co)m(u:me)

I3

and _2_(R1=R2=OCIj13) is refluxed in méthylcyclohexane irradiation of
the same mixture has been reported to affor& a gimple substitutien

complex 22(_R=CH3, OCH3)9.
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Nonetheless refluxing a methylcyclohexane solution of 22
' affords lﬂﬂHsRef R=CH3,OCH3)9. The formnﬁion of 22 and subsequent

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

Re(c0), 3 ;‘;‘”a] :
Re (CO) e(cO)s .
| .

Scheme II

for the formation of 19(M=Mn, Re)’:

R

: Hz(C?)lolhour‘

F 4

M=Re

A similar mechanism may be operative in the formation
of certain complexes from reactions of Fe2(00)9 and Ru3(C0)12

with thiones.

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

OCHS,NHez,H,F) to give‘gg as the major productlo. The 1ntergsting thing»

3!

is that the same product may be obtaiped by reacting thcHSSCHth-vith




-

. 10
either 23 or Mn2(00)10

. Yields, however, have been reported to
be higher for cases where R1 and R2 are stronger electron donating

groups. For example the yields increased in the order
R . b

R, =R,

=CH (327 > R, =0CH R,=H( 219> Ry =R,=F(147).

3!

The reaction mechanism has been proposed as fpllowslo:

-

4

A TNa-Mn(co)
= CHBI ’ ! ) CHBOH
. i"- ] }l{ .
Mn,(CO) g + \PhZCHSSCHPt;zui\L _thzc §- + <Mn(CO)
(18 E%ghtrons; thcHSMn(CO)s Séheme III
, (16 electrons)
The following mechanism is also possible:
: H
aq.CH.OH ' -Co : .
3 _ i
2 :‘ 23 CHBI 2 + HI-In(CO)5 ,\C%s—_,hn(co)a
! (
H /
24 “ \}Z—SMn(CO)Q
(18 electrons)

(16 electrons) Scheme Iv.

In both schemes III and IV the rates of reaction and hence the ylelds

would possibly be enhanced by electron donating groups (Rl and RZ)'

3. Group VIB Transition Metal Complexes.

While Fez(CO)g and MZ(CO)IO(M=Hn,Re) react with thionea to

¥
give rise to a variety of complexes, group VIB transition metal

carbonyls give exclusively simple substitution complexes.



Gladysz and_Ayukianll have irradiated benzene solutions of
thiones and M(CO)G(H=Cr, Mo,W) to obtain appropriate th;one complexes
of general formula 25(M=Cr,Mo,W; L=_a*§mantaneth10ne, thiobenzophenone,

\
ethylenethiocarbonate). —

M(CO)SL

25

Tetrahydrofuran (THF) has been used as solvent in place of bénzane.
In such a case the initial product is posaihli H(CO)S(THF5, which
(\ﬁ*- then reacts with thione to give'2§. This method has been used to
’synthesise Cr(CO);L (L=tetramethylethylengthiocarbon&te)l2.
Another réaction that has been observéd is that between

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

s (diolefin)M(CO) 4

26

27

“~

afford 2§13. It has been suggested that this reaction proceedé

by transfeé of carbonyl groups from (diolefin)ﬂ(co)a to H(CO)AL .
(L=27) units to form 25. Supporting this suggestion is the obgérvation
that when the reaction was carried*qqﬁ:under'an atmosphere of carbon

monoxide the yield was reported to be trebled.

12

Angelici and Gingenich “ have synthesized 25(M=Cr, L=Me,C=S;
‘ ' 4 3 — ‘

2

2C=S; M=H, L=He20=s, PhZC=S, MeEtc=S) by an indirect

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

M=Mo, L=Me

AgBF, / -712%

(&t ) (4(c0) (1) > Asl + (NEt }BF, + M(CO) (0=CMe,) (i,)
acetone Schgme v
agpF,/ -12% o
_ u(co)5(o=cue2) + 3/2 H,8 4 }M(CO)S(S B0 + 1/2 A‘gzs

acetone

+-HBF4 (11)



K

'wf!‘

‘ | _ o
‘complex [Scheme v(i)} followed by bubbung hydrogen sulphide
' gas through the solution to obtain tho appropriate thione complex 25.

.The advantage of this method is that the isolation of the thioketone

is not necessaxy go that it may be used for the praparatlon of
complexes of very unstable thiones auch as thioacetone,

To de:ormlna the molecular structure of and nature of
metal-ligand interactions in these complexes {M(CO)SL, M=Cr,Mo,W;
Lathione} a single crystal X-ray analysis paa besen procured for
Cr(CO)s(S=CHez)12 and'it has been found tpat the structure is virtuqliy

octapgdfal. The Cr-5-C angle has been determined to be 120°. It has

" been suggested that the molecule may be undergoing a kind of equili-

b

bration between two equivalent structures as illustrated by Scheme VI.
Such a process has not been detected at low temperature (--100°c)12

o .
—_a 0
—

oG 0
Q0 0 0C

0

10
|
Scheme VI

A change in the direction of the C-S bond may be effected by either
rotation about the Cr-$ bond or flipping of the C-5 bond from one

position to the:other as shown by Scheme VIIi.

(J'?‘—E"b’.“ —* o .

Scheme VII

TR T)
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The Cr-CS bond distance has been found to be 2,377, which
is longer than the averag; cr;éo distance of 1.8983. However the
Cx-CO bondlengfh trans to the tione group is shorter (1.835%) than
the average of the other'Cr-CO bondlengths (i.8983) poaﬁiply due to
increéaed back'Bonding As a result of graater_basic}ty of the thione
. 113an&. Thelc-é bondlength was found to be 1.618A which 1s shorter
than the one for ethylenatﬂiéurealq and thioaﬁgtamtdela(1.7lx) but
longer than for hydrogen thiccyanate §1.5613)1a. Also the C-5 bond-

length in Cr(Co) (S=CMe,) is shorter than 10°(0C) HewG-NH-CH ,-CH -

s

(thiazolidlnei-z-thionepentacnﬁonyltungsten)(1.681), which has been
" reported by Marongiu and co-workersl®. In the latter complex, like
in the former, the W-CO bond distance trans to the thione ligand
is shorter (1.97%) than the average of the other W-CO didstances
(2.038). |

&4, Palladium and Platinum Complexes

. Reactions of thiones are not restricted to transitlon

ﬁetal carbonyls. Palladium and platinum chlorides react with thiones
to give both orthometallated and simple substitution complexes, just
likeﬁmetal carbonylg. Hence PdClz(NCPh)2 has been repdrted to react

with cyclohepta-triene thione yielding zg(L=fH%CH=CH=CH-CH=CH-?=S)16.

; L d/’/CI
e

28

Judging from infrared data it has been proposed that 28 exists in

cls form in the solid state. Thie is ppésibly because more

Sty



+ B

' o
electronegative ‘chloride groups trans to thione groupa are able to
absorb' excess nagntlve charge transferred to the matal by the

more basid\ thione ligands, Also the cis form.is expected to be

‘more ?olhr o that it would crystallise more easily in commonly

used organic solvents, leaving most of the trans foim in' solution.

The cis. form nhould be sterically‘lesl favourable though. .

3\1',
PdCla, has been

Hounver sodium tetrachloropalladate, Na2

" found to react with aromatic thiones giving dimeric orthometallated _

complexes of proposed general structure 29(M=Pd RnCHB,OCH )17

But .potassium tetrachloroplatinate, K2Pt014, reacts with aromatic

L)

(Ph3P)2M812

. 32
thiones ylelding both the orthometallated complex 29(M=Pt; R=CH3.OCH3)
and the simple substitution comple*ea 20({M=Pt; R=CH3,OCH3)17. M is
;leaved 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 31(M=Pd,Pt;

R=CH ocu3) and 32(M-Pd,Pt).

3’

5. Desulphurization reactions.

.

It has been observed that when thionee are reacted with

certain metal camplexea &esulphurization occure. This has resulted
p .
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*~

in the forﬁation of either carbene cémpié§;; or olefins, For example

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

of 33 and Fe(C0),. Gomplex 35 has been isolated by irradiating a

o ‘

tetrahydrofuran solution of H(CO)SL(H=Cr, Mo; Letetyramethylethylene-
thiocarbonate) and Fe(CO)Slg. )

In other cases carbene complexes and olefins have béen 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 tol&gne
at 100°¢. Reacting 33 qth'm(“con)z {cOD= 1,5 - e;clooctadiene}
also yields 3&21. '

For all these cases it has been propos;;\EEEt 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 proposedzo mechanism is illustrated in scheme VIII., This

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

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

R,C=5 Z:>3 R.C=CR
:>FFQ(C0)4

Scheme VIII
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Alper and Fail have abtained fulvenes of general structure

40 by reacting 2(R1,R2=CH ,OCH3,H) with metal ;arbon§1 anlpna(§§);

3
These reactions have been effected in three different ways as

illustrated by scheme IX,

(co)

n

38¢ M=Fe; n=2 .
Hﬂl‘b,w; naj - 40 ﬂ

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

The mechanism for the formation f 40 is not definite.
A number of mechanisms have been proposed all of which 1nvolvel
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 fllustrated in scheme X.
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Another possible mechanism is the one involving nucleophilic attack
/‘\ .

of 38 on thioketone carbon as shown in scheme XI.

QQ‘ (e 3090

5 )
{(n -csua‘r)u(co)

M=Fe; . YaH

CTAB,

n

aq.NaOH(50%) /C_H

66

(8) .
},_(A) NaK/THE | 40 (147

"
L

M=Fe; Y=CH,,H
M=Mo Y=CH3,H
M=W, YaH :

(c)

18-Crown-6
aq.KOH(50%)/C K,

40 350

Scheme IX (M=Fe, n=2; M<Mo,W, n=3; CTABzocetyltrimethylammonium bromide)

e et L it b 1 B e B am ek &
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Both mechanisms (schemes X and XI).suggest that reactivity is expected

in the order ((hs-csa,;)re(co)z}'> {(hs-csas)nq(co)sl'> {(hf’-c5 5)h(co)3}'.
% »

vhich compares favourably with the reported order

CpFe(CO)’, > CpMo(C0); = cpw(c0)7.

C) = C‘?{ .
f°‘f’ne‘ T === (o)

(oC)n
e

r - N

.
4.,

l“ }gépemo XI
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B. REACTION OF {(h7-CcHOIM(CO),}, (MaMo,.W) AND {H’-CgH;IM(CO),},

L.}

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

Héving discussed reactions of thiones with some tr
metals it would be interesting to see .how other neutral Lewis bases
compare with thiones in sltﬁatioﬁsuwhere they are quite capable of

forming similar complexes.

0 - |
o
43 48,
a: M=Mo o &% M<Mo; R=H
B: MW b: M=W; R=H

c: M=Mo; R=CH3
Phosphines and olefins are among some of the commonest
neutral Lewis bases encountered in coordination chéﬁistry. While
phosﬁhines cobrdinqte to a metal by'dénating a lone (ﬁon;bOnding)
pair of electrons to the empty orbital of a metal (47, M=metal)
olefins do so by using 4y -electrons to form what 18 known as a

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

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

\\‘R ‘\R .
"J%*‘"*M | !
R/ c‘IB'R. I"IR
(1) (ii) )
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AN T
\ .

' For example triphenyl phosphine has been reported to react

- with 45 (M=Mo) to give 49, 50 and 2;24 and with &g_(M=Ho) to give.

oC Ph3§£ ° /Fp. ‘: 0C PhyP oo P R .
] . ' [ .
My, 1{2:;c0 - ‘”'“EH, it {CpM(CO)3}+ {CpM(CO)sz}-
) R ,
. cé L 0 _ _ dﬁ co l\\CO . :

0

Ph3
i) 50 - s
exclusively ég?s. An allene (CH2=C=CH2) has been shown to react with
46(M=Mo) to form 22?2. From a single crystal X-ray structure of

§_g(1~1=uo)22 , ~C=C

it has been found that the C,=-C_-C_, angle of the allene
group in 52(M=Mo) is 1646° which. implies shat the contribution of

52(ii) is quite significant.

: i\
c AN . '
c CHy CO Qo=
p B ! -\”““-\, S
. e
" miico .,
oo
oc/ K P
co 2 A2
(1) (i1)

However no reactions between either 45(M=Cr, Mo, W) or
46(M=Cr, Mb, W) and thiones have been investigated so that it was
\
the aim of this work to find-o4§ what kind, of complexes could be
‘w“/ ' .
obtained if such reactions were carried out. \A careful look at thiomes
gives one the idea that they (thiones) are capable of behaving similar

to phosph&req (by using a lone pair of electrons) or olefins (by using
? 4 '

Tf-electrons in the >C=5 bond) wheﬁ coordinated to a metal.
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In fact it was hoped that 45 would be cleaved in the presehce

. \
of aromatic thiones (2) resulting in the formation of orthomatallated
. _ 1

" and hydride complexes 53 and 97 respectively. Also simple substitution

OCwnl

H

53 w2

complexes similar to 49, 50 and 5] were expected from reactions with
both aromatic and non-aromatic thiomes., Although thiones are capable

of forming both &=- and 71- comblexes thione complexes similar to

32 were not expected at all.

L —— ey



C. RESULTS AND DISCUSSION

Reaction of ééﬁﬂ:Mo,W) and 46(M=Mo,W) with both aromatic
and non'-aroma.ti_cA thionfas gave complexes cc:;ntaining one or two thione
ligands. As meﬁtioned'earlier these reﬁctions may lead to either
simple substitution products similar to 49 and 50(M=Mo,W) or products
akin to 51 and 53(M=Mo,W) which would result from the cleagage of the
metal-metal bond. From analytical and spectroscopic (e.g.:IR and NMR)

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

~

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

structure I or II. How;ver a single crystal X-ray study has shown
tﬁat there are only four carbonyl groups{(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 ‘conditiqns.‘ Both
mono- and dithione complexes obtained from reacﬁions under discussion
are listed in Table 1.

The fact ghat complexes similar éﬁ.él (i.e. ionic complexes)

" and fég::esulting from the displacement of only one éarbonyl group)
were detected 1s qﬁite a contrast to reactlons between 45a and, phos-
phines ana éhosphiteswhere such complexes have been obtained., This 1s
possibly .because thiones may be regarded as bidentate ligands (see above)

rather than monodentate ligands (like tertiary phosphorus ligands).
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Cne interesting observation that has been made is that the -

ease of formation of dithione complexes seems to be in- the,order (p-

'FC(H,) 05> (C H,) ,CS> adamantanethione)> thiocamphor)(p-}l cc ey cs>

6472

paH COC_H, *CS-C Hé)‘(p—ﬂ COC6H )ZCS' In fact not a trace of the dithione

64
complex was detected in the case of g(R1=R=OCH3). Considering

aromatic thiones alone, the basicity is expected to be in the order
(p-1,C0CH, ) ,C8D (p-H,C 6HA)ZCS> P-H,COC H, +CS+C HS)(C6 §) €8>
(p-FCGHQJZCS. 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 TW-aclidity

of the ligands. Sincé, it seems, back-donation increases with
electron deficiency on the lig;nd73 (assuming that ﬁ@ere are non-
bonding electrons on the metal atom) the order of W-acidity of
thione ligands will be expected to be the reverse of the above
a;rangement. This then seems to imply that the formation of
dithione complexes is enhanced by the Tr-acidity of the ligand.
This ﬁfeﬁd may be compared to the observations made by Hailnes and
his co-worke}sza’%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 45a occurs. The& have found that whereas
phosphites (e.g. P(OPh)B) react with 45a to form mainly complexes
similar to 50 and 51, phosphines (e.g. PPhs) do so to form complexes
similar to 49 and 51. These observations have been explained by -

saying that more electronegative groups probably enhance the

. TF-acidity of ligands, making them (ligands) behave more like CO.



That relatively poor ' TV-acids may tend to desfabilise metal-
metél bonds may be explained in terms of the effect of the basicity
c;f the iiganc_l on the metal-metal bonci. Figure 14 illustrates a
simplified molecular orbital diagram of the metal-metal bond. The
Mo-Mo bondleﬁgth in 45a has been reported to be about 3.235238:. which
implies thz‘xt it is ra‘ther 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 (& ) leading to areduction in the metal-metal bond

et £ éb
1

Figure Ilh: (b=bonding orbital; 6*=antibonding orbital.
order. Wrighton and Ginlc‘egghave suggested that the rupture of the metal-
"~ metal bond in photolytic reactions of 435a possibly involves the excita-
tion of an electron from the bonding orbital ( 6b) !to the antibonding
one (&*). It is conceivable that a good donor ligand which is a
relatively poor TV -acid may enhance such a procesa.. 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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{cp M (CO) L.} - {cp Mo (CO), L.}
III | v
(Lnthione) (L=thione)

Aromatic Thione Complexes

Reaction of 45a with most aromatic thiones in refluxing

. benzene gave mainly orgaﬁic pgﬁadéié-hoﬁé-of which were fully
characterised, Usually 54(M<Mo) and sometimes 55 were formed initially
only to diaapgéar towards the end of the reaction., This was possibly

because thione comblexes (e.g. 54a) were generally fowrid to be unstable

to heat. However 45a did react with 2§R1=OCH3,R2=H) in refluxing

45a + 2 b (30008) or 4

{sznoz(co)al.? + {szbbz(co)nl.zl

. 4 35

1< O DK 0 %,

a 1 Ry=R,=0CH, — b

. bW

b R1=R2=H (W)
e : Ry=R,=CH, (hy)
d : PT"'OGHB’ R=H (&)
e : R =R,=N(CH,), (hv)
£ : R.lnR2=F | (‘f\l))

!

benzene to give 54d in about 15% yield. A trace of 535d 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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v %5
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yields when they were effécted by irradiation (with ultfavioiet light).
For example ultraviolet irradiation of a 1:1 mixture ofgzgklnsz%)

and 45a in bnnz;ne afforded 54b., Photolysis of a benzene solution of
two parts of 2 (R1=R2=H) and 1 equivalent of 529 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. 458 and g(R1=R2=OCH3) in benzene yielded 54a in about 647 yield.
Thia'wns the highest yield for reactions involving'ardmatic thiones
effected either in ;efluxing benzene or by 1r¥ad1at10n. Interestingly\
irradiation of a benzene solutiom of a mixture of 2 (Rl=OCH3, R2=H)
and’ggg resulted in the formation of mainly o:gén;c components none‘of
which were ifdentified, Only a trace of 54d was detected by infrared
spectroscopy. .
.However reaction of‘gép with aromatic thiones gave similar
metal carbonyl products as those obtained from reactions of 45a
except that no dithione compiéxes (55) were obtained. Another feature
of reactions of 45b with aromatic thiones was thaf_alot of unknown
organic producté were obtained so that it was more difficult to isolate
metal ?arbonyl products than in the case of reactions involving 43a.
' Hence when a mixture of 45b and_2$R1=R2=OCH3) in benzene was irradiated

S4g was obtained in only 29% yield. Similar treatment of a mixture .

244 (30008)/c K,

v

{szwz(co) 41.}

24 L R0 )8,

"

R oy
G
DY

|
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of 45b and 2 (RléRé=GH3) resulted in the'éormation of 54} which could
not be isolated and 1dént1fiea\bacauae of the presence of too many
components with physicai properties similar to those of the mata}
carbonyl complex (543) both in solution and on the chromatographic
column. Therefofe the complex was 1deﬁtified simply by\comparing its
infrared data with those éf the already characterised complexes such
as 54a and 54c. lower yield; from reactions of 45b with thiones may
have been either due to decoméosttion of thiones in the présence of
the less reactive 45b or due to possible instability of the tungsten
thione complexes compared to those of molybdenum, although the stability
of the té? types of complexes was found to be almost the same for the
same thione ligand.

The triple bond;d complex 46 (MMo,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 aféw minutes or seconds at room temperature so that
they were much cleaner .than the reactions of 43a and 45b. In fact
by use of this technique, most of the monothione complexes which cﬁuld
not be isolated pure using the previ&hs methods, were easily obtalnea
and characterised even by elemental analysis.

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

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

46 5 2 —E=F— {Cp M (CO), L} + {CpM,(CO) L}

(M=Mo, W) 54(M=Mo,W; L=thione). 55 (M-Mo; L=thione;
: n=either 3 or 4)

f. H R1F‘R2=F

—



25

gives higher yields of the monbthioné‘complexés (géa experimental aeétion)
Sut aiao that the dithioketone complﬁiea (55) are usuﬁlly not obtained.

In fact only”iﬁ the case of gﬁR1=R2-F) is the dithione complex obtained
in addition to 54d. Heﬁge reaction of thiobenzophenone (2, R1=R2=H)

and 4,4'-dimethylthiobenzophenone (2, R1=R2=CH3) with 46a yields 54b

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

to effect the formation of éi heat is necessary. Hoﬁ?ver the formation

46c + 2R =0CH,, R,=H) Iele -+ 66

of - 33f may be explained by suggesting that 4,4'~difluorothiobenzophenone
(g:Rlnkan) is expected to be a better 1T-ac1d but a po;rer donor than
most, if not all of the tﬁionea under consideratiﬁn,,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 EKR1=R2=F) is expected to behave more
like a carbonyl group making it easier for the formation of 35f from

54f if n=4. Also reaction of 46c with g(R2=OCH R,=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 i1s almost the same it is interesting

but noﬁ 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 compiexes should preferably

be handled under an inert atmosphere, All the aromatic thione

complexes are more soluble Iin moderately polar solvents such as chloroform
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and methylene chloride, Thelr solubility decreases as the polarity

w

of solvents is either decreased or increased, For example 54a 18

more soluble in chlorofbrm an& benzene than in methanol and n-hexane,.

2. Non-Aromatic Thione Complexes

Non-aromatic thiones with either 45(M=Mo,W) or 46(MaMo,W)
under appropriate conditions to give complexes which were similar
to those obtained from aromatic t.hliones. The main difference was
that less sterically hindered non-aromatic thiones reacted with 45a
in reflux:l:_ng benéane to give much better yields af analogs of both
' 54 and' 354 |

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 pbtained by refluxing a

10 16
benzene solution of a mixture of 56 and 10. Similarly {(hS-CSH&CHIi)Z
) uoz(co) 6] (45¢) reacted with thiocamphor (V) to afford 65. No analogs

of 57 and 59 were isolated. No reaction occurred, possibly for steric

A (reflux)/C_H
45a + L 66
- — (Cp (co),L} + {cp (co) L.}
T Mo o(C0), 2‘”.2 ne?
56 : L=10 (n=either 3 or 4)
8 :ley 51 :Lel0

59 5 La¥

¥

e
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4
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 (refluxlcﬁl-l

6 5

92+'V

» {(h -csnacn_,,)zuoz(co)al.}

65 : Lsthiocamphor

irradiated for about 94 hours G0 was obtained in about 9% yield,

s . 16 . hV(30000)/cgH

= = | _ > {CpZHoz(CO)QL}

60 : L=thiofenchone

Thiocamphor (V) did not react with {szwz(cb)s} (45b)
in refluxing benzene but 6% was formed by photolysis. No tungsten
analog of 59 was obtained.

‘Reaction of adamantanethione and thiocamphor with 46(M=Mo,W)
gave exclusively monothione c-o'mplexes identical to those obtained
in reactions with 45(MMo,W) except that yields were considerably
improved (see experimental section). Hence adamantane;thione (10)
reacted with 46a and 46b to afford 56(987% yield) and 68(ar 73% yield)
respectively. Also 10 reacted with {(hs'CS_HACHS)ZMoZ(CO)a} (46c)

to give ) _6_7_0

46 + 10 —E=f=—  (cpH.(cO),L})

56 : M=Mo, L=10
Q:H, L:_I._Q_
Tete

. 46c + 10 —— ((h”~C¢H,CH, )Mo ,(C0) L}

67 : L=adamantanethione
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Some of the above complexea were isoiatee in gooé 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 aeveral hours (=212 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. Thiocamphor complexes were found to be more soluble
than those of adamantanethione in the same solvent, For example 58 -
was found . to be.;lre soluble in chloroform than was 56. However

like aoomatic thione complexes tﬂey were found to dissolve better in
moderately polar solvents such as chloroform and methylene chlorioe

than in *"very" polar and non-polar solvents such as acetone and

n-hexane respectively.

71

Thiosantonin and 15;'4 —androstadiene-3-thione-17-one (71)
also react with 43a to afforo appropriate monothione complexes 63
and 64 respectively. 64 1s also obtained from the reaction of n
with 46a. Infrared spectra of 63 and 64 look quite 'bimilar to those

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



! A detailed discussion about infrhred”and other data is given in

appropriate sections below. Both 63 and 64 are fairly unstable both
in an inert atmosphere and in air whethér in solid state Br solution.
As mentioned earlier on it was observed that reactions

between &QﬁM=Ho,W) and thiones were extremely fast., It was found,

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

46a giving the corresponding monothione complexes §1 and 62 respectively'
but in much lower yields ( 4£2%) than expected. In fact in the reaction -
between &46a and 72 some unreacted 46a and 72 were recovered after lZﬁ

hours of stirring the mixture in p-xylene. Similafly when 73 and ﬁgé

r.t. I
.. 46a + L > {cpMo,(co) L)}
(L=72, 73)
8L : L=72
62 : L=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 pufe 8o that no anmalytical and
satisfact&ry infraréd‘and proton NMR datalcould be obtained. None-
" theless the infrared data for 63 and 64" in thetljcio region and
proton NHR data for 64 in th§ cyclopéntadienyl region resemble those
. of other monothiane complexes (e.g. 54a) already identified (Tabie
3 and 4).

| . All the thione ccmpléxes 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 ti) associative,
(11) dissociative apd (114) a combination of (1) and (11). The
applicability of a mechanism to a partic;iar reaction depends on the
’nature of reacting species. For example whereas the reaction of
(0C)H(CS) with triphenylphosphosphine (PPh,) to form W(CO),(CS) (PPh,)
has been found to occur by both the dissociative and associative
‘mechanisms the reaction with the {odide species (I”) to form
(W(CO)Q(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 triphenylphbsphine 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 57) is not known. However the possible mechanisme are
fliustrated in scheme XII. Route (i) shows an associative process
which invelves 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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'labllisation of one'ef the earbonyl groups which 1a‘subsequent1y Ioat to

form 76. __Loss of an additional carbonyl group from I6 resulta in
the formation of 79(MMo,W)}, Route (ii) depicts a diu“coclatlve
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
J8. The formation ofﬂége ma; be as a result of loss of a cagﬂonyl
group from either lg_followsd'by addition of a thione ligand or 80b.
However the addition of a thione to 78 may give 80b. Also ehe
displacement of the bridging S—M Sond by a second ehioﬁe.ligand‘
would yield 80b. The formation of dithione complexes thfohgﬁ 75

is supported by the fact.that when a benzene solution of a mixture

of 56 and adamantanethione (19) is refluxed 57 is obt&ined.f Such

‘a mechanism uould be favoured by an electron withdrawing group. <This

' is possibly the' reason why & 4'-difluorothiobenzophennne 2(R1_R _F)

reacts with 3§ﬂM=Mo) at room’ temperature to afford 55d,\whereas

other thiones such as 2§R1=R2=H) onlf“give the appropriefeﬂmonothione

£

compleies under eimilag conditibﬁe.

’ “4-"
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 Scheme XII (M=Mo,W; C=S=thiome)

In Scheme XII both routes(i) and (II) are pdhaibly'involved

in the'formation of already known cdhplexes.

of {cpzuozcco) (PPh )}(49)2'5’ from the reaction of a5a and -PPh,
proceed by both routes (1) and (11) but the formation. of é6(H=Ho W)

. by thermo;lysiazs

may

of QéﬁHzHo,H) most probably involvea route(ii) of

o~

For example the formation

l\"‘?'
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Scheme XII. Different reactivities of thiones (see experimental
section) towards a particular metal carbonyl seems to suggest that
"

both routes (i)} and (ii) are-involved in the formaﬁion of thione

. complexes.

l

4, ;nfr;red Daéa

G;nerally similar complexes have been‘;ﬁserved to displﬁy
a similar pattern of infrared spectra although % few variations are
encountered on going from one thione ligand tof;nother. %p non=-
polar solvents such as n-hexane and carbon tégrachloride ;romatic
monothione comp{gxes show four fairly sharp LCED absorption
bands. For example the infrared spectruﬁ offéﬁp in carbon tetra-
chloride has MC&0 absorption bands at 195.8(Sh), 1936(vs), issa(s)
and 1815(VW) ;m'l (figure 1(a)). In polar ;olvents such as chioroform
and methylene chloride all the infrared absorption bands are rather
broad and shifted to lower frequency. Henc; the sbectrum of 54a shows
Ycs0 absorption ban&s in chloroform at 1942(VW), 1927(Vs), 1851(s)

1 1 appears as a

and 1792(VW) cm ~. The absorptién band at 1942 em
shoulder on the absorption band at 1927 cﬁ-l and all the bands are
broader than those obtained in carbqn tetrachloride. Similarly 34d
has YC30 absorption bands at 1960{vVW), 1933(Vs), 1858(s) and
1805(W)cm_1 in chloroform and at 1961(sh), 1938(vs), 1667(3) and
1818(W) in carbon tetrachloride. The lowest )CEO " absorption band
in the spectrum of each compound seems to be more affected,by the
change in the nature of solvent than other peaké. . The 1nffared

spectra of other aromatic monothlone 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 especiafly the case when spectra are obtalned

in polar solvents such as chloroform and methylene chloride. Hence

in chloroform 56 has JWC®¥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(VW) cm-l. Similarly 60 has carbonyl stretching absorption
bands at 1350(vVW), 1918(Vs), 1852(5) and 1810(VW) cm* in chloroform.
It can be seen that 1ﬁfrared spectra of 56 and 58 each have.a strong
highest frequency »C®0 absorption band compared to those of sowe
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 frequency NC=0
absorption band of each one of them is split into two sharp peaks
giving rise to a total of five absorption pands for each spectrum,
For example 56 »CE0 absorption bands at 1971(m, sh), 1961(w),
1979(vS), 1883(S) and 1823(m) em™’ in hexane (Fig. 1(d)). This
behav;our has been attributed to isomerism which is discussed in
more detail in sectioms C.5, C.6, C.9 and C.10. ~

Another observation is that the lowest pC=0 absorptien

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.

4

" For eiample in chloroform fhe lowest ffequency »C=0 absprbtion

1

'5andé.for{§§;ayd g&_afe respectively at 1818 and 1814 cm ~ but those

A
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for 54 a and 58 are at 1792 and 1795 em™} respecti.vely. This may be
due to reduced basicity of tﬁioaam:onin (70) and A L% androstadiene-
3—th1:one-17-one (7). "I'hi.s seems to be supported by the_ observation

that the lowest yC®O 'absorption band of 64(1814 cm-l

1

» CHCL,) 1s
_at lower  frequency than that of 63 (1818 cm ,CHCI3) in agreement
" with the expectation that 70 will induce stronger steric-interactions
when complexed than 71. Lower basicity of _g(RluR2=F) seems to be the
case in _5£f where the lowest . JC=O absofpt.i.on band is at higher
frequ\ency (1826 cmhl, CC14) than all monothione complexes which have:
been investigated ;xcept 64 and possibly 63. However ﬁhe 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 CE0 bands for 61 and' 62 occur at lower .frequencies
than those for 63 and 64. For exami:le in. carbon tetrachloride 62
and 64 have corresponding absorption bands at 1815 and 182}3 cm-l
respectivély despite the fact that 73 is expe.cted. 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
.fomer is possibly a better electronic charge donor than the groups attached
" to the ‘thiocarbonyl carbon in ‘Al’a-androstad1éne-e;thione-17,-one (7.
Dithione complea.cea have characteristic apectra' in the
JC=0 regidn whdae pat{:ern varies with the Lpolarity of solvent. For
instance 59 has V(c=0 absorptions bands at 1940(S) and 1806(m) em” L .

in n-hexane and at 1930(5),1840(W) and 1776(S) in chloroform. Also

57 has abeorption bands at 1930(3), 184‘2(W) and 1760(m) in chloroform.
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lin 56 and 59 resppctively

The absorption bands at 1842 and 1840 cm™
vary in intensity from spectrum t0'spectrum‘ possibly due
to decomposition since all thﬁld;thigne complexes have been found
to be rather unstable, ‘The infrarnd spectra of pure 55f show two
strong absorption baﬁda at 1986(V§) and 1879(S) cm-l in carbLn
tetra;hloride. Impure samples of the same cpmpound 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 Bh?ws two rather broad /(WO aﬁsorptipn bands at 1973(m)
and 1856(m) cmfl but in n-hexane féur_relatively sharp MV(CEOC absorp-
tion bands are observed at 19%4(m), 1959(m), 1890(W) and 1812(m) cm-l.

The two possible. structures for AXthione complexes are
illustrated by 81 and 82. Structure;_Qi_and 82 have C1 and ¢2h
symmetry respectively sothat the infrared spectra will be expected to
show three and two YCI0 absorption bands, respectively. Complexes

similar to 82 have been reporﬁed to exhibit W»C=0 bands similar

to those cited above?>, TFor example, {Cpﬂo(co)zP(OET)B}2 has been

81 ' 82(L=thione)

o]
Q

Iy

reported to shcw-absorption bands at 1810 and 1846 cm-l(nujol) and
{GpHo(CO)zP(OCH3)2}displays‘abaorptions at 1923(w), 1864(S) and

1848(5) cm L (cuzclz)za. Both of these complexes.havexheen reported
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to give five yC®) absorption bands when their.infrared spectra
are obtained in non-pglar solvents such as cyclohexane. Hence‘
{CpMo(co)zP(OC2 5 3}2 is reported to exhibit absorption bands at
1929, 1875, 1857, 1847 and'1827 cm-l in cyclohexane. The most

stable structure of both {CpMo(CD)zP(OCZ 5)3)2 and {CpMo(CO) P(OCH ) }
Y

has been poatulated28 to be 83, which happens te have (:2h symmetry

and hence is expected to show two »CS0 absorption bands. The

additional bands have been attributed to possible presence of 84 as

a result of isomerisation as shown by Scheme XIILI. -

_,/ _,Z

CO 0
83 : trans - 84 : cls

ocwy ocu“‘ hco

Scheme xrrlt(L=P(ocn3)3. P(OCZHS)B)

If the structure of dithione complexes corresponds to 82,
isomerism is possibly present in 55b whose infrared spectrﬁm shows
four {50 absorption bands in n-hexane. This may iﬁply that there
i{s either trans-cis(Scheme XIII) or trans-gauche (Scheme XIV) iaomerisa-‘
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 Adaaszgwho have tried to explain the infrared spectra of 45a
in-different aolvengs, If this is the case then the polarity of

solvents has a different effect on 55b and 5% since the latter shows

three peaks in chloroform and two in n~hexane. N

T T L T S S R R
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' cp

.0C P
L 00
L
105 (a) : trans 1105 (b) : gauche

Scheme XIV (L=CO)

S

However 1f the structure of dithione complexes is depicted

by 81 the agreement is good with infrared spectra of 57 and 59 but

not 55b, '35f, 35¢ and 53d in chloroform.

Furthermore it is seen that the =0 absorption bands
of aromatic dithicne 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 4 CS0 absorption bands of

55b, 55, 554 and 55 are at 1B56(CHCL,), 1892(CHC1,), 1892(CRC1,) and

1881(cCl, Jen™" and those of 57 and 59 are at 1760(CHCL,) and 1776(CHCI dem ™"

respectively. 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 rion-aromatic thiones are

more baslc than aromatic ones.

5. 1H NMR, Data

Both.monothione-and‘diﬁhi&ne compquéa show préton niuclear’
magnetic resonance signald‘in‘the,cyclopentodienyl‘region in the rangel
44.00 to JS.SOppm in deuterochlofof&rm. -Whéﬁevér possible cyclopen=-
tadienyl resonance signala ‘were used to either explain the solution

behaviour of or identify gome of thege complexes.
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Cp Cp

P; Py 1 2

OCHIV N WALCO OCi\l"“l"i_"'_Mzmun'CO

oc/ NZ\CD_ : oc/ \'C&T \cq

I F

89 (L=thione) 90(1) \ ' 90(11)

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 dat least two different.cyclépentédienyl
groups. These include 54a, §5§,.§§; and 60 (Table 4). Hence S4a
has cyclopentadienyl éignals at ¢‘4.68 and 5.30 bﬁm and 60 has the
‘ same at c(5.31 and 5+43 ppm. If the structure of monothione
complexes is 89 then the resonance signal at hiéher field is aésigned
to Cpl and the one at lower field to sz;‘ While these assignments

have been made by assuming that‘M1 is'more negative than M, they are

2
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'mqiety CPMO(CO)Z(PPh3) of the
complex CPZMOZ(CO)S(PPhj)' ég;lwhich 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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betwe;nrprotons of the cyclopentadienyl group (Cpl) and phosphorus-
31 of the phoaphine ligand. Anothef possible atructuré of
monothione complexes is the one . corresponding to I (Page 19). ‘
This may be represented by three canonical forms, namely 90(1),

90(i1) and 91. Charge distribution between the two molybdenum

CP P

OCuuny Q HiHnco

atoms will depend on the import.a.née of each of the canonical ferms.
The resonance structure 90(i) suggests that M is more negative
than M, whereas the reverse is suggested by 90(ii) and 31.
Therefore the assigmment 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 M ) are at lower fields than those bonded to the more
negative ones and this is aupported by the fact that the
cyclopentadienyl chemical shifts at lower' field vary moré gignificantly
with solvent change than those at higher field (Tabie 6A). This

may be explained by suggestiqg that the more.positive center is more

solvated than the more negative oneaa. A similar observation hash
been reported63 for bia(N,N-dimethyldith£ocarbomato) dimethyltin
where it has been found that the chemical shift changes for N-CH3
and Sn-CH3 in moving from CDCl3 to C D6 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, .

! .

HHHITHIHH

The second group of monothione cqmplexea 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

54d, 56, 68 and 69 (Table 4), For example the cyélopentadienyl
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chemical shifts of 54d are at d4.61, 4.67, 5.25 and 5.28ppm in the
ratie 2:3:3:2 and those Gf 58 are at d5.32, 5.27, 5.49 and 5.46 ppm
in the ratio 43:41:43:41 1n‘;hloroform. This is explained by sug-
gesting that-there are at least two isomers in ﬁertain:aolution;
of gach of these complexes so that a pai; of the cyclopentadienyl
chemical shifts may be assigﬁed to each of the twé isomers. Hence
for 54d the resonance signals at d4.67 and 5.25 pPpm are assigned
to‘one (major) isomer and those at A’Q.Gl and 5.28 ppm to the.bther
(minor) isomer. Similar assignmenté may be made for.other complexes
with similar spectra.‘ Complexes 56 and 69 show only three cyclopen-
tadienyl resonance signals each. Complex 26 has signalg at cfs.zs,
5.34 and 5.37 ppm {n the ratio 3:5:2 and 69 has them at d5.34,
5.40 ;nd 5.55 ppm‘in the fatio,Q:S:la in chloroform. It is easy to
see that each of the chemical shifts at éfé.sa and 5.55 ppm for 56
and 69 respéctively belongs to two cyclopentadienyl éroups each of
which belongs to a different isomer. That is t; say that for 56
the asgignment of chemical shifts is as follows: c{S.ZS(Cp'),

5.34(Cp+0919 and  5.37 ppm (Cp) where ép and Cp' are cyclopen-
tadienylég:oups due to the major and minor isoﬁoers ressectively.

In addition it is noteworthy that each of the spectra

of 34a and 54c show two resonance signals due to methoxy and methyl
groups, respectively. This should not be confused with isomeriém.
For example 54c has sharp methyl resonance signals at ¢r2.29 and
2.26 ppm. This is attributed to the orientation of the thione

ligand (Figure 2) so that the two aromatiy rings ogether with

A
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" their substituents (e.g. in the case of the 4 4‘-d1methy1thiobenzo-
" phenone complex, S54c) are in different environments from each other.
A similar observation has been made with 54a except that the two ’
resonance signals are so close together that at a aweep width of
500 Hz (VARIAN T-60 spectrometer) a ainélet_is 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
((SCp) in chemical shifts between Cp1 and sz is much larger in
monothione complexea containing aromatic ligands than in those with
non-aromatic thiones. Foriexample,dcp g in é&g, S4b and 54f are about
37, 39 ann 36 HZ respectively whereas those in 56, 58, 60, 63 and 64
are_;gspectively about 3,.10, 7, 3 and 2.4 Hz.. Suppose that the )
strncture of monothlione complexes is represented by either gg or 91.

: . . 3

The-thione ligand will interact with Cpi more tnnn with sz (Figure
2). Two effects may be considered here. The first one will be sterlc
interaction which will tend to deahield 41 pl more Fhan sz. The

second effect will be due to ring cu;rents?g Aromatic rings have

stronger ring currents than non-aromatic groups because of electron

. ' o~ . . Figure 2,.
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delbéalisatiop in thé formér. An aromatic ring may be considered
as having a’'dish-1like shape so thgt when the'plane of its ring
1s perpendicular to the applied qggnetic field a proton at the
edge and the one situated over the ring will resonate at lower

30. Therefore it is possible that

and higher fields respectively
the protons of Cp1 are sosibioned "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 dominaﬁes over that of steric
'1nteractiqns. However the competitien between steric aﬁd ring
éurrent effects may be considerable in 61 which has one benzene
ring and two tertiany buty} groups one of which is attaéched
directlg‘to the thiocarbonyl carbon. This possibly accounts for
the fact that §] has cyclopentadienyl chemical shifts at cf4.99
and J 5.80 ppm resulting in the value of ACp of about 49 HZ.
These results may be correiated 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 acetone (Tablel4). For example 54d

has chemical shifts in chloroform at d 4.61, 4.67, 5.25 and

5.28 ppm and in benzene at § 4.46, 4.50, 4,86 and 4.90 ppm.
Similarly 58 has cycldpentadienyl chemical shifts in chloroform

at & 5.23, 5.27, 5.41 and 5.43 ppu and in benzene at d 4.75, 4.81,



- 4,97 ppm. This is in agreement ﬁith the observations that aromatic

3, 34

- ) ' solvents ahield as compared to other aolyents'such as

chloroform and acetone. |

Surely a-third factor may arise as a result of the

difference in basicity between Hl and MZ’

(Figure 2), such that in aromatic th%?ﬁe complexes the difference

" due- to .lack of 5§mmetfy

in electronic charge denslty between the two metal centers is

o . greater than in non—aromatic ones. But this does not clearly

PP

- explain why the difference in cyelopentadienyl resonance signals

"{s much 1arger in aromatic complexes (Figure A(a)) than in

non-aromatic one (Figure 4(b)’ and (e¢)). From reasonance.
censiderations (see Scheme I,Page 2) it appears that aromatic
thiones are more basic thaﬁ non-aromatic oﬁes. Increastﬁg the

- basicity of thiones, however, will tend to favour resonance
'
. iforms 90(1) and 91 (see Pages 39,45). The | canonical form 90(1)
. 1is expected to decrease the difference in charge density‘between
- - - N

'Ml and-M2 more than glf} it is not clear whether in aromatic
thione complexes 91 is more important than in non-aromatic ones.
It has been ‘found that cyclopentadienyl chemical shifts

of molybdenum monothiéne‘complexes are at a higher field than those
A
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of tungsten anslogs(Tabie'6B).’ Tﬁis is possibly retateduto'tne extent’
to which molybdenum and tungsten orbitals interact with those of the

ligands. Gansow and his co-workers32 have suggested that- the yeason'
why carbon—13 carbonyl chenicsl shifts of‘the group'VI transition
metal hexacarbonyls are in the order Cr(CO) (cf212.5)> Ho(CO) (5202.0)
>H(CO) (4 192.1 ppm) is that heavier metals are less efficient at
ransporting electron density to the ]1 (antibonding?t)carbonyl
orbitals due to the larger size of d orbitals. The same argument

may‘apply to thiene complexes.

'...
-

R The proton nuclear magnetic resonance spectra of: dithione

-

o compIExes show two cyclopentadienyl resonance signals of equal

intensity in the same range as that for monothione complexes (Table LY
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 AcCp than non-aromstic 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 d4.37, 5 08 and 4.47, 5.14 ppam. Those

., of 57 and 59 are at cfS 22, 5.29 and/5.01, 5.11 ppm respectivelyf

(Table 4). ’ S ‘ -

In discussing infrared data (Section C. 4) it was suggested

that there are two possible structures of dithione complexes, namely

.81 and 82. While 81 has two different cyclopentedienyl 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
Qasigned to sz and thé one af lower field to Cpl”since it 1is assumed
that H2 is more negative than Hl. Hdwever.if §2_ﬁnderwent‘isomerisa-
tion{Schemes XIII'apd XIV)-then more cypiopentadignyl signals would
be expect;d. In contrastyalthough isomeriﬁation has been proposed
to explain infrared data of {CpHd(CO)zP(OC2H5)3}2 only one doublet
(due to coupling between phosphorous-3l and cyclopentadienyl protons)
in the cycloﬁenf&di;nyl region haé been observed ﬁy Haines and his
co-workers ., The presencelof two cyclopentadienyl resonance signals
of equal 1n;ensity and which are fairly different from each other
seems to favour Btrﬁctu£e Ql:more than 82 although the latter may
not be ruled out completely.

All -the chemical shifts of thione coﬁplexea are recorded

in Table 4.

6. Carbon-13 Nuclear Magnetic Resonance Data

To gain more information-about the structure of monothione
complexes -Carbon-13 spectra have been obtaine&.- The carbon-]13
cyclopentadienyl resonance signals correspond fairly well to those

obtained from proton NMR spectra except that in certain cases {e.g.

26 and ég)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 grou~pa, namely thoee that show two cyclopentadienyl
regonance signals and the ones that exhibit either three or four of

them. Hence 34a shows cyclopentadienyl signals at df93.60 and 95.83 ppm,
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“carbonyl chemical shifts at ¢§244.45, 236,93, 234.65 and 233.41 ppm

£y

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

. of twﬁ.different'methoxy,groups. The reason for the existence of

two methoxy égrbon slgnals is the same as ;hat given for the obsérvaf .
ti;n.of two methoxy proton signals (see Section C.5.). The monoadaman-
tnn;thione complex (56) shows four cyclopentadienyl chemical shifts

at df93.23 {(cp), 93.58 (Cp'); 5-94.10(Cp) and 94.82(cp') ppm, Qhere

cp and“Cp‘ are cyclopentadienyi groupé of ‘the major énd minor-

.ispmgrs respecﬁively. Complex ég.also shows carbonyl signals at
d245.30, 239.90, 237.50, 236.40, 236.00 and 235.90 ppm. Similarly

58 has éyclopentadienyl resonance peaks at J.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 ca;bbn-iB NMR
spegtrmnof§§_shows-cyclopentadienyl signals at 4f93.9£,-92.46‘and
91.75 bﬁm. Possiﬁlj one of the chemicai shifts corresponds to two
cyclopentadienyl groups;since four peaks are expected so‘that‘thgre

is agreement with the presence of two isomers as in proton NMR data,

Thiocarbonyl resonance signals have been observed in the

_ carbon713 spectra of.§§;and S4a. Consistent with the suggestidﬁ

thaﬁ there are two isomers in chloroform solutions of 58, two:
thiccarbonyl resonances (C!CS) are observed at cf114.94 and 104.84 ppm. -
The fairly lérge difference between the two chemical shifts suggests

that the c-8 bond of one of tﬁe isomers has moreW character than the

“_qthér. The aﬁectrum'of 54a exhibits two'resohance signéls at dﬂ106.93,

136.41'ppm. Only one isomer orlspeciESﬁiB expected to be present
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so- that only one ¢508 13 expected in cﬁloroform solution of 54a,
It is likely that_J 106.93 ‘ppm corresponds to JCS because of '
1ts vicinity to the two resonance signals of 58 The thiocarbonyl
carbon chemical shifts for both Sba a.nd 58 are at a much higher
field than expected for a normgl \P=ST>M(M=metal) group. ‘F;r
example Alpef33 hasurePOrted that the chemical ahift_of the >£=S
group in (OC)SMot(L=thiocamphor) occurs at ¢;272.8 ppm which is
inot very different from the value of the unboﬂnd thiocamphor
(4‘271 5 ppm). Similarly the complex (OC)SMOL (L= tetramethyl-
thiocarbonate) has been found'l to\hgve‘the jn_s chemical shift
at - 193.16 ppm only about 0.2 ppm down field from the free ligand.
This thén mAy imply that ﬁhe bonding in monothione complexes
(e.g. 58) may be quite different from that in (OC)SHoL (L=
thiocamphor, tetramethylthiocarbonate). .

~Again the aséignment of the cyclopentadienyl resonance
signals will depend on .the distribution of charge between Hl and

M The distribution of charge will ‘depend on how much each of

2"
the canonical forms (gg(i),‘gg(ii) andkgl)'contributes-to the
; overall structure, -If’the:taﬁonicél structure 90 (ii) is

2

However, whatever the case the cyclopentadienyl chemical shift

considered M, will be expected to be more négative-than'Mi.

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.

T



50°

Howevef Gandow and his co-worker335 have studied carbon-13 NMR data

of CpFe(CO)éK (X-&ﬂ. Br, etc.) by varying the electronegativity

'-of X . They have found that .both cyclopentadienyl and the carbonyl

chemical shifts move to higher field with increasing electron

withdrawing capability of X. This has been justified by auggesting\d

that the reduction in Tr-back donation by electron withdrawiﬁg

groups increases the paramagnetic shielding pafamcte; (rdfb)

t

lééding to a shift' to higher field. Consideration of carbon-13 MMR
data obtained by Gansow and-his-co-WOrkérSBS and Bodner36 indicates
that a slight change In electronic charge on the metal center does

not leadlto significant chapges in cyclopentadienyl chemical shifts

to enable one to make a reliable correlation.
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has also b.een reported

il.

-

_ Cyclopentadienyl resonance signais of all the monothione

complexes fqr which carbon-13 NMR data has been obtained fall in the

. L) :
region normally reported for similar compounds such as {cp.Mo (CO_)Q.

272
(H20=c;CH2) )(_S_g_) whose épectrum has been reported 22 to have a

é:yclobentadienyl chemical shift at J 93,09 ppm, . tl‘he latter (52)
2 to shéw car.bony"lm reéonance signals at
‘;233.48 and 237.16 ppm which are in the same:rangq as those for

. N
54a, _§§ and 56 (Table 5), but not the androst&diéne compleéx, 64,
which, surprisingly, exhibits carbonyl signals at a hi:gh.er" field
(5220.64_, 220.48 ﬁnd 216-.57 ppm) than all the rest although the
explénatidn for thi.s‘ is rafher gbscure. It is possible that
the iaasi.city of the thione ligand 1s 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 94).

It is difficult teo make an una:-t-zbliguous assignment of chémical
shifts to olefinic, thioketonic and ketonic groups of 64 becaﬁse of
the qomplexity of the carbon-13 spectrum. In the utl't“eaa;tzlurated carbon
region there are peaks at Jl&l&.l'f', 142.0.0,! 146.‘76, 155.91, ‘i3?.95, .

121,75, 130.20, 129.03 and 123.99 ppm. The partly decoupled speétrum'

gives doublets at 4135.91, 132.94 and 123.99 ppm. Free Al,l&_ ;

51
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i

iandrostadiene-Schione-l7-oné'has chemical shifts of unsaturated

carbons at £219,59(C3), 161.11(C17), 147.53(C1), 142.43(C5), 135.44(C4) .

and 133.34 ppm(C2). The free ligand assignments were made with the

aid of a pértly decoupled spectrum of the aame gpmpound. The chemical

| shifts of the éomplex due to the ligand alefinic carbomns fall in the

v

\
)

]

same range as those of ﬁhe free ligand. The complexity of the spectrum
in this region is possibly due to the presence of impurities since -
64 is fairly.unstgble in polar solvents such as éﬁloroform whére the
spectrum was cbtained.
| From the paftly decoupled carbon-l3 NMR spectrum of 64

the chgmical shifts at 5135.90, 132,90 anq.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 resultAin an upfield shift of
at least 232 Hz .ll Suppose that JlSS.éO prm is asaignéd to Cl and
that C2 experiences an upfield shift comparable to that_of Cl; Then ¥

6.132.94 and 123.99 ppm may be asaigqed to C4 and C2 respectively. |

The postulated upfield shift of Cl and C2 may be due to interactién

between the Cl-C2 double bond and the orbitals of the metal atoms.

- Such an observation Has been made in the case of {(hs-CSHS)Hoz(CO)4

(HZC=G=CH2)} (22)22 where on complexation the chemical shift of the
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terminal carbo;':s of the a]l.le_ri‘in: group ghifts from S ppa to J36 ppm
- possibly due to.a rpduction in the multiple -bond character of the

C-C bonds. Passible st::tict_:;ures of 64 include 92, 33, 94 and 35.
Strucf.ures 92 and 93 are more likely 't.o. correspond to the ri.ght

configuration since they are expected to experience less steric inter-
l

[

actions. Also the choice 0f:92 and 93 makes it possible to 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 d220.64, 220.48 and 216,57 ppm which have been
agsigned to the carbonyl groups may be due to the >C=5 group which
exhibits a chemical shift at d™219.59 ppm in tl‘xe.free ligand.
Nonetheless chemical shifts due to =0 and cs (if eitﬁer 93 or 35

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

.




7. Mags Spectrascopy 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 leHo(CO)2010H143}+L

qub a-fragment was probably as a result of heterolytic cleavage of
- 5 .
the metal-metal bond. The failure to QQﬁain good mass spectroscopic
RRS
’ R _
- data is possibly due to instability of tﬂ1one complexes when subjected

-to heat.

8. Structure of Thione Complexes : .

Using analytical, infrared andapuclear magnetic resonance
data it was not possible to determine the exact molecular formu%a a;d
structure of thione complexes. However this was made possible by obtain-
ing a siﬁgle crystal X-ray plcture of §§(Figuré 8). Bond distances
and angles are listed in Figureé 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
complexés’had struéture_gg, Although no thione complex with a structure
similar to that of 58 has been reported a similar complex,namely
{CPZMOZ(CO)A(NCNHez)} (99) has been isqlatedB7 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.
58 and 939 may be thought of as uéing a multiple bond to co-ord;nate
with one molybdenum atom and a lone pair of electrons to bond to the

other.

o]
a.

co

/,fcp
oc ’/ﬁf’ o

90 (b)

Cp

\Tiﬁi‘

The Mo(1)-Mo(2) bondlength is 3.1452 which is shorter than
that in 45a (3.2352)38’But much longer than that in the triple bonded
&gg(Z.QQSg) . The Mo-Mo bond distance is also longer than those

found in {szMoz(CO)a(HZC;C=CH2)} (3.1178)%2 and {Cp (co) (Hcscn)}

-“(2.983)40. The explanation for the variation of the Mo-Mo bendlengths

in moving from one -ligand to the other is said 40’2?’50 to be possibly

due to the closer approéch that is requ{red betweég ceitain ligands
and thg metal atoms in order to have an effective overlap of orbifﬁls.
Hence‘éhe two metal atoms in {szﬂoz(co)a(ﬂciCH)} need to come closer
together in order to effect a good bond formation with the T orbitals
of the acétylenic.;;;up than in the case of {szﬂoz(CO)Q(H2C=C=CH2)j
where the two T bond; in the allenic group are more far apart. Steric
factors may also contribute to the extent of metal-metal'ﬁariationa.
The average Mo-CO bond- length 58(1 9438) 1e slightly shorter
than that in 45a (1.9738)%2, While the c(2)-0(2) bond distance

(1.1828) 1s fairly long the other three carbonyl groups have C-0 bonds

lengths wlilch average to about 1.148% which is about the same as those
7



56
found in 32942."fhe‘carbony} group with the longest C-0 distance
forms a semi-bridging bond of the type Mo(1)-C(2).....Mo(2) where
the dotted line indicates the sgmi-Bridglng bond. “The Mo(2)...0(2)
bond distance is about 2.666& which lies between the semi-bridging
bond of 46a (2.56%)%° aAd that of [cpzuoz(c6)4(no-cn)} (2.8263)“7.

The Mo(2)-Mo(1)-C(2) angle of 57° in 58 is sﬁaller than that of

67.6% in 46a>

. Also in 58 the M(1)-c(2)-0(2) ang;e'of.lﬁzo,ia
much smaller than the average of the other three (177.1%). It is

aurprising 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 depeqd

on the nature as wﬁli as the extent of semi-bridging {nteraction.
Semi-bridging carbonyl grot-lps46 may bé a result of

three main factors. The first factor may ariag 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

)(2) 0
 (2) .
\‘ u
; ),
@ (2]

(a) Unequal charge . (b) Equal distribution (c¢) Equal or unequal

distribution. of charge. SBCO distribution of
between Ml and arises from charge. SBCO arises
H2' crowding. from unsaturation

or electron deficiency
at either Ml or M2 or
both,

Figure 3% (SBCO=semi-bridging carbonyl group).
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3 . - : RS B " +

the violation of Pauling s principle of electroneutrality the carbonyl

]

group bonded to Ml bends, over “to Mz and uses 1its: empty antibonding

i

T orbitals ( TT ) to accept electronic charge from M2 giving rise to

a weak bond (semi-bridging bond) (Figure 3(a)). This kind of inter-

action has been proposed to he operative in {Cp(oc) V-——*V{CO) CP}44

A and CpMn, (Co)¢ (AsMe ) . The metal-metal-bond is such that there

is a co-ordinate bond from the more positive side to the more negative

. 5 N
A B . T

side. ° T o vt ',‘,'
A second factor may arise from steric crowding. Consider

Figure 3(b). Supposing that X is so bulky that Ll’ L2 and 00(2)

are pushed to one side and all of them are almost opposite the :L 3roup.’

i

CO(Z) will be expected to bend towards M2 and in so doing two things

may happen. The first one is that its empiy antibonding L orbitals-*
( 1T ) may interact with a filled d ‘orbital of M2 resulting in a

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

18 that there may be repulsive interaction between 00(2) and L2 BDth
of these effects may lead to the distortion of the linearity of the

Hl -C2-02 groupzz. Steric crowding has been proposed to be responsible

'for semi-bridging bonds’ in (Cp (co) (HC=CH)} and {Cp (co)
2 Moo

(EtC‘CEt)} . This proposal ig supported by the absence of semi-

bridging carbonyl groups in ég'wherezz'it is-expected that there

is lesa crowding. v l

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

iilﬁagrated by-Figufe 3(c). Such an lntefacéion is expected to lead
to less distortion ?f tbe linearity of the Ml-C2-02 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 MD-C 0 groups (176%). .

It is worth mentioning at this poiht the possibility that

sf;uations may arise whefe a combination of the above factogs 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 abﬁorption

band in the bridging MC=0 region. For example {CPZMOZ(CO)Q
(EtCCEt')}MT has an absorption band at 1830 cm-l‘which has been
assighqd‘fo the semi-bridging carbonyl group. The presence of
égmi-bri&ging carbonyl groups in monothione complexes seems to be
supported by the f;qt that all monothione comélexes have a weak M C=0
absorption band ‘around 1800-cm-1(Tab1e 3). Also the carbon=-13 NMR
spectra'of S4a, 56 and 58 have reépectively got carbpnyl chemi;al'
shifts at J 244,45, 245.30 and 244;@4.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 i{n 58 1s a result of both steric effects
and unequal digixibution of charge. The possible structures thﬁt
may describe monothione complexes with a semi-bridging ;arboﬂyl "
group include 29;1),‘2g;l1) and 98, It can be seen that these
structures are derived from canonical forms 90(ii), 92(11) and ggﬁi)

(Page 37). The nature of semi-bridging will depend on how much each of

[

@
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these canonical forms contributEs to the owerall structure. Canonical

:t {‘
A forms 96(1) and‘96(ii) contribute to the same structure whsre 88 is

In 96(?9 snd 96(11) M is assumed to be more negative
thsn Ml’ and in 98 the reverse is assumed to be true, A more‘_-

b - 1

o different.

detaiied discussion on how these structures,are 1nterre1 ted is

N given in section D. 9 (below).

: ;‘ . | : A.@ . o .Eﬁ- ¢
C R B' co P P \CO - CcQ "C_._ P
Ll \\\\‘ o ., X \\\\‘ : C P \ A
" R\\\. ~=1CPp : o \“'A‘p (- kY
0c5@° ¥F\< fz‘\\c OQ‘ <ﬁ‘"i§ 0 oG Q:\\‘~5?\\\\00
. =5 0 A ‘
- ) -:‘ 0 _-
R 96(1) 96(i1) .98
'_ Tﬁinn Mo, W) (Ml_u éHo W) - Q= Mo, W)

w ‘ . | .

.
Furthermore the C-§ bond distance is about 1.7693 which 1is
Llonger Eﬁ?n the one in (OC) CrS CMe2 (l 6182) and only slightly
shorter than the C-S bondlength of ethylene sulphide (1 8192) ?VThe‘

structure of 58 is interesting in that one molybdenum atom (Ml) is

o bonded to both the ‘carbon (C16) and sulphur of the thione.;-At the .
e ‘. same time the other molybdenum atom (M ) is bonded to the ssme sulphur
-as,the first one. Judging from the C=§ bond distance the TT-chsracter_

of the C- S bond should/be quite small which is in agreement with

~ . e a L T . e

. gy PR - e
bR N, T PP ARV A SRR P S S,



. and Jacobsonas. The lengthening of the;Mofc

Mo, and S, snd the other comprising Mo

- 60

. carbon-13 data of Sha. -and 58(Tab1e 5). The sulphur atom is- involved

-‘1n the formation of two three-membered rings one consisting of 016,

Ho and S. The latter is

1 102

'almost trans to the Mo -C -Mo, ring which results from the aeml-“ R

1 72 2.

. bridging bond formation. The .Mo. -5 and MorS bondlengths are;2.371

1 2

and12;397x respectively so that they are considerably shorter than

‘the sum of the covalent radii (2.65R)vof sulphur and molybdenuﬁ-etoms.

This is possibly becsuse,of backbonding:from £llledld orbitals of the

metal atoms to the empty d orbitsls of sulphur. All the Mo-CO bond-

lengths.sre almpstathe same. No carbonyl group ‘is "really trans" to

-

the sulphur groub. The Mol-C16 bondlength (2.3633) is about the same

as some of those between molybdenum and cyclopentadienyl carbons (e.g.

\Mol-C6 =2, 3683).. tht is fascinating is the fact that the two Mo-S

bondlengths are almost the ssme as the Mo-Cl6 and Mo-CG bond distances.;

However the Mo-S bond distances in- 58 (Figure 6). are about the same

-as the Cr-$§ bondlength (2 3773) in (OC) Cr(S-CMe ) reported by Karcher

16 bond distance, for

example, may probably‘be due to steric interactions.

The proton and carbon-13 nuelear_uagnetic resonance as well
ss infrsred‘data are in agreenent.wlth the struoture of monothione
complexes as deplcted 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 2§
to those of other'monotﬁione‘complexes il is reasonéble to conclude

that all the other monothione complexes have structures similar to

that of 58. In the solid state the structure of 58 has Gi gymmetry so



thet four L C=0 abeorptione bande will be expected which is in agree~-

ment with infrared data (Table 3) of all the aromatic monothicne

complexes and some of the non-aromatic ones, For certain complexes

such as 58, gg, 65, 67, 68 and 69 although four absorption bands

are’ oﬁg;;:;;\in polar solvents (such as chloroform and acetone) (Tables
3.end 4) five of them are observed in non-polar solvents such as
n-hexane. It is propoeed that the fifth UCED ebsorption band is due to

a gecond isomer, which has also been detected by both proton and

‘carbon-13 NMMR spectroscopy for 36, 58 and 69 (aee Section C.5 and

C. 6. and Tables 3 and 5). Despite the fact that {CpZMZ(CO) (p-
GH30 C.H c(s)¢)} (54d.M=Mo, S4k:M=W) have proton NMR data (Table 4)

that indicate the presence of two isomers their infrared deta are
N

somewhat different from thoee of other complexes (e.g. 58 and 68)

_ which show similar proton MR properties. Hence 68 has 4/C=0

absorption bands at 1960(W), 1947(W)._1916(VS), 1859(S) and"

1808(W) em™! dnd 54d has them at 1961(W), 1938(VS), 1867(S) and

1818(M) cm-}‘in carbon tetrachloride. This may be due to the

\

"difference in'GYmmetry.

The presence of a semi-bridging carbonyl.group‘in the
X-ray plcture of 58 has given rise to another possible explanation
foruthe obeerved contrast between the 1)CEU absorption bands of
Qé;and g&“end those of the other monothione complexes under
investigation. One may wonder whether structures 92, 2;;'2&_end

gg_may'not have any semi-bridging carbonyl groups. .Thie does ﬁot

R N PRUT ¢ E VL ST S L AN
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eeem,to,be'the-ceee sinee if&et:qctu}ergziia considered the bonding

is such thEt‘onehmoifbdenuo is bonded'to the sniphur and the other

to the olefinic 1rhbond;so'that the need for tne fotmatdon of a
semi-bridging bond may still arise beeause of even greater inequality _
of distribution of electronic charge between ‘the two molybdenum

atoms, Also there will be even greater. steric interactions which
would 1ead:to e?en iargen‘distortiona of the ligande sintlar.to

the type;Ehown in Fiénfe 5(5). .These effects may then lead to the
formation of ‘a semi-bridging bond similar to the one in Qz(b) if it

is assumed that Mo is more negative than Ho

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

._J

However if 93 is

.Also suppose tnat gg and 64 have structure gjyor 2&, The Mo-Mo

(QL} CO . '
OCInu;-Eff L f\n1\53_

H)

H) 0 9% (R-CHB,
I_bond in both cases would be expected to be longer than in such complexea
as 54& and 38 so that the semi-bridging bond is expected to be weaker,

"if not entirely abseng in gg_and,gg, A similar reasoning has been

.
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v

to explain why -there is a semi-bridging carbonyl group

proposed5 :
in {sznoz(co) -(HC=CH)} (Mo~Mo= 2.9848)43'and none in {szuozcco)

(u,0=c=cH)) (Mo-Mo=3.117R)
. b
It is possible that if dithione complexes have structure

81 they may have semi-bridging carbonyl groups as illustrated by 100

This may especially be the case for non-aromatic dithione complexes

where the lowest 2C=0 absorption bands are at quite low frequencies.
. -1

For example 57 and 59 have lowest MC&0 peaks at 1760 and 1776 cm

respectively., For aromatic dithione complexes this does not seem

i }
CK /u 0\\54 - ‘ - :
-———Mg————Cp " i

‘ co

By
-

to be the case since all their VMC=0 absorption bands are at fairly
It was previously mentioned that 55b = -

high frequencies (Table 3).

-1 respectively.

gy

shows two and four J/C=D absorption bands in chloroform and n-
eci It

hexane at 1973, 1856 and 1994, 1959, 1890, 1812cm
is possible that in hexane there is isomerisation similar to the

™
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E /)“ .‘ .k .co. | />C—
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100 81

type shown in Scheme XV so that there is an equilibrium between 81

and 100, In chloroform 55b possibly exists entirely in a form which
corresponds to 81. As in the case of monothione complexes no

fluxional behaviour has been observed.

f,
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9(a). Isomerisation of Monothione Complexes ‘
Proton aﬁd carbon-13 NMR data show the presence of ét least
two isomers in chlofoform solutidng of ééﬁ; 26k, 56, 65, 66, 67, 68
and 69(Tables 4 and 5). . Low temperature studies have been conducted
for 56, 58, gg; 54d and 65. Frém these studies it i1s found that 65,
34d and 58 crystallise mﬁinly in one isomeric form. All attempts
to isolate the crystals of the other {minor) isomer'of é§_have failed.
Complexes 56 and 68 ;how cyclopentadienyl chemical shifts at c;S.ZG(Cp'),
5.34(Cp+Cp'), 5.37(Cp).and 5.39(Cp), 5.43(Cp'), 5.47(cp), 5.50(Cp')ppm
in thg ratio of about 4:11:7 and 9&8:9:8 respectively indiqative.of
the presence of two isomers in fﬁe solution of each complex even when

the solid of the appropriate complex is dissolved in chloroform at

a temperature as low as -40°C, Almost the same ratios are obtained

when the same solutions areflef to equilibrate at room temperature

(~20%). Note that Cp and Cp' correspond to the cyclopentadienyl

-groups of the major and minor {somers respectively.

‘Immediatgly after dissolving the solid in chloroform at
low temperature ( 2=10°C) the proton NMR spectrum (Fig. 5(a)) of
§§:gives four resonance eignals (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 (3:5.23, 5.41 pbm) increases and
that ;i the major isomer (4 5,27, 5.43 ppm) decreases. This is

*
reflected in the increase of the intensity of the resonance slgnals
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-of fhe former and decrease of those of the latter, It is also observed

that the rate of equilibration increages with tempheraturer (Table ?).

" 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 ' "1
the minor isomer (at about -40°C)in about the same ratio as in the
cas\e ‘of §§). The ratio of 1s?mers of _§§_d shows the same temperature
dependence as that of 58. One major difference is that unlike 2&1
the major isomer of 54d in éolution is the major isome;:- :l.r'&_the aolid
state, It is possible that the minor component in solution is pore
stable in the solid state of 24d. Also the order of cyclopentadienyl

resonance

"

aighals 6f the two lsomers of 54d at lowg,rf‘ field are
reversed wh;n compared with those of 58. |

However 65 shows two methyl resom;nce signals at d 2.25
and‘2,08 ppmt in 1:1 ratio when the solid is dissolived in cold chloro-
form (== -30°C). As time passes .(at constaE:‘qt temperature) and
temperature increased the signal at J 2.25 p‘f:m decreases and the one
at d 2.08 PPm incxzeases in intensituy urfil at room temperature \
(=20°C) the two resonance signals are in the ratio of aboﬁt 2:1.
It is proposed that the resonance signal at J 2.25 be assigned to the
methyl group (Cp-CH3) attached to one of the cyc]..opentadienyl groups
of the major isomer so that the resonance signal at JZ.OB ppm is
assigned to the methyl groups (2 Cp-Cﬁg) attached to the cyclopenta- |

tlenyl groups of the minor isomer plus the remaining methyl group

(Cp-CHB) attached to the cyclopentadienyl group of the major isomer.

D o T Y Vi S O E- AU PR
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b
This‘impliea_ﬁhat in the solid state of 65 only one Lisomer is present.

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

-

A dimethylsulphoxide solution of 58 was heated up to 90°¢c
gut n§ chagge in the pattern of the proton NMR spectrum was observed.
Also when the chloroform solution of 54a was cooled to Q&\}Ow as -65°C
no change was detected £n the nﬁture of the proton NMMR spectrum,

It is nﬁteworihy‘that when equilibration has taken place at
a particular temperature lowering the temperature does not gi§e rise
to any observable change in the i;tensity of resonance signals, Thﬁg
is posgibly because the equilibrium constants do not vary much with ‘
temperature (Table 9);

Although carbon-13 NMR data do support the presence of
1somerisation 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-

workersso have investigated the isomerisation of {(hS-CSHS)ZMOZ(CO)d—

(RCaCR)} (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 temperature carbonyl ( 130).and cyclopen-
tadienyl { 130 and 1H) signals appear as singlets. On lowering the:
temperature these sing%ets hav;Tbeén found to broaden and eventually
aplit into two cytlopentadienyl and carbonyl sigﬁals. Lowering tﬁe
Femperature even further the two carboﬁyl resonance signals.haﬁe
been reported to finally~sp11t 1nto four reaonancé slgnala.‘ They
;ave also reported that no rapid scrambling of carbonyl groups has
been observed (ub to‘90°C). From these results Cotton and his co=-
workers‘have suggested thaélthere are two energy processes, namely
the low and high‘energy processes. The former has been proﬁosed to

involve the interchangé 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; §=b=c=d=co)

‘The high energy process has been suggested to involve paﬁﬁial 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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R ILLD

Scheme XVIT

The nature of isomerisation of monothione complexes is
not clear. Despite the appareﬁt non-réversibility 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 monqthione complexes

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

(11)‘

Scheme XVIIX (M1=M2=Mo,w; D=Solvent Molecule).



- would help cleave the semi-Bridging bond.

. formed through an intermediate similar to 102.

Scheme XVIII.

From Figure 8 the structure of monothione complexes may

70

be represented by two canonical forms, 96(i) and 96{ii), which may

isomerise to either 98 or 101.
= Yl

The formation of 101 from‘2§_may be

aided by ;_Esﬁbr’€61vent such as acetone and tetrahydrofuran which

between 98 and 101, 96 and 38, and 96 and 101 are expected to be

energetically similar to those propoéed by Cotton and his co-workers

Isomer. 98 might be

for {sznoz)CO)A(RCECR)} (R=H, Et, Ph). Also 99, which may be

monothione complexes has been reported by Cotton et al

©

‘fluxional behaviour.

to exhibit

considered to have isomerisation properties similar to those of
37

by a mechanism similar to the one illustrated by Scheme XXIII.

fact that no fluxional behaviour is observed in the case of monothione

complexes suggests that the complexes reported by cotton and his

The equilibrations

It has been proposed that 9% péssibly isomerises

The

co-workers differ in either energies of activation or mechanism of

isomerisation, from monothione complexes.
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The stability of 101 relative to 96 and 98 may depend on
the:‘"distribution of charge between Ml and Mé' If H2 is. more '.negative
than Ml then 96 wil]; be favoured, otherwise 98 will be favoured.
Nonetheless if Ml and M2 are of about the same basicity tbe formation
of 101 will be preferable.. It is concei..vabléﬁ"that the distribution
of charge may be influenced by the hybridisation,of the CS carbo-‘n.
For example structures 96(i) and 38 may be favouréd depending on
.whether .the hybridisation of the CS carbon is spz or Isp3.
‘ From the above con’s‘ideratione the most 11ke_1y structure
of the major isomer of §§A(Figure 8) is 96, a'nci that of the
minor isomer ;.s either 98 or 101. While the éholce of 98 (as a
minor isomer) is incomsistent with both infrared (in the j;CEO
region) and carbon-13 NMR data (in the carbonyl Tegion) the choice
of _l_Q_]___-(as a.minor isomer) is only inconsistent with infrared
data (in the ¥VC=0 region). The discrepancy with the choice of
both 98 and 101 may be rationalised aé follows. - The failure to .
observe two carboenyl resonance signals in the carbon-13 spectra of
both 58 and 56 (if 98 is present together with 96) may be justified
by suggesting tﬁat the two signals coincide (at 244.64 for 58
and  245.30 ppm for 56). That this is the case for both 36 and
58 iés doubtful. However, the intensfty of the resonance signals
asgigned to the semi-bridging carbonyl groups is largéA;_ﬁoughv_to be
assigned to two carbonyl groups. A -simil:;a.r explanation may be giv;n

for the fact that only four or five V(Cs0 absorption bands are
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observed instead of a maximum of eight expected for the two 1aomers.

That is ‘to say that it is possible that there is accidental degener-
3

acy of vibration modes of 96 and those of either 98 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 -5

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

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

Mol-016-S and Hoi-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,

that in the minor

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

—_——2n
mzé/bz
— Tx
Scheme XIX (D) yR Y

reduction of steric Lnteractions as a result of either opening up -
of the ring to give 101 or exchange of gsemi-bridging carbonyl
groups {Scheme XVIII), both of which mechanisms would result in My : ~

~

'beihg more crowded’ than HZ’

ST T

\ S

. — sy
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Hhile an attempt has be€n made Gr explain why semi-briging

bonds may be formed it is not clear why ieomeriaation has not been

obaerved 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 E
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

_ D - e
T / (a) | VARCY
hmf‘*gg . Scheme XX N
—— : ,

T

hore {nelined to form isomers 96(1} and~those that preferably

exist in form {(b) would be expected to favour the formation of 96(ir2),

98 and 101. "As has already been mentioned the nature of he—nomplex

N
. or isomer present may depend on both the electronic environment and

'stefic interactions. Whichever gre the determining factors behind

: _ . isomerisatgon it implies that q@ose ‘thiong which lie -on the two'

“~
-

extremes of the dboﬁ ‘éffects may_pro&omi 1y-favour one form of

the isomers or another and those that are moderate may exist in two-

. ' ‘ﬁggfc . -

or more -isomeric forms. In certain cases-it is more clear cut why
only one isomer is observed, For example 58 (which containe the.

thiocamphor group) shows isomerieation and 60 (which contains the

-thiofenchone group) does not. Due to steric effects it is 11ke1y

1
- -

@

el
2 S
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N
that 60 prefers structure 96(1) which requires less interaction between

the thiocarbonyl carbon and the metal atom (Mo or W) to reduce steric
A
interactions.

N

Thiocamphor (V) ' Thiofenchone (16)

What is difficult to.explain is the fact that 54a, 54b and

S4c do not seem to isomerise whereas 54d does. Steric properties of

these complexes are expected to be similar. In fact while éﬂp ig

expected to be less crowded than both S&a\?nd S4c the steric

,properties of 24d are expected to lie sgomewhere between the two sets.

This is also possibly true in terms of basicity so that the order

s (p-H;C0CH,) 05> (p-H,CCH cs) P-H,COC H, <CS*C Hs D (CeH,) S

6742 64

If this is the case one wonders whether the structure of J4b 1is somewhat
different from that of 54a and 54c. From steric and electronic
consideration this may ihply that 54b has structure gggi) and éﬁg

and 54c have strucéLre either 98 or 101. Such speculation then leads

to the expectation that 54d would have intermediate proﬁeréies so that
isomerisation would involve an integ&onve;sion of 96(1) with either

: !
98 or 101. Nonetheless in the akEence of X-ray data of all these

complexes these suggestions are highly hypotheticall

e Skt P e e e e+ e ke ot i it /
. . £
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9 (b). szQtic and Thérmodynamic Pata -

3 For the interconversion between the major (X) and minor

(Y) isomers equilibrium conditions were ass;ﬁed (Scheme XXII). Kinetic
and thermodynamic data of 58 and 34d (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 ﬁajor isomers respéctively

-

as a function of time and temperature.

Scheme XXII h

. A

The rates of reaction (Table 9) were generally found to
increase with temperature. The equilibrium constants (kxlky) for
each cdmplex were found not to vary very much with témperatufe (-9

1o 9°C for 54d and 10 to 25°C for 58). Although activation

“ * energies are apparently the same for 54d and 58 the rates of inter-

“gsnversion of 54d are slightly larger' than those of éﬁ, This is
péésibly because 58 contains the bulkier ligand (thiocamphor) than
4d (whicﬁ containé a-methoxythiobenzophenone).' It is probably
fo¥ the same reason ;hat the Gibb's free energy of activation for
 54d is smaller than that of 58. Aiso while the kinetic data fo;\éﬁg
were o£tained between -9 and 8°C those of the 58 were obtained'betﬁeén

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

" found to be extrfmely 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 proéess whereas the reverse was
true féf the latter. This seems to correlate with the obaervagion
that 54d has the majof isomer fn solution as the minoriiaomer in
solid state. i

In support of lack of fluxioﬁal behaviour for monothione
complexes the activation paraheters for 34d and 5_8_ are laiger than
thése reported by Cotton and his co-workersso for szHoz(CO)Q(RCCR)
(R=H, Bt, Ph), which have been proposed to undergo semi-bridgiﬁg
_ cavbonyl exchange (Scheme Xvi), For examble the Gibb's free energy
of activation,.activation énergy and enthalpy\;f activation for
54d for the forward process are 19.31 1.0:26, é1.13'if4.49 and
20.59 + 4.49 keal mol-1 respectively whereas the corresponding
values for the high energy proceés-qf 1nterconvers}on.of {sz‘Moz(CO)4
(phoeen) ) are 10.3 5 0.2 , 9.9 + 0.2 and 2.1 + 0.4 keal mol™l.
Thermodynamic parameters for §§.kTab1e 10) are closer to those thgt
have heen reported for {szFez(QQ)BPSO?h)3}57-forthe carbonyl

group scrambling process, for which the activation energy has been

" “estimated to be 19.8 i_O.Z.I However there is no evidence of fast

-
-

scrambling in solutions of?é&ﬁiand 58. - . ST
_From both kinetic and thermodynamic data it ls obvious.that
the énergy barrier of "isomerisation of monothione comple;es is higher
than that of CpMo,(CO),(RCCR) (R<H, Et, Ph), although it is not
exactly‘;lear‘by whicﬁ‘mechanism the isomers of the two types of -

complexes interconvert.

For error analysis see appendix II (page 153)

w
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10. Solvent dependence of isomerisation of monothione

Complexes
\ '

+

f. .
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 ¥ (minor isomer) varies with the polarity of_sol#enﬁ. The results

show that while the concentratifn of X increases ‘that of Y decreases

with the dielectric constant of solvent. The concentration of each

isomerlhas been measure Tating the appropriate cyclopen-
tadienyl resonance sfgnals. .The values of‘thg qu;htity“ (ERJIEY])-
~are recorded in Table 13. |

S;me workersSI have observed that the major of the two
sieomérs of diazocyaﬁides hgg a larger dipole moment than the minor
(Table 11). Similarly Cotton and Adamszg_have carried-out a study
of the infrared spectrum Of“{CPZHOZ(CO)B} (45a) (in the carbonyl
stretching region) as-a function of the polarity of solvents (Table
12). An X-ray study38 has shown that 45(a) has a trans‘structurel
:{165(a)} in the solid state. _Cottﬁﬁwah& ;ﬁamé29“ﬁaﬁéh}ep§;ted that
in addition to 105(a) there ia a minor component which has'beén
assigned a gauché structure (ibs(b)). It ha§ been found that the
concentration of 105(b) increases with solvent polarity (Tagle 12).
This has been justifiedz?.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-resulping in/sfbwer conversion of

105(b) to 105(a).

IO, P U

a3



Assume that the structures present in solutigns of

- monothione complexes are 96 and efther 98 or 10l. 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 ie exp:acte:i to be &4&(& so that as the polarity of
solvent is increased the concentration of 96 is expected to

increase at the expéﬁhe;of elither 98 or 101. " Another factor. which
lmay determine the fate of each of the isomers is the ease with which
a aolvent 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 inerease in the

polarity of solvent. Hence the concentration of isomer 101 is expected

to increase with the polarity of solvent., At the same time 96 will
posgibly be moregvtable than 98 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 eithér 38 or 101 is the minor isomer, If‘101 is the
minor isomer the fact that 'its concentration decreaaes with the

.polarity of solvent is surpriaing. This seems doubtful

e — -
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3 ' .
"~ 11. Proton NMR and Infrared Data in Dimethylsulphoxide

Solution .
It was mentioned earlier Qn that 58 undergoes isomerisation

to differént extents in different solvents of varying polarity. One

wonder; whether or not fhe same process is present in dimethyl-

sulphoxide solutions of monothione complexes. This 1s because

when proton NMR spectra are 6btained {n\DMSO all monothione complexes

101

' r— R

+D

106

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

structures of 2§;,g§ and 101 are as shown on page 69)
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except §§}-§2_and ég'exhibit in the cyglopentadienyl region two
additional sharp resonance signgls which do not seem to beiong
to any of the original species. It séems then that two types of
species exist when monothione coﬁp}exea are dissolved in DMSO.

The first kiéd of'lhese is most probably the érlginﬁl species -
since some proton NMR sﬁectra‘display a patterg‘of cyclopentadienyl
.resonance signgls whi;h is quite similar to that of spectra obtained
in other solvents (e.g. chloroform).. For example the proton NMR
spectrum of J4d in deuterochloroform has sharp resonance signals

in the cyclopentadienyl region of 4.61, 4.67, 5.25 and 5.28 ppm

in the ratio 2:3:3:2, For the same complex in DMSO resonance signals
~are obtained 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 ‘
monéthione complexes investigated the second set of proton MMR
signals consists of a peak on either.éide 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 reaﬁectively. In the case where no
or normal isomarisation is observed species I incqrp;rates all such
isomers as exist in such solvents as chloroform. Because the

concentratiqﬁ of IT does not seem to change with time despite the

presence of an excess of solvent an equilibrium between I and II

%




may be assumed. It has been found that among all the aromatic
. _ S ‘

monothione complexes 54f gives the highesF yield of species iI 80 -

that the quantity II/I equals O.h. No attempt has been made to

isoldte iI from the DMSO solutions. Although a reaction between

DMSO -and 46a has been tried no characterisable products havé been

isolated; Some of the proton NMR and infrared data of different

monogpione coppiexes in variéus solvents are recorded in Table 14,
A pogsible mechanism through which DMSO interacts with

I to form specie; II is illustrated by Scheme XkI. Any of 96,

98 and 101 may constitute specié; I and 106 represents éﬁgcies fi.
The bonding in 106 is possibly through sulphur. Kellog

and his co-worker966 have prepared‘aed characterised complexes

of general formula (OC)SCrL (L=Me 5=0, T;-O; etc.). The

2

complex for L equals _\;=0 has been characterised by X-ray and
N
it has been found that the bonding is through sulphur, with the

Cr=-5 bondlength of 2.331%. A

Kitching and his cd-workerss8 have reported the isolation

of complexes of the general structure Pdcisz(LGuso, Et S0,

2
Ph,S0, PhCN). From infrared ddta they have suggested that the

| L c L |
2PdCl.L — c\d/ 1\Pd/

272+«

Scheme XXIII
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complex (Pdclsz) with L equals EtZSO very likely experiences a

kind of equilibration (in chloroform solution) similar to the one

depicted by Scheme XXIII. The complex {Co(DMSO)G}I has also been

reportedﬁz. Furthermore it has been repoéted 64

that M(CH3)301
(M=Sn, Pb) is solvated according to Scheme RXIV. It has been

" suggested that the extent to which lggﬂb)‘;pproaches a trigonal
bipyramidal structure will depend oﬁ the donor ability of solvent
(é): From proton NMR data it has been proposed64 that when S

quals-pyrid}nd (Py) 103(b) Attains a trigonal bipyramidal structure.

1

1 cl ,
_ M3
A e [
. "‘ '
/§\§CH3_‘_—; H3Qé=’—'" i
H.C 3 - S~ !\'
3 = ~o 1
— ~ ]
= | ~~¥R
.CH, s 3
103 (a) . 103 (b)

Scheme -XXIV (M=Sn, Pb; S=CGD6; DMSO, Py, etc.)

Fyom the proton NMR data in Table 14 it can be seen tﬂat
cyclopentadienyl resonance signals afe at lower field in DMSO than
when other solvents (such as chloroform and benzene) are used., For
example - 54d d;es show cyclopentadieﬁyl proton NMR signgls at 5.4.46,
4,50, 4.86 and 4.90 ppm in benzene and at J'4.67, 4.75, 535 and 5.40°

ppm in DMSO (Table 14). The variation of the chemical shifts with '



" signals of 106 are closer and at lower field (Figure 11) than h

83

the nature of solvent is, as has already been mentioned above (Page

38), due to the interaction between molecules of the solvent and

56

those of the solute”, If the DMSO molecule was coordinated, to say

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

H3Ctugp|nt|s

S0
V4

3
07

DMSO is expected to be a worse donor ligand than a thioketone M2

will be more negatiwve than Ml so that the resomance signal due to

Cpl will appear. at lower field ;han that of sz. Howéver, the

t;=o group of the DMSO molecule will be expected to interact
with sz more than with Cp1 resulting in greater deshielding of

sz. This possibly accounts for the fact that the CY61OPGEEEEEEHY1

)
N

those of say 54b (Figure 4(a}).

While all the aromatic monothione complexes give proton
NMR spectrz in DMSO that show one sharp resonance signal on either

side of the] cyclopentadienyl resonance signal(s) at lower field

=4

A~
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(Figure 11(a)) non-aromatic ones are &lfferent. For example the
;péctrum of 58 (Figure 11(c)) has'resonance signals at 45.36, \
5.45, 5.53 and,5.67 ppm in the ratio 1:9:1:9. This pattern is just
the reverse of the case witﬁ aromatic ménothione comple;:es such as
!_S.lld. It ils not concelvabl_e that species I will experience';i greater
q‘hllf‘-r. to lower field than species_ II. One expiﬁnation may be that
species LI is the major component 'in the DMSO solution of 58. Also,
_in contrast to 54d where the two isomers are p;gsent 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 sgfigle sharp rescnance
signal in the cyclopentadienyl ‘r_'egi.on at J .50 and 5.69 ppm
respectively although the 'forme‘f shows two barely visible peaks at
5.35 and 5.46 ppm. ‘If species I are prese.né in DMSO solutlons of
58 and 68, the presen'ce'of a single cyclopentadienyl signal may be
a reéult of the cyclopentadienyl groups becoming identical. Also
there is a possibilitly of fast liga.nd - DMSO exchange,
- An attempt was made to i__nvestigate by proton NMR spectro-
scopy the behavic;ur of 56 and _§_§ in a mixture of solvents., The proton
-~ .
MMR spectra of 68 as a function of lI-iSO:CDCl3 ratio in the cyclopen-
tadi:enyl regiog are e‘hown in Figure 12, Note that JA y dg and JC
ai:e all cyclopf;ntadienyl resonance signals in the range 45.30 to
d 5.90 ppm. As th-t\cdncentration of DMSO was increased the intensity
of the resonance éi

gynl JA increased, and ‘(B and JG decreaged.
d

It looks like on ad

\\tion of a little DMSO to a CDC1, solution of 68

3

by
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three specles are present., As the concentration of. DMSO.increases '
one species increases whereas the other two decrease in concentration.

In a DMSO solution_ of. 68 (and possibly 56) it ie likely that only .
species II is present, On addition of chloroform ié seems that two |
more specles are foxmed glving rise to the two resonance signals,
A} and JC' r : | - ”

When one starts with a chloroforﬁ solut}on of 68 the decreas-
ing resonance.at J}sand. Jé possibly correspond to'speciee I wﬁich
are composed of 96 and either 98 oé‘lgl and the chemical shift at
‘SA to species II (106). The fact that only one cyclopentadienyl L j

-signal is observed for each compongnﬁ which is supposed to contain‘ ’ -
two cyclopentadienyllgroups is not clearly understood but it is';
possible th&t the-cyé{opentadienyl_groups happen to be identical by

. chance. Another possibility, which has already been mgﬁtibhed, is

" that some of the complexes may be unde}%:i:g fast ligand - DMSO

exchange. However, & more thorough study™s required in order to

- understand mof \1y'the effect of different solvent mixtures on

the behaviour o @ ione complexes such as 56 and §§.

’

The infrared data obtained for both aromatic and non- i
aYomatic monothione complexes in dimethylsulphoxide (Table 14) ‘ j
indicate that at least two types of species.are present in DMSO

solution. Again these may be denoted species I and~TI since the

af

pattern and position of VC=0 absorption bands assigned to I are

-

3
very similar to those obtained for monothione complexes in other !

AT

&} 1



solvents where normal or no Lsomerisation has been observed. Hence

two tYpoa of leHD absorption bands may be separated out, The firat_‘

"type 13 assigned to species I and the aecond to speclies II. Just 4
to illustrate consider the following cases. The 1nfrared sﬁzzirum
of 54a in chloroform has 2/ =D absorption ‘bands at l963(vw) _
1938(vs), 1862(s), and 1810{vw) cm ll In DMSO the same complex has
" absorption bands at 1955(w), 1928(s), lBS&(m) and 1811(vw) cm -loann

of which may be assigned to species I and at 2121(vvw) and 2011(w,b)}

M

which are asslgned to species II. The same feature has been observed .

for all the other IR spectra of monothione complexes in DMSO (Table
- 14). The ¥ CSO absorptlon band that'has been assigned to the semi-
bridging carbonyl group 15 pot lowered on changing from chloroform
(54a: 1810 cm ) to DHSO (54& 1811 em ) as compqﬁed to ;hanging
from say carbon tetg;Ehloride (éﬁp: 1815 em 1).
It is interesting that when the infrared spectrum of Sh4d

.was obtained in acetone only three UV C=0 absorptiggzbands were -
observed (at 1959($) 1934(vs) and 1865(m) em ) as compared to four
Y C=0 absorption bands observed. (at 1960(w) 1933(vs), 1858(m) and
1805(w) -1 in chloroform. However the infrared spectrum of 54a in
the same solvent(acetone) has four V CEO absorption bands including

the one at 1812 c¢m l Again no lowering of the semi-bridging LC=0

Y

. absorption band is observed, on chgnging from j&loroform to acetone.

It is not clear whether the;e.isra-limit to which an absofptioa band
hay be lowered or there is a weakenicg of the semi-bridging bond as

a result of solvation.

Y £id
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: Shielding of cyclopentadienyl protons of moneothione

corresponds te the major isomer

corresponds to the minor isomer

n

cyelopentadienyl chemical shift

Table 6A
o complexes by different solvents
— ‘ :
LOWER FIELD HIGHER FIELD
A( dppm) A( éppm)
COMPOUND | SOLVENT | 41 LY il a2
| CDC1, | o
* Sha ~0.12 - -0.10 -
= DM30- -
CDC1,
she -0.17 - -0.08 -
T DMSO :
CDC1,
544 0.38 0.39 0.15 0.17
C6Ps
CDC15;
sha ~0.12 ~0.10 -0.06 0.06
= DMSO | : :
CDCly -
54T, -0.07 | - 0.05 -
= DMSO .
: CDC1, ,
58 0.46 0.60 0.46 0.48
6Dg :
CD C1,4 ,
shh -0.24 - -0.16 -
- DMSO
= 6cp(CDClj)—. dep(X) where X = DMSO or CéDS
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Table 12 Concentration of the Gauche Isomer of .
: : [cp,Mo,(CO)g ) in different solvents
* (takén from reference 29)
Intensity of Peak )
Assigned to Dielectric
Gauche Isomer Constant
{>2000em-1) of Soivent
Cyclohexane .. . 0.00 2.02 -
Benzone _ 0.32 2.27
Carbon disulphide 0.20 2.64
Chloroform 0.4% L.70
TH¥ . 1.02 7.36
Methylene chloride '0.50 - 8.99
Acetone 1.59 20.70 .
Nitrobesnzene 1.10 34,69
'Acetonitrite 1.64 36.20
DM30 ) 1.08 47.60
Table 13 Isomerisation of 58 in Different Soivents
l N o a . - [X] ]
Dipole moment . 1= /[Y]
of Solvent Dielectric K _
Salvent : constant of T ' e s
(D) solvent (Kr = equilibrium
r = “constant !
CC1l4 0,090 2.24 1.12 '
Benzene-d6 0.0 2 28 1.26
_ ’ ;
CDC1j, 1.15 4.80 a?%P
H (‘
THF-dg 1.75 7.58 2.38
Acetone~-d, 2.69 20.70 3.90
Nitromathand—d3 3.56 35.87 8.60
;d 90 ) possibly a reaction
DMS0-dg 3.99 46.68 took place
# average mean deviation for i/Krfztooaé
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" Figure 5: Cyclopentadienyl proton chemical shifts (d’ppm) of
< t :
{szﬂoz(CO)AL} in CDCl3 at low temperature

(a)" L=thiocamphor and (b) L=p-HBCOC H 'C(S)'CGH

64
(only the pair at higher field is shown).
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Figu;:e 6: X=-ray picture of 581 bondlengths,
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Figure 7» X-ray picture;of 58: ‘Edn_dangle;s
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Figu-re 8:~ An ORTEP diagram of 58: orientation of atoms.
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Figure 11: Cyclopentadienyl proton chemical shifts (Jppm) of

{ 2(C0),4L] in DMSO: (a) L=4-H3C,0C6H4-C(S)'CGH

(b) =(&-FCEH&)CS and (e¢) L=thiocamphor.
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D. EXPERIMENTAL.

Infrared spectra were obtained on efither BECKMANN iR-ZO
or ﬂNICAy SP1100 infrared spéctropﬁotometera. Proton NMR spectra
were ruﬁ:on either VARIAN T-60 or HA-100 spectrometers, whereas
carbon-13 spectra were obtained on & VARIAN FT-80 Spectrometer.
Elemental analyses were done by Drs. F. and E. Pagcher, Bonn,

West Germany; M-H-W and Galbraith Laboratories bpoth of the United
States, ‘Helting points were obtained on a Fischer-Johnslmelting
point apparatus and they are uncorrected;

- ‘Starting materials were eitheruobtained commercially
gr Prepared‘gy litefature mgthods; Those that were obtaipéd commfr;
clally are {Cp2Mo2(CO)6} and 4,4'-d1methoxythiobenzopheno;e. In
fact the former was prepared by literature methgdss2 for most experi-

ments where 1t was used. Thiocamphor53, thiofenchonesa, adamantane-

53

4 5 5 55
thione’, {(h”-CgHg)Fe(h’-C.HsC(S) CMe )}, p-Me ;CCcH, «C(S) -CMe ;
thioaantoninsg, éﬁ’A-androstadiene-S-thione-l7-one59, )
5 52 5 52 5
{(h -C5HACH3)2M03)2M02(C0)6} s {(hn -05H5)2w2(c0)6} , {(n -CSHS)ZM?_(CO)QJ

(M=H0,H)52, {(hS-CSHACH3)2M02(C0)4152 and all the aromatic thionessé
(except 4,4"'-dimethoxythiobenzophenone) were prepared by literature
methods.

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

suitable solvent or distillation depending on whether the compound
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exlsts as a solid’pr an oll-at room tempefath?e. ‘All the choromato-
graphic materials such as alumina,silicg gel and florisil were
obtained commercially.

All solvents were dried either by distillation from
LiAlﬁ_H4 under alnitrogen atmoéphere or over aﬁ appropriate moleculéf Y
gleve béfore use. All reactions as well as separation of products
Qere conducted under a dry nitrogén atmosphere.

Photolytic reactions were effected by exposing appropriate
benzene solutione'to uv radiationA(BOOOR) from a Rayonet Photochemical

reactor.

Determination of Kinetic and Thermodynamic Data

. The proton NMR spectra of both 54d and 58 showed four
resonance signals in the cyclopentadienyl region two of which were
assigned to'gach‘isomer.' Let X and Y be the major and minor isomers
respectively (F%gﬁre 13). When the solid of each of 54d and 58 k
was dissolved in coldAdeﬁterochloroform (between -40°C and 25°C) the
concentratioﬁ of X and Y decreased and increased respectively with
time, at constant temperéture until an equilibrium was reached. For
each complex (i,e. éﬁg and 58) the concentration of each isomer was
determined By integrating the appropriate resonance slgnals as 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 54d

and 58 are shown in tables 7 and 8 respectively. Due to some

' irregularities raw data were averaged accorﬁing to éppendix I. Some

of the averaged data are shown in Tables 7 and 8 for 54d and 58

respectively.
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~ Assuming that X and Y are in equwillbrium and that the
méchanism of interconver{sion.i.a first order equations (1) and (2)

may be derivedsl. The assumption that X and Y 1n§érconvert ‘by a
5 - .

first order. mechat::lum is supported by the fact that when

k ‘ .

Scheme XXII \
In{[ Y] o Cy jt] was plotted against‘rtime an almpat straight line
curve60 was obtained for both 54d (Figure 9) and 58(Figure 10).
. In Scheme XXII, kxand ky are forward and lbackward rate constants
respectively. In equations (1) and (2) \:on is the initial
concentration of X, [_x:]t is the concentration of X at time t,l:xje
is -the f;quilibrium concentration of X, CY]O is the initial concentra-

tion of Y, Eth is the concentration of Y at time t,EY]e is the

concentration of ¥ at equilibrium and Keq is the equilibrium

[YJL EYJO [x] +{_Y]o )
(EYZ\ ~ 0, )= (N |

R £ K

X e
——

K eq —_—_— (2)
k Lx]q

y

Using equation (1) valpeé of kx(‘l‘able 9) ‘for both 54d and

58 at the four temperatures (Table 9) were calculated by the least
squares method.” Using the known values of EY]Q, [x]e and k_

values ky (Table 9) were determined from equation (2).
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Aclivation energieé (Ea) (Table 10) were obtained from

equation (3) by the 1east squares method71 In equ&tion C3) Ea, k'
R, T and A are the activatlon energy, rate constant ga8s constant,

absolutﬁ temperature and the pPre-exponential constant respectively,

Ink' = - g%'+ 1nd ' (3)

‘ 0
d Furthermore ywsing equations (A) and (5)6 values of

Gibb's free energy of activation ( Aqu), entropy of activation
( 4s¥* ) and enthalpy of activation ( AH* ) were determined. In

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

)

AUF
RT

 lnk ) xp( 252 5. ernc- ) (4)

Ea =t RT . | | _ C(5)

Thermodxyamic and kinetic data are recorded in Tables 10

and 9 respectively.

Preparation of {(h -C.H )ZMOZ(CO)A((p-CH H,).CS)}

55 30 6 h

A solution of 0.258 g (1 mmol) of (p- CHSOCGH )ZCS and
0.246 g (0.5 mmol) of {szMoz(CO)sl in benzene (70 ml) was irradiated
under a nitrogen atmospﬁere 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 s?lution had changed from a purple-

blue to a brownish colour.
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The solvent wasithen rotﬁry-evaporatgg until there was
just enough solvent to keep the product in sdlutlén. The soluti;n
was £hen ;hromatbgraphed.on a column of alumina (80-200 mesh, 7
A-540, Fisher Scientific Company). Elution with 1:5 benzene/hexane
gave a blue solution w?ich on evaporation yiélded 0.11 g of =i
uhreactgd‘thiokatone. Elution with“benzene gave a brown viscous
solid. This was then crystallised from 1:4 diethyl either[hexané‘
in an acetone-dry ice bath to give 0,22 g (647%) of brownish green
shiny crystals of product (é&g). Analytical, infrafed, and proton
\

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

\

Preparation of {sznoz(co)a((bzcs)l

A solution of

.32g (1.6 mmol) of ®,CS and 0.393g (0.8
mmol) of {szuoz(co)s} n benzene (100 ml) was irradiated for
44 hours. The coloup~6f the solution changed from a purplish red
to brown. The solVvent was then evaporated to. leave a brown semi -
solid, which was dissolved in a minimum amount of Senzene 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 geparate the two components
failed. By comparing the lH NMR and IR data to that of 54a the brown
-component wés assigned the molecular formula {szﬂoz(CO)a(}pZCS)},
ééﬁ. 1H NMR and IB data are listed in Tables 4 and 3 respectively.

The colourless component was identified as benzophenone.
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y
Preparation of {Cp,Mo,(CO), (¢,c5),}, 55

A solution of 0.792g (4 umol) of @208 and 0.98g (2 mmol)
of {szﬂo (CO) } 1n benzene (90 ml) wapg irradiated for 41 hours.

A very small brownish-purple spot and a large Prown spot'we;e ‘seen
on the TLC plate. While {sznoz(co)ﬁ'} was still present.ho thio-
benzophenone was seen on the TLC plate, ‘ |

Then 0.79 g (4 mmol) of thiobenzophenone w;s added to the
reaction mixture and lrradiaﬁion'was continued for another 54 hours.
Now there was no {szﬂoz(COSG} but a very 5;311 amount of.the
brown component and a ;onéiderabie amount of unreacted thiobenzophencone
was present., In addition there was a brown purple component.

The solvént was reduced (under vacuum) to about 10 ml and
the resulting solution was then placed on a qolumn 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-purple band moved down the column it
left a trail of green material probably due to decompesition.
Evaporation of the solvent gave a purple viscous solid which was
then chromatographed on a preparative TLC plate to give about

0.61 g (™467%) of slightly impure red purple solid of 55b,
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m.p.150°C (dec). Due to continuous degompoéition in both solution

and solid state satiafaétory analytical data (Table 2) could not

be obtained. 1H NMR aﬁd infrared data are listed in Tables 4 and
3 respectively.

b

Reaction of {szﬂoz(CO)G} with (p-CHSCGHQPZCS .

A solution of 0.226 g (1 mwol) of (pCH,Ccl,),CS and
0.265 g (0.5 mmol) of szMOZ(CO)G was irradiated in benzene
(50 ml) for 35 hours. At the end of the reaction the colour ofKthe
solution had changed from pﬁﬁp}ish_red to brown. The solvent was
reduced (under vacuum) to about 10 ml, The crude product was then
placed on_; column of silica gel (664200 mesh, Baker analysed
reagent).

Elution with 1:1 benzene/hexane affqrde& 0.092 g of the
unreacﬁed 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

o o,
at -78°C to give 0,185 g (56%) of {Cpémiz(co)a(p-CH306HaC(S)C R, CH

S4c, as dark-green crystals; m.p. 125°C(dec)."Analytica1, infrared
and 1H NMR data are listed in Tables 2, 3 and 4 respectively.

hB
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 {szuoz(co)a((p-cu3cﬁﬂa)2cs)2}. 55¢.

6 &4 3-p

)1,



122

Reaction of {CpMg,(CO) ) vith p- CH30C6H4 q)

! : CA aolution of 0.735 g (l 5 mmol) of {szMo (CO) } and
0. 342 g (1 5\mmol) of thione was refluxed until alt the thione was‘
conaumed The solution was cooled to room temperature, concentrated ’
to a amall volume and then chromatographed on a column of alumina B 3
(80 200 mesh, A-540, Fisher Scientific Co. ).. |

Elution with 1:10 benzene/pet. ether (60-80 C) yielded
0.2243 ¢ of unreacted {CPZNo (CO) }o A hrown band was eluted with

1:3 benzene/pet. ether (60-80°¢) to give a brown viscouq solid'

The solid was then dissolved in a minimum of dlethyl ‘ether. To the

resulting solution was added twice the volume of hexane. Conéentta- ' Z

~tion of the solution by evaporatiou resulted in the apnear&nce of a
brown solid, Thia was left to stand in the refrigerator for about :”.
an hour, The solid was then washed with ;old hexane and dried to
yleld 0.103 g (15%) of a brown powdery solid of {szﬁo (co) (p-

' CHBOC H C(S)é)} 54d, m.P. 105° C (dec)..

/(— In one of thelthree‘%ttempts made to preuare 24d an

impure orange semi-golid was obtained. From infrared data (Table

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

CH,0C H c(s)da) ), 55d (n=either 3 or 4).

Reaction of {szHoz(CO)B} 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 pregent (36 hours). 'Evaporation of



[N

BTN . - o | o 123
~solvent (under vacuum) gave a purple-brown solid. This was then
'qu . : dissolved in a minimum of benzene and placed on a column of ailica
) ‘gel (60-200 mesh, Baker analysed reagent).
Half the ;ed band of {CPZH°2(CO)5} was aluted with hexane.t
_With the same solvent the rest was eluted togethef with a purple
v _‘combdnent to“g;ve a purple solution. Evaporation of solven; reaulted_
rln a purple éié;ous séiid (A). Elution with benzene gave a dark
purple viscoﬁb‘solid (B). With 4:1 hexane/diethyl ether was eluted
a purple and a purplish violet band (C).

-
i g Portidns A, B and C were combined and passed through a

o ﬁi.C? .” ”‘: coluﬁn of ailica gel (60 200 mesh, Baker analysed reagent).
'; i\f f' ;“ir Elution with 1:1 hexane/ben~ene removed all the {szMo (CO) }e. .
:" - A mixture of green, purple and purplish violet compounds was eluted
<with additional 1:1 hexane/benzene. |
o Thg top of the cplumn was found to’contain an undissolved
purple‘éolié;,wﬁich was then transferred to a med{um sized pore
‘sinfered glass fuhnel and éluted with chloroform. Evaporation
from a mixture.?f hgxapq 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 crystaliine 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, evapor&tion
of which yielded 9.5 mg of a purple crystalline solid.,

The threeé portions of the purple solid were all found to

correspond to the cdmpound of molecular formula [CP2M°2(CO)H H‘\

(adamantanethione)é]; 37 (n=eithe:.3 or 4), m.p. lSOoctdec.). The
total yleld for 57 was found to be 0.10é g (14%, n=4). Analytical,
infrared and 1H NMR data is listed in Tables 2, 3 and 4 respectively,
' A green viscous solid obtéined on elution with 1:1
hexane/benzene was thén recr&stallised from hexane to give 56.6 mg
(5%) of a green crystalline solid of {szﬂoz(COJa(adamantanéthione)},
96, m.p. 122°c. The y#eld of 2§ could be imprgved to as high as 50%
by using an excess of thione (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, & and 5 respectively. .
 Elution with 1:4 diethyl ether/hexane yielded a rather
impure purple-red solid (8.2 mg).JICBO(CHC13): 1949(vw), 1896(vs),
1829(w) cm-l. lH NMR(CDCIS): 520 (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)G} with thiofenchone

A solution of 0,305 g (1.8 mmol) of thiofenchone and
0.49 g (1 mmol) of {szuoz(co)s} was tefluxed in benzene (40 ml)
for 19 hours. No reaction ﬁas observed. The reaction mixture was

then transferred to a quartz irradiation vessel and irradiated for
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94 hours. Thin layer chro;atbgraphy‘indiéatéd the presence of violet
grey product as well as both starting materials.

The éolvent ;aa evaporated (under vacuum) to leave a dark
brown solid. This was dissolved in a minimum amount of benzene
and ch;omatographed on a column of alumina (80-200 mesh, A-540,
Fisher Scientific CQmpany).~*

Thiofenchone togethef with other components was éluted
with 1:1 hexane/benzene. Further elution Qith 1:1 hexane/benzene
gave 0,20 g_of unreacted {CPZMOZ(CO)G}' Elution with benzene é;ve
a dark violet pu;ple viscous éolid. Crystallisation from hexane
yielded 54.3 mg (15%) of {szﬂoz(co)a(thiofenchone)}, 60, which was
cbtained as a violet éurple shiny crystalline solid, m.p. 143%.

Analytical, infrared and 1H NMR data are listgd in Tables

2, 3 and &4 respectively,

*  Reaction of {GpMo(CO)3}2 with thiocamphor

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

The solvent was evaporated leaving a purplish ;iolet solid,
The solid was then dissolved in a minimum of benzene and placed on
a column of alumina (80-200 mesh, A-540, Fisher Scient1f1c<Company).

Elution with 1:1 benzene/hexane gave a red solid. This
was found to be mostly a mixture of colourless components with no

4/C=0 absorption bands in the infrared spectrum, Further elution
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wifﬁ 1:1 benzene/heiane ylelded a pﬁrple viscous solid, This was
then crystallised from hexane to give 66 mg (17%) of purple crystalline

[szHoz(CO)n(thigcamphor)2},_ 59¢n=either 3 or 4), m.p. ZhBoq(dec;).l
Analytical, infrared and lﬂ NMR daﬁa are listed in Tables 2, 3 and 4
respectively.

Elution with benzene gave a green=-brown soiid which was then
crystallised from hexane affording 96 mg (32%) of {szﬂoz(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 ﬁrocedure. A ﬁ;ch highegzyield of about 74% was

1

obtained. Analytical, infrared and "H NMR data are recorded in

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

Reaction of {(h5'0534§H3)M°(C°)3}2 with Thiocamphor

A solution of 0.541 g (3 ﬁmol) of thiocamphor and 0.777 g
(1.50 mmol) of the metal carbonyl in benzege (50 ml) was refluxed
until no {(hs-CSHACH;)Zuoz(?O)G} was seen on the TLC plate,
Evaporation of solvent lefﬁ a green seml-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 chara?terised.

Elution with benzene gave a green viscous solid. The

-

eolid was then diesolved in a minimum amount of 1:1 diethyl
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) ether[hexene mixture. Ether was then slowlj evaparated resulting

in the formation of shiny green crystals. Filtration of the solid
and vacuum drying afforded 0.71 g (75%) of {(hS-C 5H, CH )ZHO (CO)
(thiocamphor)}, 65, m.p. 189°c(dec.). Analytical, infrared and

ln NMR ‘data are iisted in Tables 2, 3 and 4 respectively.

. Reactlon of {CpMo(CO),}, with (p-FC.H ) CS

A soiution:of 0.735 g (1.5 mmol) of the metal carbonyl .
and 1. 17 g (5 mmol) of (p-F06 Q)ZCS wag irradiated for about 32
hours. .At the end of the reaction the colour of the solution had
changed from a purnle-blue EO brown. The eolvent was evaporated.
to leave a brown blue semi-solid. This was thenmaissolved in a‘
minimum of benzene and placed on a column of alumina (80-200"
mesh;rAfSAO, Fisher Seientific Company). - R ..

Elution with hexane yielded 0.354g of unreacted thione.

Elution with 1l:1 benzene/hexane afforded a small amount of a mixture

" of uncharacterised products,

Elution‘with benzene gave a pgrple compound  which was
found to contain scme colourless compounds. The solvent was then
reduced to about lO ml and placed on a coluymn of silica ge1(60 200
mesh Baker Analysed reagent).

A purple band was eluted with benzene to give 60 mg (=~6%)

: of'not very pu;e brown-purple powdery solid of {sz‘Hoz(COJ4

(p-Ecenac(s)c H,F-p),), . 55f (n=either 3 or 4) m.p. 160°C. an

..attempt to purify 23f further failed so that no analytical data was

obtained. It was agsigned the above structure by. comparing its -in-

frared and’ 1H NHR'data(TBbleQB and 4)vwith that,of:jg_and a7
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Reaction of {CpMo(CO)3}2 with {p-Me 2NC6H4) €8

A solution of 0.2284 g (i mmol) of thioketone and 0,50 g
(1 mmol) of the molybdenum carbonyl in benzene (80 ml) ;as.irradiated
until most of the molyﬁaenum dimer was consumed.

The solvent was then evaporated to give a fluffy green \_’\"/_
solid.. Thié_w&s redissolved in a minimum amount of benzene and
placed. on a column of silica gel (60-200 mesh, Baker Analysed.
reagent). |

Elution with benzeng gave a green-yellow solution which
on evaporation yielded a very small amount of green mixtg;g of
-components, none of whicb was isolated or chéractefised.

Further elution with benzene gave a viscous yellow-
brown solid-which when éxamined'on the TLC plate was found to
'.contain four pooﬁiy separated.éogponents in almost equal amount.
Attempts to isbiaté them failéd. The mixture always left a green
trail on Both alumina and silica gel columns possibly due to
decomposition. |

In the 4/C=0 regfon tEF infrared spectrum (in CHClé)
of the mixture showed four ;bsorption bands at 1950(vw), 1927(vs),
1849(ms) and 1805 cm-i(vw). Due to the gimilarity between these
infrareﬁ data and those of 54a (Iéble 3) the four absorption bands
were assigned to the metal carbonyl stretching medes of the

Jmonothione'complex {szﬂoz(co)a(p-MezNCGHQC(S)CGH

4NMez-p)}, She.
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1

. Reaction of [szﬂoz(co)ﬁllwith Thi}gg;:;:}h\\\

-

A mixture of 0.494 g (1 mmol) of the metal carbonyl and
0.59 3(2.5'mmol) of thiosantonin in benzene (70 ml) was refluxed
with stirring for 21 hours. At ghe end of- the reaction the?e still- was
a small amount of {szMpz(CO)s} and the colour of the solgtion had
changed f;om dark red to brownish green.

The solution was rotary évaporated to give a brown-green
solid which was thenldissolved 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 [szMoz(CO)ﬁ}

followed by a fluffy brown solid. The latter was dissolved in a
minimum of I: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 {szﬂoz(co)4
(thiosantonin)} s 63, m.p. 134%c, Analytical, infrared and 1H NMR

data is recorded in Tables 2, 3 and 4 respectively.

Reaction of {Cp (co).} with A}’Q-Androstadiene-B-
2600

Thione~-17-One

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

(60-200 mesh, Baker analysed reagent).

kY
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BElution with Senzehe gave a yellowish green solid. Thiﬁ
lé.yler chroﬁatography indicated that the ;nixture contained several
minor and one majo;-components. Repeated purification by paasing.
the solution of the mixture through silica gel and eluting with

. \ .

~

benzene.géve a yellow-green viscous aolia. RechéE&llisation of
the solid from pentane gave 0.23 g (317%) of the powdery yellow-
green rather unstaﬁ%i solid of {CPZMOZ(CO)a( A};a-andrdstadiene-
. 3-thione-17-one)), 64, m.p. 161°¢. Analytical, infrared and

1H NMR data are recorded in Tables' 2, 3 and 4 respectively.

3 6472

Reaction of {szwz(co)e} with (p-CH_OC_H,) c=§
\

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

amount of (szwz(CO)G} was still present,

The solvent was theﬁ 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(C0)6} « 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 équal-volume
of hexane was added. Slow evaporation oé diethyl ether resulted in

the appearance of a brown solid. Thefi 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-CHjOCGHAOCHB-P)} » Shg, m.p. 172%

(dec.j. Analytical, infrared and 1H NMR data are listed in Tabies

n

2, 3 and 4 respectively,

Reaction of {CpN,(CO).)} with (p-CH.C.H, )CS

A ;olution 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 Rurple to brown.

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

Elution with 1:2 bénzene/hgxane gave 0.06 g of a light red
solid. The infrared spectrum revealed :the presence of the starting
material,{szwz)co)s},andén unknown component,which showed an absorp-
tion band at 1812 cmﬁl(s). Due’ to the small size of the samﬁle 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 abeorption 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)a(p-cu_,’ g, C(SICCH, CHo-p) } , 541, by comparing wi.th the
infrared datas of 54g and 54c (vide supra), both of which have already
been characterised.

Reaction of {szﬁz(CO)G} 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 éas then trahsferfed to a quartz vessel
and irradiated'until all- the Iszwz(co)e} was consumed‘(117 hqura).
The colour of the solution had Fhanged from red to brown.. ?heisolven;
.was cogcentrated and then pla;ed on ; column of alﬁmina (80-200 mesh,
A-540, Fisher Scientific Company ).

Elution of a brown banddﬁf;h~lﬁl benzene/hexane gavé a
brown viscous solid, which was found (by TLC) to contain several
organic (colourless) components in addition to one brown component.
None of them was Lsolated and characterised.

A second mixture was obﬁaingd on further elution. It
consisted of threeAﬁinor (colourless) components and gne major(brown)
component. The mixture was then passed through a-column of silica
gel (60-200 mesh, Baker analysed reagent)f

L Slow elutiPnrwith benzene gave a brown semi-solid ﬁhich was
then recrystallised from hexane to give 0.34 g (29%) of a brick fed
powdery solid of {Cp2W2(0054(thiocamphor)} s 69, m.p. 198°C?m 400
(KBr) : 1942(ms), 1910(vs), 1839(vs), 1786(m). Analytical data,
infrared (solution) and lH NMR data are reeorded in Tables.2,3 and

4 respectively.
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Preparation of {Cpﬂo(co)z}2

.

A solution of 1 g (2 mmol) of {CpMo(CO) in p-xylene

3}2
(40 mlj was refluxed'uhtgl there was no or very little chgnge_ih
the extent of the reaction on further refluxﬂﬁg (6 hours). The
reaction was followed by either TLC or the observation of a strong
vemo (in p-xylenej absorbtion band of {szﬂoz(cp)ﬁ} at 1958 cm-l
in comparison to the 1’C®0 (in p-xylene) ﬁbsorption bands of
{CPZMOZ(CO)A} around 1900 and 1860 cm-l.

The solution was then cooled to 0°C (in an ice Bath).
Dark-red crystals formed over a period of one hour. Then the
solution (A) was decanted leaving crystals beﬁtnd; The solid was
then washed with 2 pc;tions of hexane (20 ml) and dried under
vacuum to yleld 0.2 g of CPEMOZ(CO)A containing a trace of
{CpMo(C0) 4},

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

Elution with 1:5 benzene/hexane ylelded 0.005 g of
{cp Mo (co) ). |

Elution with benzene yielded 0.43 g of a flaky orange
solid containing a trace of {CpHo(CO)alz.

Addition of the two batches gave a total yield of about

0.63 g (73%) of {CPMo(CO)sz‘lICEO(K Br): 1891(m), lSQB(s).Liter&ture:sza

¥C=0 (iso-octane) : 1889 171859 cm-l.
1
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Reaction of {CpMo,(CO), } with (p-CH,0C H, ) ,CS,

6472

A solution of 1.5 g (3 mmol) §f {hpzMoz(Cd)G} was
refluxed in m-xylene (50 ml) until‘there was no change in the ratio
k betwéen {CpNo(CO)3]2 and {CPZMQZ(CO)A} on further refluxing (59
hours). The solution was cooled to room temperature.

. A benzene solution of 0.69 g (2.3 mmol) of (p_CHBOCSHA)ZCg
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 to dark brown. The reaction
was then stirred for one hpur at room temp;rature. Evaporation of
beﬁzene 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)G} in addition

to a black mass possibly decomposed products of unreacted {CpMo(CO)zl2

Elution with benzene gave a brown viscous solid. It was
dissolved in a minumum of 1:1 diethyl ether/he%ane. Evaporation of
ether (under vacuum, ZOOC) gave rise to the appearance of brown-green
crystals. Crystals were then filtered and dried to give 1,238 g
(78%) of 54a. Infrared and IH NMR data were found to be similar to

those found earlier on (Tables 3 and 4).

Reaction of {Cp (co),} with &.CS
_ 2 4 i

A solution of 0,5 g (1 mmol) of (CPZM°2(CO)6] in n-octcne

(30 ml) was refluxed until there was no change in the concentration
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‘of {CpHo(CO);)z in relation to {CpHo(CO)3}2 on further refluxing
(23.5 hours). The crude product solution 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 (szMoz(CO)ﬁ} nor thé |
[CpHo(CO)ZJ2 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 unfeacted
thione, .
Eiution with 1:1 benzene/hexane yielded a brown viscous
' §olid. Recrystallisation from hexa%e gave 0.51 g (81 %) of a
brown crystalline solid of {szuoz(co)a( daps)} , 54b, m.p. 145%
‘(dec.). Analytical data are listed in Table 2, Infrared and 1H NMR
data(Tables 3 and 4) were found to be ide;tical to thgse found earlier

on for the same complex (see above).

Reaction of {sznozcco)a} with (p-CH3C6H4)2CS

To a stirred benzene solution of 0.20 g (0.46 mmol) of
{CpMo(CO)2}2 was added 0.226g (1 mmol) of (p-CH306H4)2CS. The
colour of the solution immediately 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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ion with 1:1 hexane/benzene gﬁve a brown viscous solid

which was recrystallised from pentane to give 0,20 g (66%) of

I

_2§_co)&{'§-cu3csuac(s) CGHQCH3-p)} ,

Sbc. ‘Infrared and 1H NMR data (Tables 3 and &) and melting point

greenish-brown crystal

. were similar to those found above.

. Reaction of_{Cp2H02(60)4] with prH3OCGHAC(S)d>

A sdlutiqn 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 botﬁ {CpMo(CO)z}2 and {szﬂoz(CO)ﬁ} (13 hours).
The solution was then cooled to room temperature 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
frog orange tu‘Prown. The stirring wés continued for 8 hourﬁ, after
which the solvent was evaporated to leave just enough fo keep the
product in solution. The solution was then placed on the column of
silica gel (60-200 mesh, Baker analysed reaé#nt).

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

{szﬂoz(co)ﬁ} . Unreacted thione (0.558 g) was eluted with 1:9
bepzenelhexane.

Elution with benzene ylelded a brown viscous solid, which
was then recrystallised from Hexane to give 0;993 g (771% of a brown
powdery solid of (szMo2(Co)a(p-CH30C:éHkC(S)CI?)} , S54d. ‘:’Infrared,
lH NMR and melﬁing point were found:to be similar to those obtained

above (Tables 3 and 4).



137

B 5 -
. Reaction of {h -CgH,CH IHo(CO) ), with

P-CH,0C H, c(S)P

A solution of 1 g (1.9 mmol) of ° {(h -C.H CHS)ZMOZ(QO) }
was refluxed in p-xylene (50 ml) until most of the starting material
WA converted to {(h ‘C5“40“3)2M°2(C°)a} (6 hours). The reaction
mixture was cooled to room temperature following which 0.93 g (4 mmol)
of p-CHBOEGHQC(S)q) was added. Immediately after the addition of -
the thione the colour of the sqlution 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 hexanelbenzen% gave a mixture of blue
unreacted thione and some celourless unidentified components.

Elptién using benzene gave a brown solution together with
éome tﬁione. The solven£ 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 benzenélhexane
gave a viscous solid. Recrystallisation from hexane gave 0,6818 ¢

. 3 -
(53%) of a brown powdery solid of {(h -CSH40H3J2M02(C0)4

(p-CH30C H C(S)} 66, AMePa 137°C. 1Infrared and lH NMR data (Tables

o

3 and 4) were found to be similar to those of 54d.
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Reaction of {(h -CSH CH )Mo(CO) ] with
Adamantanethione

A solution of 0.60 g (1.1 mmol) of {(h ~CgH CHB)ZMO (CO) }
was refluxed in p-xylene (40 ml) until thera was no change in the
amount. of product on further heating (&7 hours).. The solution was
cooled to room temperature and then passed through a column of
sillca gel (60-200 wesh, Baker analysed reagent), - ‘ N

Elution with 1:1 hexane/benzene gave unreacted

{(h —C5H40H3)2H0 (CO) Y. Using the same solvent a mixture of
unreacted {(h -C H CH )Mo(CO) } and [(h —C6HQCH3)MQ(CO)2}2 ‘was
eluted, Evaporation of solvent gave an orange viscous solid (A).

Then with benzene a mixture of starting material and [(hS-CSHQCHS)Ho(CO)Z}2

wag 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 sclution 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
(@’ =CgH, CH 1 Mo(C0) 1.

Elution with 1:1 benzene/hexane yielded a green viscous
solid. Recrystallisation from hexané gave 0.155 g (25%) of a green
powdery solid of {(h7-¢ i CHB)ZMO (co) (adamantanethione)} y 67,
m.p. 178°C. Infrared. and 1H NMR data are recorded in Tables 3 and

4 respectively, The former are especially eimilar to those obtained

for 36. *
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Reaction of {CPZHDZ(CO)A} with Thiocamphor

A solution ofil g (2.mmol) of'{CpMo(CO)3}2 in pfxylené
(50 ml)kwas refluxed until most of the st&fting material had been’
converted to {CpMo(C0)2}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. The.colqur ﬁf the solution
_ immediately changed from orange to green-brqwn. The stifring was
continued for 1 hour. Benzéne Gﬁé evaporated and the residual
solution was chromatographed on a column of silica gel (60—500 .
mesh, Baker analysed reagent).

Elution with 9:1 hexane/benzene gave a small amount of
-unidentified product. |

Elution with 1:1 hexane/benzene gave a dark- green shiny fluffy
séiid. Recrystallisation from hexane‘y$e}ded 0.907 g (75%) of dark
green érystals of {szMoz(CO)a(thiocamphpr)},‘ 58, m.p. 190°%. -

/

Infrare*vaﬁﬁkﬂroton NMR data(Tables 3 and 4) were found to be

similar to those obtained for the same complex edrligr on.

Reaction of {szuoz(co)a} with '(p-FCGHA)ZbS

\

A solution of 1 g (2 mmol) ofl{szﬁoé(CO)G} ‘wés reflu;ed
.in p-xylene (50 ml) untillthere Qas‘no or very little starting

- material left (9.5 hoprs), . The solution was cooled to room tempera-
ture, and a benzene solution of l.5§ g (5.5 mmol) of 4,4'-
“aiflporothioﬁenzophenone was addgd.' Immediately the colour changed

v

from orange-brown to dark brown.
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. 4 ,

The reaction mixture was stirred for fpnr hours, following
which benzene was evaporéted leaving the crude product in p-xylene.
The soiution was then plac;d on & column of alumina (80-2OQ mesh,
A-540).

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

Elution with hexane/benzene (l:1) gave afbrown semi-solid.
The semi-solid was then dissolved in a minimum amount of diethyl
ether and to the resulting solution was added twlice the volume of
pentane., On reduction éf 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
{CPZMQZ(CO)Q(p-FCGHAC(S)CGHAF—p)}, S4f, m.p.\17'5°c. -:;ne‘.lytical,
infrareé and Proton MMR data are listed in Tables 2, 3 and &
respectively. | |

Elution with benzene gave a red-purple sgmi-solid.
Recrystallisation ffom hexane yielded 0.161 g (9%) of red-purple
crystais of {szuoz(F-csﬁaccs)c6H4-F)}, 55f, m.p. 170%(dec. ).
Analytical, infrared and proton MMR data are recorded in Tables

2k‘3 and 4 respectively.

Reaction of {CpMo,(C0),} with 4<O)c(s)

A solution of 1 g (2 mmol) of {Cp (co),} in p-xylene
bt 2 4

K]

(50 ml) wae refluxed until most of the starting was converted to
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{-szhoé(db)q} (9 hours). ' The aoiution.wag cooled to room tempera-

ture, Then 1.39“5 (5.9 mnol) of the thiokétone was ‘added and thé

_ ) . .

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 gave 0 12 g of unreacted

{ szMpz(CO)G ]. Further elution with 4:1 hexane/benzene gave

unreacted Cp, Mo (CO) » followed by 0.556 g of unreacted thione.
. 272 : ]

Elution with benzene resulted in 0.58 g of semi-~-solid.

i

Recryétallisatioh Erom\pentané (at 0°) gave 20 mg (27%) of brown

crystalline solid of (Cp.Mo. (- c(s) }, 61, m.p.180°%(dec,).
. ) ‘

Infrared and proton MMR data are listed in Tables 3 and h.respectively.

The complexwas obtained as amixture possibly with (0)—‘—

- 80 that the yield was eatima;éd from proton NMR data. Also no

analytical data was obtained.

Reaction of, {CP Mo, (CO) 4} with Fcﬂ_-{—,
(Fe=ferrocenyl group,-+—=C(CH3)3 )

0.5 g (1 mmol) of {szﬂoz(co)s} was dissolved in p-xylene
(50 ml) and E&g solution was refluxed for 10 hours. Then a benzene
gsolution 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 hexanc/benzene gave unreacted unreacted

{szﬂoz(CO) }' (0.08 g) followed by 0.48 g of FcC(S)+
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Elution with benzene gave e viscoee brown solid. An
infrared spectrum (in CCl } of the solid showed »CE) abeorption
bands at 1957(y) 1934(vs), 1864(m) and 1815 cm (w), typical of

complexes of general formula [szﬁo(CO)AL}, (e¢f 54a), where L is

‘thione. This therefore, was indicative of the presence of

" {cp Mo ,(CO), (FeC(s)-4, $2.

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

some other'componente apart from 62. Unsuccessful attempts were

A
[

made to obtain pure 62.

Reaction of {CpMo(CO)2}2 with ,CG’A-androstadiene-B-

thione=~17-o0ne

5 L,

From 1 g ( 2mmol) of {CpZMo (co) } in p-xylene (40 ml)
the complex [CP2M°2 CO) } was made in the similar way as described
above, ‘

~

To the crude complex a benzene solution of 0,75'3 (2.4

mmol) of Zl1’a-androstadiene-B-thione-l7-one was added. Immediately

) the colour of the solution changed from orange to brown-yellow. The

reaction mixture was stirred for one héur, Then benzene was evaporated

to leave a eolution of the’ crude produ \t in p-xylene. This was then-

[

placed on'a column of silica gel (60-200 mesh, Baker analysed reagenté.
Elution with‘benzene‘gave 17 mg of a erown viscous solid

of possibly {szMoz(CO) L}, where. L is probably z& ' -androetadiene-‘

3, 17~dith£one., The infraped spectrum of the'above monothione complex

showed YC=0 absorption bands at 1957(w), 193&(ve),f1871(e) and

o o s e Y T bt e 8tk < o e e bk e b et A B v oo B . . e ——— e~
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1829(w) cm—l (in\CClA), typical of coﬁpléxeavof general structure
{szﬁﬁz(CO)aL} (where L=thione, M=Mo or W). The absence of the
J}C-O absorptipn band led to the above suggestion about the strugture
‘ of'the-ligand. lH NMR (CDCI3):-cr5.41 (s, broad, cp), 0.7-3.00.
‘ {complex, saturated c-H), 3.73-4.43 (complex, define C C-H of thione).‘

' Using methylene chloride as eluvant yielded a brown viscouq@
solid. Recrystallisation of the solid from penﬁnné resulted in
0.861 g (59% of a powdery brownish yellow solid of {szﬂoz(CO)AL},
64, where L is ‘Al‘a-androstadiene-3-thione-l7-one. Infrared and
1 '

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

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

Reaction Of (szwz(CO)a} with ¢3cs

A solution of 1.02 g (1.5 mmol) of {CpH(C0)3}2 in p—;ylene
(40 ml).was refluxed until there was no or very little change in the
extent of formation.of {CPZWZ(CO)Q} when heating was prélonged
{20.5 hours).

The reaction-mixture was left to cool to rodm temperature
after which a benzene solution of 1.07 g (5.4 mmol) of thiobenzo-
phenone was added; Imme&iately the coloﬁ; of the solution changed
from orange to deep bré;n._ The reaction mixture was stirred for one
hour, benzene ‘was then removed and the remaining solution was placed
on a colum of silica gel (60-200 mesh, Baker, analysed reagent).

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

thicbenzophenone.
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Eiution with 1:1 he¥ane/benzene_yie1dqd a brown semi-
solid, This was then'recrystallised from hexane to give 0.822& B
(Séi) of a brown crystalline solid of {szwz(CO)a( ¢5CS)}, S4h,
0 18200. Analytical, infrared and lH'NMR data are liﬁted in

Tables 2, 3 and 4 respectively.

3764°2

Reaction of {CpWN,(CO),} with (p-CH CH,) cs

A solution of 0.80 g (1.2 mmol) of {CPZWZ(CO)G] in
toluene (50 ml) was refluxed for about.ll hours. No reaction was
observed. Toluené was then distilled off and replaced with nearly
an equal amount of m-xylene. The reactionrmixture was then refluxed
until there was no Lincrease in the concentration of {CPZHZ(CO)A}
when heating was prolonged (82 hours).

After cboling to foomltemperature aAbgnzene solution of
0.453 g (2‘mﬁ01) of (p-CH306H4)2C=S was added to the solution.
" immediately the colour ;f 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),

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

Elution with l:l'hexane/benzené ylelded a brown viscous
solid; The solid was then recrystallised .from hexane to give 0.847 g
(84%) of powdery grey solid-of {szwz(co)a(p-CH3C6H40(S)CGHACHB;p)],
243, m.p. 140°c. Analytical, imfrared and proton NMR data are recorded

in Tables 2, 3 and 4 respec;i&ely.
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Reaction.{Cpéwz(CO)a} with'p-CH3

A bolutipn of L g (1.5‘mm91? of {CPZWQ(CO)G} in p-xﬁlene“‘
(50 ml) was refluxed until most of the Bt&gting material had‘been
transformed into (CPzﬂz(CO)a} @ﬁ? hours). The solution was then
allowed to cool to room temperature. With stirring a benzene
- golution of 0,6712 g (2.9 mmol) of thione was added. The colour of \
“the solution immediately changed from light to deep brown. The
feaetion was continued for one hour after thch benzene was evaporated‘
off to leave a pfxylene solﬁtion 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
{cP?_wz(co)G). ‘ - |

Elutién with benzenefresuited in a brown semi-solid, which
was the; recrystallised from hexane to give a greyish brown solid
(0.312 g; 26%) of {sz‘Wz(CO)A(p;-CH30C6H[*C(S)@l)], 54k, m.p. 149°C (dec.).

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

and 4.

Reaction of {szwz(co)A} with adamantanethione)

A solution of 0.94 g (1.4 mmol) of“{szwz(CO)e} in p-xylene
(60 ml) was refluxed until most of the stafting material was t;ans-
formed into {szwz(qo)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 mixtureuchanged'frbh ofange-brownito green.

The solution was then stirred for 12 hours, after which benzeﬁe was

evaporated to leave a p-xylene so}ption of the'cruﬁe pré&gct. ‘Tﬁiéql
was then placed on éhe column 3; silica gel (60-200 mesh, Baker |
analysed reagent).

Elution with 5:1 hexane/benzene gave 0.06 g of unreacted
{cp M, (cO) (). |

Elution with 9:1 benzene/hexane yielded a.green semi-
solid. Recrystallisation of the solid from pentane resulted in
0.805 g (73%) of dark green crystals of {szwZ(CO)Q(adamantanethione)},
68, m.p. 232% (&ec.). Analytical, infrared 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 CZAHZGOAHOZS H = 602.4, -forms brown prismatic

crystala which arelnonoclinic,space group P2l, with a = 15, 607(2)
= 10.280(2), ¢ = 7.993(2) &, 6= 109.86(3)°, v = 1206.1 83, z = 2}

Ec = 1,66, Em =1.6%9 g t:m-'3 (by flotation in bromobenzene/1odobenzene),
gzooo): 606, K(Cuk@ & 97.10, H(MoK®) = 11.24 cm-L.
J The X-ray measurements were carried out on a four-circle
Picker diffractometer using a crystal fragment, 0. 10x0. 26x0 44 mm,
mounted along b*, The unit cell paramenters were de;ived from the
angular settings of sii high-order axial reflections measured with
Cu radiation { A(Kﬂi? = 1.54050, A(Kéa) = 1.54436 R}, The intensity
data were measured with Nb filtered Mo-radiation using the £-2¢
scan procedure at a 2¢ speed of 20 min-l. The 28 scan ranges were
1.9° for 20 10°, 2.0° for 2 = 10-50°, 2.4° for 26 = 50-55°, and
the‘b;ckground was measured for 10 sec at the start and end of
each scan. The tOOS) 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 cgtegorized.as unobaerﬁed; Thus, of the 2932 indepen-
dent reflections with 26 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 parainet:ef were
refined isotropically. Scattering factors were taken from the
"International Tables for X-ray Cryatallography"s7 and the molyb-
denum and sulfur curves were corrected fdr anomalous dispersion,

) 2
Throughout the refinement the function ig(l%‘ -|§J) was |
minimized and the following weighting scheme was used during

Y

the final stages: w = W1¥or where Wy = 1 for \Eo\:g 35, W =
35/|F | for |F L:> 35, w, = sin29/0.07 for sinza <0.07, w, =1
o -0 ' =2 T =2
for sinzdzz 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 0,16
and the largest one 1.26. The agreement index 5' (£w AF /-EED
Ls 0.034 and the weighted index R' (ig_ag_zlfggoz) is 0.032 for
the 2690 observed reflections. The absolute configuration
assumed in the refinement and shown in the figufes is that
derived from d-camphor. The final difference Fourier map showed
B, \
no distinctive features. A list of observed and calculated

structure amplitudes is availab1e6 .

Legends for the Figures

(1) Stereoscopic view of the complex showing ZOﬂ probability
ellipeoids. | B A

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

lengths are: Mo-Mo, 0.00l; Mo-S, 0.002; Mo-C, 0.009;



149 -

A

i

§-C, 0.006; €-0, 0.010; C-C, 0.012'in the bicycliq'camghane
\and 0.02 8 in the cyclopentadienes. The corresponding‘
values for the angles are 0.1° if the three atoms are -
Mo or 5, 0.2° 1f two of the atoms aré Mo or 5, 0.4° if
only one of the atoms is Mo or s, 0.?0 for No;C-O and
C~C~C of the bicyclic camphane, and 1° for C-C-C in the
cyclopentadienes. The C-ﬁ iengths are in'the rangé O.Sb-

1.17 & and their mean is 0.93 X.

RRYI
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"APPENDIX I: TREATMENT OF RAW KINETIC DATA

~Assume that in sqlution an equlllbrium depicted by Scheme

XX does exist. If X 1a: the major or only component in the solid

.state chen on diasolving either 54d or 358 in a suitable solvent such
. .
faa chloroform X wlll convert to Y until an equilibrium is reached,

".

Consider the proton NMR cyclopentadtenyl resonance signals of 58 in
‘x..

Fggure~ﬁ " Starting with the peak at 1Rwest field let the four

M

resonance signals be labellqg A, B, C, and'h respectively., At a
particulaf temperature, peaks A and C are supposed to decrease and B
'aﬁd D are supposé; lo increase with time.' Sometimes this trend is
not consistent résulting 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, '

—
o B

Figure 13: A sketch of proton NMR cyclopentadienyl signals
of 58 at low temperature (&= -40°C.) before
equilibration (in cDC1 ).
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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 i{s constant, Then at any time t and température\T
for an ideal case equatlons (8), (9) and (10) hold. In this case

equation (9) may be used. Note that At' Bt"ct and Dt are

= = }
A. + B+ C + D = constant Q . (8)
A  + Bl = constant = Q2 (9
C, +3Dt = comstant = Q, (10)

_intensities of resonance signals A, B, C and D respéctively at time
t. Then the average of Q2 may be found for each temperature., This
is followed by adjusting values of At and Bt such that equatioﬁ (11)
holds, . where Aft and é}t are rgspectivély new values.éf At and Bt at
time t and ¢ is the averaéé value of the quantities At T Bt over

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

A‘t + B't = Q (11)

. A
aly=( A +B ) Q= [th (12)

t o

B,
. Bl= (W) Q= r'Y]t " : ' (13)

the values of A' and B' 1is {llustrated by equations (12) and (13)
respectively, Finélly the values of A’t and B't are assigned to
{x]t and {Y}t respectively. These are the averaged values of.{X}t
and {Y]t that are used in determining the rate constants usiné

o

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

Estimation of r;te cbnétants, energies of activation ﬁnd'
Arrhenius constante, tdgeéher with thefr uncertainties were
obtained by the least squares method70 1 The uﬁéertainty in
resonance signal intensity was estimated to be +1.1 whereas that in
temperature was assumed to be il.Si (for a methanol standard).

Standard deviations of AG¥Y, AHF and AS¥ were
éséimated by the method of propagation of vaﬁiance72, from
lequatgﬁns (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 fromf equation (7) or

(14). In Eqﬁdtion (7 kB » k and h are the Boftzmann, rate -and

kB T : '
Ac¥ - RTIn ( = ) (N
A‘G'i: = An¥ . TAS* : (14)
Plank's constants respectively, Let , /6; and 6’ be

estimates of standard deviations of Gibb's free energy of
aitivation,-;ate constant, enthalpy of activation,‘temperature

and entropy of activation respectively, By method of propagation of
error we obtain from equafions (7) and (14) equations (15) and (16)
respectively, where T 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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kB T
kh

&7 = o) 4 R (n )+ 1) 8 )%

w

” - T é & .. -
| ZLRZT {1n (%——) $1) (—K kT}] (15)

~

It was found that by varying the correlation coefficients

equation (9) could'bg approximated to equation (173, which was

N L.

by + (1 dp? + (Ast D% a((rds* 44y

i

)

68 Tst

- (14 & r ) - (AsP & 4 ) (16)

§ Xy T
£ = @r—2>? + ®(n (%—) + €2 an
. T ;
AsF¥ - {1ma - 1n (ih—-)-l } R (18)

~

then used for the estimation of the standard deviations of

Gibb's free energies of activaticn,
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