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ABSTRACT

\
y

A series of f-diketonato titanium (IV) complexes of

-

. -~ )
:the fType FpTi(dik), and [F3Ti(dik)],, (dik = benzoyl-~-

acetonate, dIbeny?ylacefona+e) have been prehared. In-
\.. .

frared #vidence is presenfed for the aimeric nQture of
[F3Ti(bzac)), and [F3Ti(bzbz)],. Tentative asslgynments
6f wiTi-F)

br’(600 L 598 en” ! redectively fo

dik = bzac and bzbz) and v(Ti-F) (637 en” ! 1n bzac,

1 and 624 cm-1 in bzbz) have been made for the .

é?? cm’
dimers. T%e Io@ sélublllfy of these complexes In various
oﬁgan]c solven%s-precluded solution infrared spectra.

The structure of [CI3TI(acac)]2 has been determined
by sihgle-crystal x-ray dlffraction methods using the
6-20 scan fechnique with Mo Ka radiation (0.07!?69 Ry.
The unit cell data are: space group P21;n (No. 14),

8.381(5) R, b = 10.734(5) R, ¢ = 10.517(6) ],

s
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o =y =90,00% g =93,92° and v = 994.573 R3. The
* r
final dlscrepency Indices were R = 0.031 and Rw =

i

»

,) . 0.029 after full-matrix anisotropic ‘refinement &f all
“non-hydrogen atoms. The 0-0 "bite" distance of 2.582(4)
. R 1n [CI3Titagac)], Is coésiderably shorter than those
reported in other 5cefylace+ona+e complexes. This lg
rationglized Iin terms o% a greater effective nuclear
charge at titanium, and supports +the notlon of signif-
lcant pr-dnr type bonding in the T{(acac) planarohe#ero-

) ¢ *

chelated ring. ,

The synthesis of M-M bonded derivatives of cobalt

'y . -
sand ﬁlfanlum was attempted through the nucleophliliic dis-

» placement of chlorine from (CgHg),TICI, by [Co(CO)“]_.
Evidence Is presented that this may not be the mefhgdtfor)
the synThe;is of Co-Ti bonded compounds. The compounds
prepared were extremely alr senslitive and ﬁqs+ Were'
pyrophoric. The presence of (CsHs)Co(CO)Z as well as
anomalous hydrocarbon fons in the mass spectrum of the
reactlon products ;uggesTedV;haT decomposition had oc-,
cu.rr‘ed, possibly of a high molecular weight cluster R '

pound, . ' .
' G

o
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- . INTRODUCTION w

7

Y

Titanium (1V) has an extensive stereochemistry,

"Coordination numbers of four and six are reaPily
5\

associated with its complexes, while five- and eight-
. . v :

(1,2) L

coordinate complexes are known, and recently a

seven-coordinafe(S) &,N—dialkyldifhiocarbamafe compﬁex
of titanium (V) has been reported. Apart from the °
Tetrahal ides which appear to be ouF—coordInaTe,
tetrahedral moieties in the vépo phase (solid\fifanium
Téfﬁafiuor}de isrpolymefic while some as;ociaf@on has
been postulated for pure }iquid titanium +efrééh|oride),
a six;coordinafg octahedral geometry is the maiﬁ.feafure
of titanium (1V) sfereochemféfry. These tetrahal-ides
"form a variety of monoﬁeric 1:2 adducts with neutral

N *
unidentate oxygen, nitrogen, sulphur and phosphorous

containing donor |ligands or‘dimeric bridging structures
as 1:1 adducts to achieve six-coordination.
"The tetraalkoxides,- which‘are already oc+ah?dra!ly
+ coordinated tetramerjc compounds in the solid state, do
not show this affinity for adduct formation. They do,
4

however, parallel the tetrahalides in the form?+ion of

neutral bis chelate complexes with suitable bidentate

¢
A Al

[



donor |igands. Amoung fthe éompounds forimed, -the 8-

- ’ diketonates have been most sfudied.(4_9) Invariably,

these compounds X,Ti(dik)s, X = halide or alkoxide, and
N N .*'»
dik = a B-diketonate anion, have been shown to contain

[
a cis-dihalo or cis-dialkoxy octahednral sfrucfure.(4’5’7)

from fluorine and proton nuclear magﬁefic resqQnance’
exchange studies, Fay}and Serpone,(S) have callulafed

~ the rate constants the interconversion of geometrical

isomers. Their results have been conflrmed both by Fay

and Lowry,(4) and Bradley. and HoJloway.(7) These

workers used solution infrared spectroscopy in cénjunc-

tion with variable temperature proton magnetic resonance 7~

!

défa to.arrive at their conclusions. |t appears that

little remains to be done(qg in the characterization of
N A .
these compounds and interest is increasing in the less ~

common coordination geometries, Eﬁgficularly in the case

-

A -of higher coordination numbers.
. ~ \ +

The maximum theorgtical coordination number of a dO

(1,2)

system is nine but as yet no nine-coordinate.

titanium (1V) complex. has been observsﬂ. Thé first -
isolated eight-coordinate titanium (1V) complex was The‘
1:2 adduct of +i+anium tetrachloride with O-phenylene-
bisdimethylarsine, TiCju-Zdiars.(10) Subsequent efforts
to synthesize eight-coordinate titanium (1V) complexes

' using a variety of bidentate nitrogen, phosphorous,

A A -

[ Sywen

o

—_— -
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carbamates became eviden+(3’12_14) once the versatility
" of the ligand became knowgz' Thus the reaction between

1 .
r

~~

sulphur, oxygen, or arsenic containing donor |igands

with titanium tetrachloride have failed to increase tThe

coordination about the titanium atom beyond six.(15)

However, sustained efforts resulted in the complex

TiCly- 2dip (dip = O—phenylenebisdimeThylpBosphine)(]6)

analogous to the original complex prepared. Eight-

coordination has also been confirmed In Ti(NO3)“F]1) via

single crystal x-ray diffraction techniques. |+ became

3

clear that further study of eighf—cgprdinafion was

Ly
necessary to establish the properties of hoth the metal
centre and the surrounding ligands that would favour

this high coordination number.(]’Z) The results - -

©

indicated that the metal atom should be re|a*i§elx large

to.accomodate many ligands and have a relaTiveI& large

posiTiVe charge to satisfy the elecTroﬁéuTraliTy prin-

ciple.(17) Képer+(]) and'Parish(zx also suggested that

2

eight-coordination should be much more prevaltent th the

few examples cited in the Iiferéfure, and that, for the
most part, this coordination number should be restricted

to the early transition mefals. it

The sydtheses of the tetrakis-N,N-dialkydithio-

titanium tetrachloride and the anhydrous sodium salt of

the appropripte diakyldithiocarbamate in moiar ratios of b

s . -~




1:2, 1:3, and greater than 1:4 produced respectively the

six-, seven-, and eight-coordinate complexes.(S) The

reaction:

TiCly + nNa(S,CNR,) = Ti(SchRz)nClq_£ + aNaCl (1)

1]

seems qiéfe general for R methyl (Me), isopropyt (iPr),

T?l (iBu), and n

and Isob 2,3 or 4. That these com- T
pounds are in fact sii—, seven-, and eight-coordinate was
ascertained through condﬁcTance ard infrared evidence.

Because the compounds are/non—e!ecTrolyTes, The .
‘Igher coordination was deduged. Furthermore, a
systematic frequency shift in‘The infrared for the C-N,
C-S, and Ti-Cl bands was observed as coordination
}ncreased from six to eight about the +i+anium atom, The
decrease in the C-N frequency, increase in the C-§
frequency and decrease in the Ti-ClI fréquency was explain-
ed in terms of the decreasing strength of the Ti-$ ands‘
as coordination Inéreases*and therefore increasiﬂg the

relative imporftance of resonance structures 1 and 2

(shown below) and decreasing that of 3. In fact a
(3)

single crystal x-ray determination of both Ti(S,;CNMe,) ;ClI

and TL(SZCNETZ)H(lz) have shown the sfructures to be

K

seven-coordinated pentagonalbypyramidal! and eight-
éoordinaTe dodecahedral respectively.
The first eight-coordinate titanium dialkyldithio-

carbamate, TI(SZCNETZ)H,(12)

was prepared by carbon




Vi

/.

: éxchange reactions, Chisholm and ExT&&p

e R S R ) R
RN / Q- / A V4
PN AN LN
s R S R . .S R’
1 ‘ 2 3 :
disulphide Inseriion into the Ti-N bond of ‘regfk\is- , .

e

-

ditethylaminotitanium (1V), TI(NE12)q. 5Sinqe this sTudy,s\
’ N

otheér insertion reactions involving titanium dialkyl- ,Q

amines and carbon disulphide, carbonyl sulphide, and

(18)

carbon dioxide were attempted,. the results with

thesc three (CS,, COS, CO,) groups are egssentially the

(12)

same as 1hose proposed earfier. The bidentate nature

of the carbbmate and monothiocarbamate ligands have been
vérified through infrared analyses.(IB) Throughiligand
’ (18)

~have shown

A

“that the product distribution is attained through Thermo- -

dynamic control. Thus mixing any TiNy-nln (n<4) and




’ ' \6/ ‘ . "/y-/\)

* TiNy-mlm (m€4)in benzene w{ll rap{dly yieid the expected
product distribution. | ., ST
g e.g. ' ' -
2TINLy + TiN, + 3TINsL, | (2)
i TiNply + TiNy 3 2TiNgL . (3)

All compounds of general formula TiNaL, TiNaLa, TiNL3 and
figq, were observed where N is the dimethylamino (Nﬁez)
ligand and L is elther dimethyldithiocarbamate, dimethyl-
‘monothiocarbamate, or Hime+hylcarbamq+e. This immediately
implies that the coordination about the titanium atom

varied béfween four and eight and includes both of the
elusive species of five- and seyen-coordinafion. s

he synthesis of the seven-coordinate species is

recent| enough to have sparked little controversy.

L y , Interest has developed in recent years concerning the

_\ . | \ nature of flve—cqgiii::}ion in Tifanium (v, i
\ Fivie-coordinate titanium (IV) complexes are stili : :
\\. r‘are.(19 Some compounds in which +itanium (IV) is
\ found to e five-éoordipa+e include [TiCI,(0R),], (where
R is phenyl??) or ethy1?") and the polymeric derivative o
) \‘ [TiCioNSiMes]n. 22:23)  The reaction between Ti(OR),,
x\ where R is CgHsi n-C3H7, or n-CyHg, with either s
. \ achyIaceTonei or efhylaceToace%aTe (dik) in equilmolar

lature and abbreviations of the ligands which
\\ are mentidnned in the text may be found in Table X of .
: the Appendiix. The common names of these ligands are o
used interchangeably with those recommended by |UPAC.




Ly

ratios resulted in the spdcies with the stoigchiometry

(OR3)Ti(ﬁik).(24) Yamamoto and Kambara(24) have

postulated five-coordinatijon for titanium (1V) in these
compounds from elemental gnalyses, and mostly from the
assignments of infrared frequencies. Subsequently,

(25r728)

Mehroira and coworkers observed that titanium

tetrachloride reacted wilh aceTylace+one in a 1:1 mole
ralio la ylald o cmnplox/ having the stoichliomelry
ClaTiCacac), where acac Is the anion of acetylacetone.
They also noted thal the OR3Ti(dik) complexes underwent
+he’dispropor+ioné+ion reaction:

’ {
2(0R)3Ti(dik) ¥ (ORY,Ti(di Yo + Ti(OR), (4)
3 2 2 \ +

K
| N,
On the basis of elemental analyses, cﬁemical reactions
with a variety of alcohols, acetic acii, and methy| =~
|

acetoacetate, and molecular weights, it was concluded

|
that the titanium (IV) species were fiv?-coordinafek

although in fthe case of less bulky R grogps, molecular

{
weights were significantly above those riquired for a

monomer. )

In order to establish the nature of this apparent
five-coordination, Thompson and coworkers(zg) undertook
the systematic preparation and'characferiz%+ion of \
several X3Ti(dik) complexes (X = Br, Cl; dik ; 3—me+h;l-
acetylacetonate (Csﬁgoz). The stoichiometry, of "all
coﬁplexes was confirmed through elemental an;lyses. \

\

Conductivity data were consistent with-a mono%eric and




‘which are weakly associated in solution according to the

non-ionic structure in nitrobenzene; spectral data (IR

and NMR) indicated oxygen-chelated enclate complexes.

In addition, reactions of 3-methylacetylacetone (66H1002)

\
l
l
!
of the type: ;
TiCly, ¥ Cgliyg0s » Cl4Ti(Cglighy) + HC) (5) /
li()lu t ZCG”IOOZ > C'z'l((:Gugoz)? £ 2001 (nb)o
T‘lC|z, + ClzTi(C(;”gOz)z d ZC‘3TI(CGH902) (7) /
. ” f
Jedjihese workers to believe that there exists in [ ‘

A

T

o |
solution a five-coordinate species in equilibrium with i
a six-coordinate species. However, complicated temper-~ |, }

ature dependent NMR spectra in nitrobehzene precluded /
. & I
the assignment of stereochemistry.: ; \

(30 ‘
In contrast, Holloway and Sentek 30) have made the /, .

claim that no frue five-coordinate complexes of titanium .
(1V) have been prepared. . On the basis of NMR evidence, |
they have postulated that these apparently five-coordinated
X3Ti(dik) (where X = alkoxide) species are in fact
equilibrium mixtures of the wel{ known four- and six-
coordinate complexes, TiXy and XpTi(dik), respeéTively,,
reaction: '
(dik)TiXy + TiXy > (dik),TiX,TiX, (8)

Thus an alkoxide bridge exists between the parent TiX,

and the six-coordinaté X,Ti(dik), in their fnferpreTa+ion.

Subsequent studies on the Ci3Ti(bzae) (bzac = anion /

of 1-phenyi-1,3-propanedione) by Thompson and coworkers(SI)'

g -




have led them to conclude that there exists in solution

an equilibrium between the five- and six-coordinate *
species of the type described by equation 4. [n aﬁ NMR
study of various X3Ti(dik) roﬁploxnﬁ (X ='Ci, Br; dik =
'1—phenyl—1,S—propancdionnfe, and 2,2,6,6,-tetramecthyl-
. ﬂ,UThwplqnndlnndln),AwnF67) havo confirmod Thompson's
33)

results - on Cl3Tilbzac). FurThérmore, Alyea and Merrel(
have synthesized complexes of the type Ti(chel)ORj3, where
chel is a uninegative bidenféfe ligand with an eThaHe
backbone, by reacting the lithium salt of the:bidentate
ligand with (OR)3TiCl. Their results indicate five-
cooﬁdihqfion for the titanium (1V) speéies; the complexes
are liquids and 50 crystallographic structure determina-
Tiéns were precluded.

The preliminary crysital lographic studies on the '

Cl3Ti(CgH70,) complex were reported by Serpone and his

coworkers.(34) The solid i{state structure is that of a
- centrosymetric six-coordinate dimer. I+ was felt that
the full crysta! and molecdlar structure of -this apparent

five-coordinate titanium (1V) complex was a good basis

on which to start infrared dpectroscopic investigations.

Thus knowing the solid state|l structure and being able to

assign the solid state infrarded spectra of this and

related coﬁpounds, it was rcasoned that a handle could

be gained in assigning structdral changes upon dissolution

—-——

from infrared analysis. Because titanium-chlorine




.

frequencies for bridging chlorine atoms occur below -

300 cmrl,’infrared studies on cohpounds containing Ti-ClI

a

were precluded. Therefore, i+ was decided to-investigate

the corresponding fluorides. Again differences between

the solid state and solution spectra were bel!icved to

indicate structural differences in solution. However,

[N

\Theée compounds were soluble to the degree requiréﬁ‘(lo%
: ! ,
solution) for infrared analysis in only a ver2/ limited

2y, -~

oW .
number of solvents, n these, a strong solvent band

.

-obscured those of ipterest.
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It. EXPERIMENTAL -

kN

A. Materials and Teéchnigues .l ' .

k!

Titanium tetrachloride (Fiséer CérTified Re@génT),,c
_titanium Te%ra{Wuoride (98%, ROC/RIC),/benzoylace*one (1=
phenyl«1,3~bd+§nedione) (Aldricﬁ): ahd Easfman dibenzoyﬂ—
methane (l,3-djphenyl-l,BrprOPanediﬁﬁe) were used without
ﬂfuﬁfher puriftcation. Benzene, hexaneﬂzand dichloro-

methane were dried by continuous reflux over calcium

p .
. hydride and distilling ftherefrom when gieeded. The sol-

R
N

veﬁfs used for spectroscopic studies were drjéﬁ by ‘
{efluxing over molecular siaves (Linde, 4A) and distill=-

ing onto a‘fresh batch of molecular sieves. These sol-

vents were stored over molecular sieves in brown bottles

3
’

. fitted with rubber septa,

]

-

- All\gla%sware was dried in an”oveq at ]4000 for at

! © a0
least two hours and cooled in a dry nitrogen atmosphere

© just prior ‘to use,
. T
Syntheses, handling of.compounds, and subsequent -
physical measurements were carried out under anfhdrpus

conditions in an inert nifrbgen atmosphere. The purity

of the pfoducfs isolated was checked by melting point

determinations and infrared spectra.




' l.
f N .
tfwo general procedures was foFIowed in.fhe

; - qu o
syntheses of complexes. W

]
\ f. »

N U ‘!. The apgropriije s-dikefoné was refluxed

with the desired ijanium tetrahalide in either behzene

or dﬂch)orome&hane'in a*!:1 molar ratio. After cooling
" to' room fempefafure hexane.was'a&éed and Tﬁi solution
o . - 3 .
was cooled in the freezer.. The;crysfals were filtered, ’

washed with hexane, and dpied under vacuum, ,

4

’ * 5 2. The mixed hahg compfexes were bregared'from”
the bis—B:dikefonaTo titanium dihalide and the correspond-
"i'ng tetrahaiide by refluxing equimolar amounts of reactants.

After Edoling to room temperature, hexane was added and-

the solution was cooled in the fréezer. The crystals

”
were fiffered, washed with hexane and dried under. vacuum.
o . u % - ‘r /
1 B, Physical Meaéuremepfs ‘
y : ’ :
‘Infrared spectra were recorded either. on a Perkin -
L] . 0 n @ .
Elmer 457 or a 225 grating spectrophotometer as Nujoh//f\\J
- A . . . : ’
R mulls between KBr windows or as solutions in KBr seated
cells. (0.10mm pa%h ength) Thea solution and mulls
. we}g prépared in a glove-bag under anhydrous conditions

and the spectra were fmmédiéfely recorded, - ‘4

)
Melting points were taken with a. Gallenkamp Melting

o

Point Apparatus, Model MF 370. The capiflary tubes were

N / .
sealed with modeling clay in an anhydrous nitrogen atmos-

o~
phere. The reported melting points are undorrected.

o

[ 4

*

o - 7
@ . ! - &

» . i it Anee 5 AT
T LAY Sawies - e
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) Difluorob}s-(2,4-penfanediona+o) titanium (1V):

j

/

‘/.

) }‘
'
'

T

€. Syhntheses

-

FpTitacac)y . ° . / e

+

.

I'n é glode-bag; TifF, (3.15gm, 0.025 mole), a
. ) ,

stirring bar, and dry dichloromethane (about 50 ml) were

.

added to a 125 ml Erlenmeyer flask fitted with a gas
|nle+ side- arm The flask was ﬁemdved from +he glov }bag,
nlfrogen wasdadmlfTed Throu&% fhe side-arm, and 2 4 P
penfaned:ond (5.25 'ml, O. OSO‘mole) (igcac) dn 10 m! of

duchloromeThane was added dropwise from a syringe with

4

;vigoroub éfirrfng. The flask was fitted with a reflgg

condensqf carrying'a drying tube and the pitrogen was
: S . .
turned off. The solution was allowed to reflux for four

ﬁourg hYdfogen fluoride evolved was occasionally
¥ ' : %
’flushed out of the .system by admitting dry nitrogen

% ) ,
Throygh the side-arm. The solution was reduced to one-

{

half volume by pa55|ng a stream of nlfrdben Through The

flask while genT|y heating with +the air gun, and an equal

quume of hexane was added. The solution was cooled in

17

T
vhe freezer: for two hours before the yellow crystals were

,filfered'off on a medium porosity §lass friltted funnel.
/Recrys#allisafion from dichloromethane/hexane yielded Thé

pure product which was dried in vacuo overnight. An

infrared spegtrum showed ﬁeifper bands between 1600 and
-1

o

'1Bp0 cm-'1 nor at 3300 cm—]. Bands in the 1600-1800 cm




7

14

1

region are indicative of the free ligand carbonyl vibra-

tions while those centered at 3300 cm-1 are representative

. ot
of free hydroxyl vibrations. The absence of these bands

%

was the criterion used for sample purity. (see section

L1l A) Yield 4.58 gm, 64%; mp. 164-167° dec; H+(>7)

7/
165-1§6°.

1 ’ '

Dichlorobis-(2,4~pentanedionato) titanium (1V):

'ClzT?(acac); ‘ .

‘"To a stirred solution of TiCly, (3,20 ml, 0.031 mole)
in 50 ml dichloromethane *was added dropwise from a sﬁ%}ngé

6.42 m!.(0.062 mole) 2,4-pentanedione under a slow stream

of nitrogen. The flask was fitted with a reflux condenser

-
carrying a drying tube and heated to reflux. Hydrogen

chloride evolution ceased within the reflux time of three
hours. The solution volume was reduced to oné-half by

passing a stream of niftfrogen over the solution surface
’

“while heating with an 'air gun. Hexane (about 15 ml) was

added until the sok&Tion appeared turbid. Cooling in the
freezer for Thre;‘hours resulted in bright orange crystals
of the product. These were filtered through a medium

porosity glass fritted funnel, washed twice with hexane,

and dried in vacuo overnight. Because infrared bands

were absent between 1600 and 1800 c:mm‘l and 3300 cm-] the

»

product was judged pure. (see section Il A) Yield 6.4 gm,

+‘353,191-192°.

65%; mp. 187-188° dec; Ii

b
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Di-u-chloroftetrachlorobis-(2,4-pentanedionato) dititanium

V) [cngTi(acac)fz

Acetylacetone (3.20 ml, 0.029 mole) in 10 ﬁl’of
benzene was added drépwise from a syfinge to a stirred
solution of titaniun Tef?éghloride (3f00 ml, 0.027 mole)

in 50 ml of benzene. Anhy&}ous condi+i6ns*were insured
by passing a slow stream of ﬁj+rogen through Thé system.
The flask was fitted wifh_a reflux condenser carrying a
dryiﬁg tube ;nd the nitrogen was turned off. Hydrogen
chloride gyolufion ce;ged wifhd1 the reflux time of three
hours. The solution volume was reduced to one-half by
passing a stream of nitrogen over the solution surface'.
while heating with a®d air gun. Hexane (about 15 ml) was
then added until the solution bei¥Le turbid. Cooling in
the freezer overﬁigh+ rgsulfed in red crystals of the
product. The crystals were fil?%red using a medium
porosity glass fritted fuﬁﬁgl. Recrystallisation from
dichloromethane/hexane ana waéhihg Twiéé with 10 ml
v

portions of hexane resulted in the pure prqducT. The
crystals were dried for 10 hours in vacuo. ‘The sample was
- judged pure because of the absence of bands at 3300 cm_1

and free ligand carbony! vibrations between 1800-1600 cm
AM) (see section |1l A) Yield 5.50 gm, 75%; mp. 180-181° dec;

1i+$26) 180-182° dec.

1

-~
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Tetrachlorodifluorobis-(2,4-pentanedionato) di&i#an!um‘

vy [Cl,FTiCacac)],

To a 125 mi Erlenmeyer flask fitted with a gas
inlet side-arm, TiF,(acac), (4.92 gm, 0.017 mcle), a
stirring par; and about 50 m! of dry dichloromethane-
were added, in 1he giove-bag. Swirling Qen+|y, 1.90 mi
(0.017 mole) of TiCl, in 10 ml of dichloromethane was
added dropwise from a syrfhge. The flask was rgmoved
from the glove-bag; nitrogen was admifted through the
side-arm, and the {lask was fit+ed with a.-reflux con-
denser carrying a drying tube. The nitrogen was turned

off, and the solution was refluxed with vigbrous stirring

for three hours. The solution volume was reduced to one-

half by passing a stream of nitrogen over the fop of the

solutiom while gently heating with an air gun. After
=]

three hours in the freezer, the red-brown crystaels were
filteragd, from the solution on a medium porosity glass
fritted funnel. Washing twice with hexane gave the pure

product which was dried in vacuo overnight. The product

was judged puréeybecause infrared bands at 3300 cm~1

.

between 1800 and 1600 cm'_1 were absent.

and

(see section 111

A) Also the infrared bands for this compound in the 950~

500 cm_1 range agree well with those reported by Bickley$36)

~

Yield 1.9 gm, 46%; mp. 150-151° dec; l:+(36) 148--150O dec.

-

[

°

M L AR L
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»

Di—u—fluorofefrdfluorobis—(214-penfanediona+o3 dititanium
(1v): [FaTilacac)], . '
Titanium tetrafluoride (5.28 gm, 0.044 mole) was
slurried in 50 ml dry benzene. Under a slow sftream of
nitrogen 4.55 ml (0.044 mole) of 2,4-pentanedione was
added f;om a syringe. The solution turned yellow and
some hydrogen fluoride was evolyed. The flask was fitted
wi+h a reflux condenser carrying a molecular sieves
(Linde, 4- A) drying Tuge and the nitrogen was turned off.
THe solution was al lowed to reflux for about three hours
(unfif hydrogen fluoride evbluffon was at a minimum),
occasional ly purging the evolved hydrogen fluoride with
dry nitrogen. The §o|u+ionvvolume wagireduced to about
" 20 mi ugder v%cuum with gentle heating. Addition of an
equal volume of hexane produced an intractable red oil.
Attempts to crystallise The oil by quick freezing in ﬁ
liquid nitrogen or changing the solxgnf system failed.

(36)

(Similar results were. obtained by D. &. Bickley. )

Difluorobis—-(Jl-phenyl-1,3-butanedionato) titanium (|V):
(37).

F,Ti(bzac),
Titanium tetrafluoride (2.88 gm, 0.023 mole) was
slurried in dry dichloromethane (20 ml) under anhydrous
nitrogen in +the .glove-bag. The flask was removed,
nitrogen was admitted through the side-arm, and J-phenyl-
1,3-bu%anedione (Hbzac) (7.54 gm, 0.046 mole) dissolved’

in 25 ml of dichloromethane was slowly added from a

N




o a g R

A snidhg 8 22 o

syringe with vigorous stirring. The so\u{;on immediately
turned yellow, then orange. The flask wés'fiffed with a
“reflux condenser carrying a drying tube, the niTrogenAwa§
tYurned off, and the solution was refluxed for two hours.
Evolved hydrogen fluoride was frequently flushed from the.
flask using nitrogen. The solution was reduced to one-
half volume by passing a stream of nitrogen over the -
surface of the sclution while geﬁfly H@%Ting with an air
gun. Crysfallisaﬁﬁon occured overnight while cooling }n
%he freezer. The ;6|u+ion was filtered on a medium
porosity glass -fritted funnel and washed twice with dry
-pentane. Orying six hourg in vacuo resulted in a yellow
powder. The infrared spectrum showed the absence of
bénds due to free carbonyl groups (1800-1600 cm-]) and

a¥so those due fo the hydrolysis products (3300 cm_1);

N

For this reasbn, the ﬁroducf was judged pure. Yield

(37)

4.0 gm, 42%; mp. 195-197° dec; Iit 196-198.5° dec.

Di-u-fluorotetrafluorobis-{l-phenyl-1,3-butanedionato)

dititanium (1V): [F3Ti(bzac)], - .

To a slurry of titanium +ij£gjlgguﬂﬂel(2.60 gm,

,0.021 mole), in. a dry dichtocromethane (about 40 ml), was

/

added. under a stream of dry nf+rogen 1-phenyt-1,3-

i
butanedione (Hbzac) (3.40 gm, 0.021 mole) dissolved in
10 ml of dichloromethane. The soﬁufion turned red upon

7
addition of the ligand. The flask was fitted with a

reflux condenser carrying a drying tube. The sclution was

-
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'refluxed for two hours du}ipg which +rmg’Z;;|ved ﬁydrogen
fluoride was frequently flushed out of Thé,sy;Tem using
’

dry nitrogen. The solution volume was reduced to one-
half by passing a éfream of nitrogen over the surface

of the solution while gently heating with 'an air gun.
Cooling overnight in the freezer resulted in a red oil
which was crystallised by freeziqg in liquid nitrogen and
"evacuating the flask. Recrystalilisation from dichloro-
methane/pen+ébe and drying overnight under vacuum gave
red crystals. The product pur}fy was verified by fhg

absence of infrared bands at 3300 cm_]

1

and between 1800
and 1600 cm Infrared bands in the 600 c:m_1 region .
that are not in_the FyTi(acac); sample show it to be an

authentic sample. (see sbction III A) Yield 5.0 gm,

90%; scinters 175-180°%, mp. 193-196° dec.

Difluorobis—(1,3-diphenyl—1J3—pr6panedionafo) titanium
(37)

(IV): FaTitbzbz)y
Titenium tetrafluoride (0.95 gm, 0.008 mole) was
slurried in dry dichloromethane (50 m!) under a dry
nitrogen aTmos;here in the glove~bag. The flask was
removed, nitrogen was admiffed through the side-arm, Qnd
3.44 g (0,015 mole) of 1,3-diphenyI-l,3-propanedioné
(Hbzbz) was added slowly as the solid, with vigorous
stirring. . The réacfanf sticking to the neck of the flgsk

was washed in with 10 ml dichloromethane. Upon addition

of Hbzbz, the solution immediately turned red. The

\




%

flask waslfhen fitted with a reflux condenser carrying
a drying fube.and the nitrogen was turned of f. The
reactants were ref! ged during two hours during which
time evolved hydrogeh fluoride was flushed out of the
system with dry nitrogen. The solution volume was then
reduced to one-third and crystallisation was allowed to
occur overnight in the\freezer. (Addition of hexane
causes oil formation which is diffiéulf to crystallise).
The yel low-orange crystals were washed twice with cold
he%ane and dried overnight in vacuo. The product was
considered pure because of\the absence.of bands at 3300

-1 -1 . ; )
cm and in the 1800~1600 c region. Also, infraredx\\\/_

band positions in the 950-509 cm region agree with
those reported by Serpone.(‘37 (see section 111 A)

IH(37)

Yield 2.46 gm, 60%; mp. 192-194° dec; 204.5-

206°,

Di-u-fluorotetrafluorobis-{1,3-dighenyl-1,3-propane-

<

dionato) dititanium (I1V): [F3aTitb2bz)],

Solijd 1,3~-diphenyl-1,3-propanedfone (2.33 gnm,

0.010 mole) was added under a stream of nitrogen to a

slurry of titanium fetraflpyoride (1.29

m, 0.010 mole)
in 35 ml of dichloromethane. The solutian immediately .

|
|
)
|
ot ' D T
. o turned red. The flask was fitted with a reflux condenser

i

carrying a drying tube. The solution was rafluxed for

e e




nitrogen over the solution sum:ace whi le gently heating
with an air gun. Cooling in the freezer overnight
resulted in bright red crystais. (Addition of hexane

to the p’roducf solution results in a red pil whichh is
difficult 1o crystallise). The crystals were washed twice
with cold, dry pentane and‘ dried in vacuo overnight. The
sample was judged pure on the basis of the absence of
infrared bands at 3300 cm™ | and in the 1800-1600 cm |

region. The compound was considered authentic because

of The presericé of infrared/bands in the 600 cm_] region’

/ -

2 / |

f lushed out of the flask with nitrogen, and the solution

volume was reduced to one-half by passing a stream of . :

that were absent in the F,Ti(bzbz), complex. Ylield - .

2.29 gm, 70%; mp. 163-165° dec.

D. Crystal Iography(38_40)

¥

1. Unit Cell and Space Group Determination

A suitable crystal of the apparent five-coordinate

Cl3Tilacac) complex was chosen and sealed in a capillary

from atmospheric moisture.

Weissenberg and precession photographs taken with

. Mo Ko radiation were used to determine the space group

‘and to check the crystal for defects other than a norma |

under anhydrous conditions in a glove-bag to protect i+ 1

mosaic structure, Accurate cell dimensions were obtained

on a fully automated Picker FACS—1 diffractometer. Values
I N,

~




-

Y - of 26, w, X, and ¢ obtained for twelve Bragg reflections
centered at both positive and negaﬂive 206 values, and
appropriately averaged, were used in the least-squares

refinement of the unit cell parameters and the crystal

orientation matrix. The programs employed for this

‘procedure were those supplied by the Picker Nuclear

Company.

2. Data Collection

An assymetric unit of Intensity data was collected
on the dif-fr"acfomefer within angutlar limits chosen to
P include all ré\asonably strong ref lections. The back-

ground was eshimated from a measured curve. Instrument
v - L

stabifity was monitored by measuring the intensity of a
standard re'flection after évery thirty cycles and by.

deternining the intensity of the reciprocal axis reflec-
N

tions with both positive and negative indices before and
after data collection. The intensity data which had been
col lectdd (i.e. indices (hkl), background counts on either

sidé of the peak (B; and By), scan time, counting time,

3 -

peak count, attenuator number, relfection number, setting

”

angles, 26, x, and ¢) and sfored on papd tape were

transferred to magnetic tape fo be used a§ input for data

reduction.

. 3. Data Reduction

- O

\ The Conc\ordia Univeristy CDC 6400 computer was

T e

s - e . e mnn o W Aorbis e e s o
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used for all computations. A locally wrjtten progranm,

_PREP, was employed to perform the data reduction. -The

&

vaiues of the reflection intensities, (f), ere computed

A
as;

oo ona . (8)

and

G(1) = |N + BOt_/+,0%+ (0.020)2 (9)
where N is the total .counts accumulated during the stan
period TS, and B is the total count accumulated during,

the total background counting time L (i.e. B =By + By).

}he rcflucfion.was considercd abscent for negative values
of I. Data for which | was-less than 30(l) were con-
sidered invalid and were rdjected along with any éysfem—'
aTicalIy‘absenT reiHecTions that were collected..

ldeally, the structure fac%or modulus thk|l'used in
the calculation of-electron denéify maps from which Thé
atom positions may be defeﬁmined,'is proportional to The
square root of the reflectfion intensities. However,
correcTi%ms were made on the intensilies for'polarizafiow
by the monochromator crystal and sample crystal and
Lorentz effects through a comb ined term (Lp) = ! such that

(Lp)~! = sin205(c05220rn + 1)/(c05220m +

cos?26 ) (10)

N

where es and em are the diffraction angles at fﬁe sample

crystal and the monochromator crystal respectively.




Structure factors were calculated from the equation

| F C1/Lp)3 ' C1n

rel‘ N
Standard deviations on the sfr'u;:fures factors were
calculated as |

G(F) = o(1)/215(Lp)} , (12)

The polarization term arises because of the nature
ot the x-ray beam and the manner in which its reflection
efficiency varies with The re1:' lection angle, The elec-
tjc vectors associated with the photons of the x-ray
beam can point in any direction no;'mal to the direction
of propogation (i.e. they are unpolarized). Each of
these vectors may be divid‘edt into components in*fwo
directions, one parallel to the plane of Thiﬁiflecfing
surhface (IH') and other perlf‘endiculara’rc‘» it (Ii).
Because of randém orienfafi'ons, "the sums of these two
components will be equal. Reflection of waves h_aving
their electric vector paraliel to the reflecting plane is
determined only by ihe e lcectron density in the plane.
However, waves having their electric vector perpen- I

dicular to the reflecting plane are reflected fo an

extent which is determined both by electron density,and

4 function of 26 (i.e. cos220) and vanishes at 28 = 90°.

Because the Inltial energy is equally divided between the
two vectors, no more than one-half of the intensity will
AN

be lost fo this effect. Thus, the polarization factor,

p, is given by equation 13.
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1 ¥ cos?20 :
p =% ‘ N . . (13)

It thus becomes obvious that the beam leaving the

monochromator crystal will be partially polariied

becdlsec of the greater reflection efficiency of the

paraliel (||l) component. This pérfia| polarization must
be taken into accaunt since it will affect subsequent
reflections from the sample crystal. , ) .:;

43
.

The Lorentz factor is an expression for  the time a
. S o .
plane o a rotating crystal spends in the reflecting’
Pposition. This is the length of time the lattice point

is in contact with the sphere of reflection, and is

dependent on the distance ef the reciporcal lattice

" poinf from the origin. At large Bragg angles (0) the

reciprocal .lattice point passes almost tangentially

E]

through the sphere of reflection and L is large. Again,

- L is large at low Bragg angles as The'recipraoal lattice

o

point is riear_the origin of the reciprocal lattice .and

the time taken in cutting fthe sphere of reXlection is -7

large. Thus, it is seen that L ig a-minimum at 6 = 45°.

1
[

The exPressibn for L pepend; upon the diffraction gemoetry

used during the collection of intensigy data. For the

equi~inclination Weissenberg technique, the Lorentz factof

?

is given by equation 143 where pu is the equi-iAclination

setting angle.

L = _sing - (14)
si(n26(sin29 = sin2p)z '

T

TRV
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For the par+icul§r\fase wberg'fhe‘axis of rotatiop

i-s perpendicular to the b%%ne conTaininé the incident

and reflected beams, the value of L reduces 16

T - . ‘
- L-= 1/sin20 - - : (15)

%
I+ is this expreééion (eequation 15) which is applicable’

° a

fo zero~leyel Weissenberg phoiographs’, fhe zero-layer
reflections 8F rotation and oseil!éfion photographs, for

9 .
zero-level reflections of equation 14, and to diffrac-

v
\

+om¢+gr data obtained by the usual 26 or w Séansf

Thetprogrém'PREﬁ alsé calcqfafes scéTTering'facTors,
ﬁo' for éach atom and each refiection, from tables
supplied on car%s. Wilsoq statistics wére applied (i.e.
a plot of §1n5e/x{ vérsus |P<are|/zf20j) to predict an

absolute s¢ale factor and an approximate overall isotropic

_thermal parameter. Thus the” output Aof PREP on tape are

the indices (hkl), the observed structure factors, FoBs’

with Their §+and%rd deyiations, o(F_, ), and a list of

ol

obs '’

scattering factors for each element in the compound.
}X v

pe 3

4. Fourier -

A Patterson SynthestTs was then calculated using the

program FORDAP.(4]) The program expands the data set to

a triclinic and uses the squarecs of the observed structure

fac#ors from PREP as the coeffecients.in the Fourier

S

sémmafion.

The summation (equaffonnlﬁ) was calculated for a

¢ ]

r L -
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grid of points spaced at about 0.3 R intervals in the
. ¢

three dimensions uvw. (eig.. for an assymetric uni+

9x9 x 9 R some 30 x 30 x 30 = 27,000 values of Pivw

would be calculated) For convenience in the dbmpufer

“ . |

printout, the values of Puva are scaled so that the

© k“;‘\

largest is'999.

* '

- - 2 e
Puvw‘l Vv lzhzkzl IFObSI cos2r{hu + k.V + lw) (16)

. .

-, Every pair -of atoms in the unit cell produces a peak ‘

! - : ; | |

on the vector map. Thus N afo@s,producé N2 peaks. Of ’ 1

these peaks,.N corresponds to the vec+er between each

o/

. ‘L
atom and itself. These occur at, the origin of the

"vector mép. Thus the largest pgak corréspoﬁds 1o vqcfo?s
between all atoms retated by a unit cell translation -
aﬁong the-axes a and/br b and/or c¢c. Each of the N2-N
non-qrigin"peaks on a vector map correqunding to two -
atoms iﬁ the unit cell of atomic nﬁmbers Zy and Z,, have
Z, Z, electrons contained in its volume.  The volumg_éf
the Yegfor peak is related to fﬁe electron density of the

atoms it represents. Thus maxima on the vector map which

epresent heavy atom-heavy atom (fitanium-titanium Gp

vecjors appear as,much}larger peaks-than any

.g. The titanium atoms at (1) x, vy, Z, (2) -x,”

-y, ~z, and\ (3) 1-x, %+y, %-z;have peaks corresponding’

o

to vectors 1%1, 1-2, 1-3, and 2-3, or 0, 0, 0, 2x, 2y,

2z, 2x-1, -%, 2z+f{, 1, -2y-%, -f, respqctively. Thus

&

»

- I




i

~The positions of these peaks on the Patterson map, u, v,

28 . B

for the vector 1=2, u = 2x, v'= 2y, and w = 2z.). ~

The data were sharpened by correcting the scafferiﬁg'

power of the atom for thermal motion and for its depend-

N

. \
ence-on (sin0)/A. Thus a sharpened Patterson .is
calculatcd with the Fohs "modificd" to simulate what

a &

wou|d _be observed if the crystal were composed  of point
scatters at rest. ‘ " N

As exhlained above,‘large peaks on the Patterson map

correspond to interatomic vectors between the heavy atoms.

w, are related to The-posiffons of the titanium atom n

. ‘ ,
the unit cell, x, y, z,. .Once the heavy atom has been

located, the assumption js made that it aominafes the

~

" diffraction pattern, and the phase angle for each di--

fraction beam for .the whole structure is approximated by B

that for the heavy atoms. The first dpproximation to the

.electron densify was phased wf#h the titanium atom alone.

~t
. " ' ‘
For each reflection, F__, is acfually a complex

number dependenK bo+h. on the phase § and the scaf*er:ng

-

factors of fhe lhdIVIdual a“ro‘msk\l Thus |

F‘Ca.‘ ——: A + |C , \ (]7) . o

where - ' ! . f\\\\\\\\
A = Ejfjéxp(—B sin28/x2) cos2wfhxj + ky‘j

’

+ Pz B € £}
J <




B = 8n2j2 ) : ; , (20)

2Jis the mean+square amplitude of aTomic/vibra-

-

where i

-

Tion.,

The simplification, C = 0, tan bg made for a
centrosymetric case, as in this compound, and the
simplificd equation becomes

F = A . (21)
cal cal . " :
\Y

These stfructure factor calculations with the requisite

4 .
tull-matrix least-squares refinement .of the atomic
N ,

~ ‘ (42) .
paramcters were pes formed by STLS-5, llowever, since

the. first summation was performed only for the titanium

atoms, {rcal‘ was inifially only very, approximately equal
to Fobs' A Fourier 'synthesis, again using FORDAP and

employing ‘the equation .o

P = 1/v £. 1,1

Xyz h k™ s|F

Ca|llebs'c052n(hx + k}

+ 1z) ' ' (22)

~

where Schall is fthe sign of F__ and p is the electron

al

density revealed all of the non-hydrogen atom positions
which were then added to the list of titanium atom
positions in the structure factor calcutations. The

positions and isotropic thermal parameters of all of the

—-—




| ) !

' atoms found were refined until no significant changes

occurred. Anisotropic éfrucfure factors were< then
calculated for all atoms not related by the inversion .
"symmetry via

Fhki T 255F cosZnthx, + ky, + 1z )exp(-(h2By) + - 4

‘ k2Bpp 4 17833 + ZhkByy + 2ZhIB g +

S 2k1By3)) (23) |

' -

where B1q, B2...2re the anisotropic thermal parameters.

The atomic positions (xr, yi, Zi) and thermal parameters ) ‘J
were refined again until no significant change occurred

, . i / .
-in the function . !

- ‘ - Ir 2 (2
D hElW('Fobsl |rcal]) (24)

where w = |o(F )|~2 and F is the structure factor -
, . obs N cal

- ‘ . \
based on the model of equation 23.°

The synthegsis of’a difference Fourier, using another C

, ' o

function of FORDAP, . -

= - ) + 3
Apxyz /v L,I.I, (fobs Fcal)c052w(hx ky'

vz, : (25) "

‘ was used to locate the positions of the hydrogen ‘atoms.

' synthesis discussed above, uses the signs of Fca! and The

magnitude of FObs tor the observed structure factors and
‘ ' .

) subtracts from these a calculated synthesis using both

T Note here that the difference-Fourier, as the Fourier ' ‘

N Gk T N a

After five cycles of b

the signs. and magnitude of Fcal'
§ H

i e Ly gt e Rl b Yooyt el 24 gt



isotropic refinemen%, the difference Fouri&& synthesis

showed the usual peaks attributable to anisotropic

motion of the atoms included in the model, and also peaks
A\; ‘ %

N . at positions expected for all of the hydrogen atoms.

However, very diffuse peéks were observed for the methyl

hydrogen atoms so that these were refined as rigid
bodies in the final structure.

N / The refined positions of the carbon atoms of the

“

methyl groups and those of the carbonyl cafbon atoms were
used together with the clearest hydrogen atom peaks of
each methyl group to define idealized positions for all

three methyl hydrogen atoms of each group via the program

RBANG. Thus, the hydrogen atoms were positioned 1.6 R. (
apart at the corners of an equilateral triangle, and
placed syme+rically 0.98 R from their carbon atom. Through
va format conversion, using RIGID, the two sets of hydrogen
atoms were then included in the léasf—squares refinement
' as rigkd groups, each with a single group isotropic
thermal pa(gmefer. The program NUCLS® was used for the

refinement since it can refine certain parts of a molecule

as if they were rigid bodies. The least-squares is ‘
essentially the same as in SFLS-5.but the program is

f limited to isotropic thermal parameters f®r the group.
The hydrogen attached to &ﬂe C3 carbon atom (Figure [I1)
was alsp qllowed to refine isotropically. Again the

function minimized was as in equation 24. Also calculated
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)
were the residual index R and the weighted discrepency

) |F
R =

1] [} ]
bgt !Fca.|4 , (26)
ir |

0
%

obs
— -

I -

ZwlFobs‘

i l):W(Iir)h‘} (27)

R
W

The "gopgness of fit" was defined as:

e

W

) | - iF D2

Ew(]F ' .
ca (28)

obs

opi'=
l (n - m)

where n and m are the numbers of observations énd para-
meters varied respectively. The "goodness of fit", or the
error in an observation of unit weight, reduced to 1.25
affer three cycles. The final palues of R and Rw may be
found in Table I11.

Geometric calculations from the determined posif&&nal

parameters and the analysis of the thermal elipsoids(ddj

! ~

were performed by UTILITY, The program converted the
fractional coordinates 1o orthogonalized coordinates and

.

computed distances, angles, and the estimated standard
' deviations (esds) 1heredbn for all intramolecular contacts
less than a specified value. Thus the output list contain-
ed all of the bond angles and distances bracketed by an

uncertafw%i. The program was also used to compute intra-

7 { l
molecular contacts, and the best plane through a group of

-



weighted atoms:

The program ORTEP(AB)'inTerpreTS'The cards from

NUCLS4 and generates a series of instructions which are,

applied by the Hewlett Packard 2114A computer to a

* .
Complol x-y recorder. The options in ORTEP allow for the
drawing of the moleculg in either "ball and stick" form

or. the plotting of the thermal elipéoids associated with
each atom in the molecul;e7 The molecular bonds in the

latter case are drawn to perspective. The "stereoscopic
» .

. '

view of fthe molecular packing was accomplished by rotating

the packing diagram the required number of degrees to the

left and the right and plotting one beside the other.
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. RESULTS AND DISCUSSION

A. lInfrared Spectras

In this study, we ﬂavé concentrated mainly on the
aceTylaceronQTo, benzoy'lacetonato, and dibenzoylacetonato
complexes. Because these cbmpbunds hydrolysed after -
prolonged exposure of the mulis to atmospheric moisture,
good spectra were exceedingly difficult to obtain. Thus
total spectra were recorded only to verify the purity of:
the samples. The criteria used(24) was the absence of _
.carbonyl wvibrations above 1600 ﬁ—] and the absence of‘
hydroxy{ vibrations in the 3300 cm-] and 2700 cm-] region
ot the spectrum. From an infrared investigation of
severa! ketones, Rasmussen and coworkers(48)have assigned
the carbonyl vibrations in the free B-diketone ligand
at 1639 cm_] tor the keto-form. Because of very strong
hydrogen bonding in the eno{ form, Tge hydrdxyl vibra-
tion has shifted from 3300 cm”1 for free v(OH) to 2700
cm—] for Lydrogen bonded v(OH). Upon coordination to a
metal, the free ligand carbony! vibration frequeqcies are
shifted to below 1600 cm*‘ and the v(OH) vibration at

2700 cm-] disappears.(49) In this way it was ascertained

that all of the dikefone oxygens were complexed to the

#*

.
P ok b -
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titanium and the samples were free of hydroly%is products.

Owing to the presence of phenyl groups, spectra of %
- RS

complexes containing the bzac (1—phenyl—1,3-bu+anedi6n§tg)
or bzbz (1,3-diphenyl-1,3-propanedionate) ligands were
complicated and implications concerning the nature of the
titanium-fluorine frequencies were less s+raiéh+ forward
than in the acac (2,4-pentanedionate) complexes.

The spectra of [EaTi(bzac)], and [F3Ti(bzbz)], from
950-—500"cm"1 have been reproduced in Fig?%bs I-il while
the infrared frequencies and ﬁossible assignments for the
Ti-F and Ti-0 bands have been reported in Tables | and I!.

A spectral study of F,Ti(bzac)y and FéTi(bzbz)z is
(37)

-

available and The/values reported in this study adree

closely. The [F3Ti(bzac)], and [F3Ti(bzbz)], complexes

have not yet been reported and were required to assign

.

the bridging titanium-fluorine frequencies v(Ti—F)br.
This study parallels preliminary investigations performed

earlier on a series of [XYyTi(acac)], (X,Y = F,Cl)
(46)
complexes.

-

. Ideally} to avoid the complications of the numerous
bands found in the bzac and bzbz compounds, the same
information concerning the positions of V(Ti_F)Br should

be available from the series of compounds F,Tilacac),,

P

[FCliaTitacac)],, ClyTilacac)y, [ClsTitacac)], and ’
[F3Ti(acac)]2. These compounds have been synthesized;

unfortunately the [F3Ti(acac)]2&complex is an intractable




Table I - Infrared Frequencjesf(cm-a)

36

»

' for Solid
L FoTi(bzac), and [F3Ti(bzac)], ineNujol.=
-; PR o
b -
FoTi(bzac),— [FiTitbzac)], Possible’
’ Mode
970 s (967 ms) 977 vw !
934 vw (931 vw) 943 ms . ,
852 ms (849 m) 851 vw '
v 828 ms (822 m) 832 w
796 s (79) s) 795 ms
- 780 ms A '
~
- 735 ms
K
718 s (711 s9 711 s
. ‘ -
700 sh (693 sh) 700 s
689 s (683 s) 680 ms
. 625 vs (620 s) 637 s (Ti-F) .
w ter
.619 vs (613 s) - C.Ti-F)
_ . ter.
610 sh (608 sh) -
- 600 s (Ti-F)
lbr.
578 ms (573 s) o ¥
g X (ﬁ}
557 m (551 mw) 560 m
447 ms (442 ms) 465 ms (T1-0)

3
= Key: sh,
m, medium;

reference 37.°

%

shoulder;
w, weak.

s, strong;
— Values

v,
in

very; br, broad;
brackets are from

-y

PR



. : . Table 11 - Infrared Fﬁequengies (cm_l) for Solid a
FaTi(bzbz)p and [F3Ti(bzbz)|, in Mujol.=

X
2
(4 '
o FaTitbzbz) 2 [FaTi(bzbz) |y Possible
. . Mode -’
980 vk (978 w) 977 ww
, . "'/ ‘ .
) 948 m (945 ms) 941 m -
- (940 ms) -
930 'vw (928 m) - . _
. .
B45 vw (854 w) 850 w
: ] 826 w (820 m) . 833 w \
- 820 w (816 m) -
805 vw (799 w) - N
—_— ' )/
790 m (794 sh) 792 m
iy - (784 wm_S) T - ‘
776 ms (768 s) _ 778 ms .
o - 770 ms (763 s) - .
- : . ' 'S
732 s (727 s) - .
. IS v , ~ R
_ 722 m (716 ms) 725 s T o
1 \ ‘ ' ‘
: ;
¢ 4 ,
¥ l D’
'§:. ) \ | 2"
£
; | _ . A
;
‘ —.4
; _
’z
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Table It - cont'd

reference 37,

L ]
. 3 » ,
C FaTi(bzbz),2 {FaTitbzbz)], Possible
~ . o oo Mode "
718 m (711 s)- - . i ‘
U
696 ms (701 m) . -’\\f &
682 m (689 s) 690 vs
648 s (642 s) 667 vs CA(Ti=F) co
. .’-e 5
- 636 vs' (637 s) . g C(Ti-F) ¢ |
. e
625 s (629 s) 624 s (Ti-F)
ter
619 s (620 s) - B
- (614 s) . -, | - s
- - 598 s ATi-F) )
. ' . br
. 590 m (586 m) ° - ‘
574 m (570 s) 558 ms .
546 m (542 ms) -
. |
468 w (462 'm) 463 w (Ti-0)
A 3
\ . :
?
a Key: sh, shoulider; ;, strong; v, very; br, brbad; |
m, medium; w, weak, — Bracketed values are from =° :
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oil, 9nd because of rapid hydrolysis of neat samples,
" infrared frequencies are impossible to assign with
certainty. The infrared frequencies associated with the *

four femainlng samples agree with those reported !

_(35,46)

earlier and are summarized in Table 1},

An intense ;bsorp’rion band centered at Ebouf 625
" 3

cm“1 in the parent, FoTi (dik), compléxes has been assigned

(35,37, 46)

to a terminal Ti~F stretching frequency. If a

-

tive~coordinate complex is formed on reaction of F,Ti(dikl,

with Tify or TiCly, the w(Ti-F), _ band in the X3Ti(dik)

(47)

compﬁex should shift to a igh?r frequency. However,‘

in the case where the Ti/~F moie forms a bridging uni®

in a dimeric structureYas in [F3Ti(bzac)]2 or [F3Ti(zibz)]2
)

br
_band at a lower frequency. in [FC12Tj(abac)]2, where no

the \)(TF-F)Jrer band siould be accompanied by a v(Ti-

P

ter

should be replaced by a v(Ti-E)br band at a lower fre-

v(Ti-F) band exists, this band in the parent complex

’

\
quency.(4ﬁ) ) ‘ o
In agreement with infrered spectra reported

earlﬁpr(35’46) the spectrum of FpTilacac),; reveals two

¥
v(Ti—F)Ter bands at 632 and 615 cm—I. In agreehenf with

Thé‘regqlfs of Bickley,(462 the assigﬁmenf is based on"
the absence of these bands in the spectra of Cl,Ti(acac),,
"Ci3Ti(acac“ and "FCl,Ti(acac)", Furthermore, since no
additional bands appear in the higher fredhency region of
uThe "FCI,Ti(acac)", spectrum that might be assigned to a
;vLﬁf-F)+ep band, as would be expected from The’fo}m;fion

- Q
.

It
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of a fiVe—coordinaTe‘compI?x, the Ti-F stretching fre-,
quency must have been shiffed to a lower frequency and
must result from ¥hé formation of a bridging unit in a
dimeric s%rucfure.

There are fwo \»(Ti—F),rer bands in the spectrum of

FpTi(bzac)y at 625 and 619 cm_1 while three such bands
‘ Lq$37)

at 648, 636, "and 625 cm—], have ‘been assigned . __ _as—

v(Ti—F)+er in the spectrum of F,Ti(bzbz),. Agreement -

with reported poszions is not as good- in the latter

« . " r
compounds(S?) as in the formeF.(46) However, agreement

with reported results is especially gopd for the acac

(35, 46)

complexes. ln,The.spec+ra of the apparent five-

coordinate complexes, one new band (600 cm_] for
"F3Ti(bzac)", 598 en” ] for "F3Ti(bzbz)") appears at a.

lower frequency from the V(Ti_F)Ter band in the parent

complex. Thtse bands could thus be assigned to v(Ti—F)br

\\

in the dimeric structures [F3Ti(bzac)], and- [F3Ti(bzbz)],!

Furthermore, It was suggesfed(46) that the band at 603,

cm-1 in the spectrum of "FCl,Ti(bzac)" cowldoposibly be
due to the v(Ti—F)bF‘vibrafion; however, insufficient
data precluded a definiTe.assignmeni.

The \z(Ti—F)+er bands in the sp;cfrum of the parent
FoTi(bzac) at 625 an? 619 cm—] have been ;eplaced by a
single v(Ti-F) ___ band at 637 em™! Th the spectrum of
the bridged complex., Curiously, +he'v(Ti—F)+ér band

at 625 cm—1 in the spectrum of the F,oTi(bzbz), complex

. )



’ 7
remained unchanged in the spectrum of dimer, while the

remaining two v(TivF)Te? bands (648 and 636 cm_‘) in the
~,

parent complex have been replaced Y a single \»(Ti--F)_'_er

band at 667 cm~ ' in the spectrum of [F3Tit(bzbz)],. I+
‘is interesting to note that there is an increase of
- & ‘
abdut 10-20 cm” | in the v(Ti-Fd__ stretching frequency ,

in the six-coordinate bridged complex with'respect to

the unbridged parent compiex. Alithough no such shifts

have been reported for titanium fluorides, this shi%t
13 !

was the basis for postulating a five-coordinate solid

state structure for "Ci3Ti(dik)" (dik = acac, bzac)

(31) ) >
comp lexes,

A recent arficle(SO) has appeared on the synthesis
iy and characterization of perfluorofifanafq_(LV) salts.
The authors report Raman active bands at 601 and 599
cm-'1 v(A193 for The'NF: and Cs+ salts respectively of

TiFg2~. Infrared active bands belonging to this ion
-1

(point group Oh) are reported at 563 and 562 cm
+
v3(Ty3y) again for +he NF: and Cs salts. These Fesults

support the assignment of v(Ti—F)*er as the band at
-1

about 625 cm . It is also tempting to postulate aft
least some Ti-F character in the band appearing at about

560 cmul, however, Thése bands are also present in the
spectra of the chlorides(37) and bromides(37) and there-~

-
-

fore little can be said about them.
V&brafional spectra have also been interpreted for

-

. e
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|

(50)
)

a variety of perfluoro compounds. of parﬁicula} I\
importance to this discussion are CsTijsFq and

CspTisfFyg- Infrared active bands in Tbe,fprmer appear::

at 725, 650, 530, and 446 cm i while in the latfer,
which bears a greater sTrucfu!;| regemblance to the
bridged dimers in this study than the former, bands
appear at 730-600, 468, and 441\cm_1. Thus it may be
seen’' that the problem of assigning a band as v(Ti-—F)br
or as v{(Ti-0), for example, is quite complex. In fact,
because of the possible overlap of different bands, the
possibility of degenerafe vibrations, and the possibility
of infrared inactive bands becoming active (or vice-versa)
on changing the symmetry (i.e. formiﬁg a bridged dimeric
compound), it is even difficulf,#o postulate wﬁefher a
certain band in the region of inftferest is,mai?ﬂy, or for
that matter, has any~\3(Ti—F)br component in/ﬁ;.

No earlier reports of the values of v(Ti~F)br 'in
titanium (1Y) complexes are available. However, a band
at 470 cm”! has been assigned to v(Ti-F) _ in
[(hS - CsHs)TiFZ]Z.(Sl) Monocyclopentadienyl-titanium
(111) halides, (h% - CgHgTiXy), are at least dimeric and
probably polyméric in the solid sTaTe.(SZ) I+ is well
known that an increase in the oxidation state of the
metal increases 4he frequen;y of metal-ligand vibra-
!:(47> '

- tion Thus it would not be inconceivable to find

v(Ti—F)br in the fluorine br;dged dimers in this study

Y
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above 500 cm_I.

The crysial structure of the Ti,Clyg2” anion'???"
shows a good struciural resemblance to the bridged dimers

C 8
“in This s+udy.(34) The infrared-spectra of the anion

-
has been defermined,(sq’SJ)

and from TH% assignmant of
})(T1—C|)+er and v(Tl—CI)br, (for more than one bridging
or terminal mode), the ratio w(Ti-Cl), /v (Ti-Cl) can be
br ter

calculated as 0,61 to 0,74, A similar ratio calculated
for the bromides gives 0.55 to 0.69. Extrapotation of
this ratio to the fluorides should give the range 0.66
to 0.79, Applying this ratio to obtain a range of

!

!
frequencies in which v(Ti—F)br may be located yields

420-500 cm_l, assuming the extrapolations holds for the

fluorides.

A vibrational analysis of both +he Ti Fy;2"~ 50
- (53-55 . :
and T1,Cl;q2 (53-53) anions were based on the vibra-
tional analysis of NbZCIlo.(56_58) Since the tnfrared

active modes for the bridging chlorides are reported as

bay and’b3u, it is not un;éasonable to assume the same
modes as bridging in the TioF19%2” anion. These modes
are reported as 441 and 468 cm-1 in the fluoride.(SO)
However, bands in this region appear at eésenfially the
same “frequencies in the spectra of both six—coordina%e
#arenf compound F,Ti(dik), and the bridged dimer
[F3Ti(dik)],. Furthermore, these bands have previously

P 4
been assigned as vw(Ti-0). . : 1
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Tenfafivé_éssignmentﬁ as \J(Ti—F)br for the

[

[F3Ti(dik)], complexes may be made in the 590 cm_]

region of the infrared spectrum. Again, the sole

Q reason for this assignment is the ab;ence of these
bands in the parent complex. The absence of a band
around 590_cm_1 in the [FCl,Ti(acac)], complex is not
explainable with certainty at present. Two possible
explarations are that the band'is shifted as a result of
the ngture of the |igands (i.e. bzac vs acac, F vs Ci)
or that the band becomes inactive because of a difference
in symmetry. In either case, more work is required to
clarify the situation with respect +6 the position of
v(Ti—F)b( in the bridged dimer, as well as fto esTabliéh
the positions of vw(Ti-=-X) (X* = F,Cl) in the five-coordinate

species,

~ o

B. The Crystal and Molecular Structure of [Ci3Ti(acac)],

The crystal and intensity collection data are
summarized in Table |V while Table V contains the final
positional and thermal parameters fg? the non—hfhrogen
atoms. The positional parameters as well as the iso-
Tropic Thirmal parameters for The'hydrogén atoms are
collected igmlable VI. The crystallographic analysis
demonstrates that the apparent five-coord[na%@

ClaTi(acac) complex exists as the cyclic dimer, di-u-

chlorotetrachlorobis (2,4~-pentanedionato) dititanium (1V),




1}

with two <hlorine atoms bridging the two titanium atoms.

Ihe motecular*structure and atom numbering scheme are.
itlustrated in Figure 111; Figuﬁe |V depicts a stereo-
graphic view of the molecular packing. Selected bond
dis;énces and bond angles are collected in Table Vil;
structure factor amPlifudes are presented in Table Vll}.
Close intermolecular contacts are ruled out on the basis
of Van der Wall's radii.(57)

Figure 111l shows that the +wo Cl,Ti(acac) fragments
of the dimer are joined by CI(3) and CI(3'), As re-
quired by symmefry, the Ti,Cly ring unit is planar. The
titanium-titanium and chlorine-chlorine intramolecular ’
distances are 3.772(1) R and 3.267(2) R respectively,
while the bond angle at Tifaniuﬁ/is‘81.77(4)o, and at
chlorine is 98.23(4)°. The bond anglés between adjacent
donor atoms range from 81.77(1H)° +o 97:43(5)0, whfle
bond angles defined by the trans bonds are 166.50(9)°
(Cl143-Ti=01), 168.18(9)° (C11-Ti-02), and 173.17(5)°
(C12-Ti-Cl13")ygiving rise to a distorted octahedral
geometry at the titanium atom. Such an octahedral
distortion at+ thestitanium atom appears common in several
other chlorine- s well as oxygen-bridged titanium iV

complexé?ﬁ For ewample, bond angles between adjacent

donor atoms range from 79.28(5)° to 100.23(7)° in

(TiCly CH3CO0C,Hs], 80 and 78.5(3)° to 98.2(4)° in
F)
(7.4
[TICIQ'OPCI3]2.(6J) The corresponding bond angles

r— 2>
i
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Table IV - Summary of Crystal and Intensity Colléction
. Data for (CliTi(acac),, S

. »
-

A.  Crystal paraméTers at 18° with Mo Ka = 0.71069 R

a 6.8308 R
b 10.7339 R
¢ 10.5171 R
@ | 90.00°
B ' 93.92° '
y 90.00°
v h 944,573 R3
Space Group " P2y/n (No. 14)
Mole. Wt. ' 506.74 g/molu
Peal ‘1.69 g cm“3
chw ' -‘\ 1.78 g cm“3
o : ' 16.4485 cm” )
Crystal dimension O.Z‘x 0.2 x 0.2 mm
E:Zigiled Transmission ‘Tminf= 72% ; Trax = 80%




Table |V - cont'd

Radiation
Monochromator
Crystal to detector distance:

Deleclory |

Attenuators

@

Take off angle
Detector aperture
Scan type o ¢

Scan length

Rotation axis
ReflecTipns measure
Maximum and minimum 20 °
§Can base width
Standard reflecTionJ
Variafié: o{ s%apdard;

Number of reflecfiéns collected

Number of reflections with

1> 30(1)

Weighted R

+ R

-

Mo Ka

\ ‘ Lo
graphite 28992 = 12.1
25 mm N
Sciniitlation detector

and pulse height’.
analyzer set ‘for 100%
of Mo Ka peak. &

Ni foil used for
intensities > 10% 11z

3.0°

4 x 4 mm square ]
. g -
coupled 8 - 28, 17min
0(26) = (base width +
0.692 tand) starting

base width/2 below peak.

1092

0.029 includes

0.031 hydrogens

,




—~

-
| A . ,

Table V - Final! Positional and Thermal Parameters for

: the Non-hydrogen Atoms with Estimated Standard

“Deviations

a

Atom X ‘ _ Y 1 z
Ti 0.015057(79) I0.158}16(65) ©=0.075155(78)
C{/W T 0/23428(12) 0.20111010) 0.05297(12)
cl 2 0. 10494 13) 0.229§a<f1> -6.25469(1z>
j Ct 3 0.09706¢11) -0.05218(9) -0.11851(10)
o1 -5.09334(28) 0.30481(23)  -0.30481(23)
02 ‘-0.19475(28) ©0.10963(24) ° -0.15463(26)
Ci =0 .26563(53) ," 0.47522(43) 0.04499(41) -
€3  -0.35937(52) £ 0:27170(44) - -0.09714¢46)
c4 ~0.33491(45) - 0.15574(39) 20.15070(359)
C5 »  ~0.47032(54)  °  0.07992(46) - 76.20844<52)'

T S

B

or ke
et
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Table V - coQT‘d'

53

®y

T ‘ /]
Atom 811 Bop B33
- L \
Ti, 0.00841(11) 0.00528(7) 0.00958(7)——
cl 1 0.0095(2) 0.0065(1) 9.0{14<1>
cl 2 0.0152(2) 0.0100(1) 0.0098(1)
ct 3 0.0104(2) 1 0.0052(1) 0.0079(1)
01 0.0090(4) 0.0051¢3) 0.0108(4) )
02 0..0077(4) 0.0070(3) 0.0090( 4
et 0.0147(9) 0.0062(5) .  0.0143(7) .
c2 0.01 707) 0.Q061(4) 0.0081¢5) \
c3 .. 0.0082(7) ' 0.0093(6) - 0.0111(6)
- C4 0.0101(7) - 0.0079(5) 0.0060(5) °
cs 0.0100(7) 0.01116) 0.0128(7)

s




-~

'
]
/

B12 B1y - Bas

.00058(7)  ° 0.00040(8) -0.00001(7)

.0007C1) ~-0.0016¢1Y. .0010(1)

-

.0018(1) . 0.0029(1) .0030(1)

001211 10.0023(1) " . -0.0008(1)

“5.0014(3) . . 0.0006(3) = .. -0:0008(3)
.0009(3) -o.Qbofcs) | .0007(3)
.0031(5) " 0.0035(s) 10,0604 65)
0011(5) ©0.0022(5) - .0.0010(4)
.0032(5) - . 0.0007(6) *  =0.0009(5) ,
.0000(5) ' 0.0009(4) ow0010(4)' -

i

.0005(6) ' -0.001866)  =-0.0018(6)

R e o e o
N

et s s i

> .

1Y WCPP ISR (e
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Table VI - Hydrogen Atom Positional and lIsotropic
Thermal Parameters’: ¢«

v

LAY

-

-0.4507(47) .3007(40)  SO1068C41) 1.7(1.1)
~0.1625(37) .5245(45)  -0.0036(43) * 4.9(1.0)
.3395(45) .5190(48)  -0.0559(37)  4.9(1.0)

.2984(52) - 0.4701(46) 0.0837(37) 4.9(1.0)

8 . .
.4947(73) . 0.1164(47) --0.2824(50) 7.4(1.0)

.4510(61) -0+, 0115(40) '\-0.2165%54) 7:4¢01.0)

.5693(62) 0.0838(48) ~-0.1490(45) 7.4(1.0)

. -
)
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Figure 11l - The Molecular Structure of
o g .

di-p)-c'hlorgrerracjlorobis (2,4~pentane~

.

dionato) dititanium (1V), [CI4TiCacac)|,,

illustrating the e;fom number ’sclhe\me.

%,
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Figure 1V - Sfereographict‘View of ~the Molekular R s

LY
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¢ Table Vil" - Intramolecular BondﬂDisTances (R) and , !
A L\\ ~ Bond Angles (deg) and esd's ‘
| i “w
; . ' Bond,Disw‘aﬁces . ’ *
‘ - : . |
‘ |
AN 1=l 2.25001) - ’ “
4 : Ti - ClI2 ©2.214(1) -
‘«,;f( . A, l
Ti é¢0|3 T 2.418(1) S =
}‘ | W - Ti - 0 1.888(3) . '
: ' ) ‘r‘
| ~ . Ti - 02 . 1.966(3)
? d Tio-CI3t . 2.569(1)
| ‘ d .
| 01 - C2 1.30745) '
. ~ ' ///
02 - C4 = 1.278(4)
: g1 -"c2 1.488(6) o . ‘
] , ., 1
_ . C1 o= HII 1.01(4) v b
; : Cl - HiZ' - 0.95(4)
- cl,- W13 0.9404) “
. c2 - C3 1.360(6) ' .
! | L T
C3 - C4 1.38%(6) ’ X
R . ) . - ’\
: ) C3 - H31 0.82(4)
4 ! -
“ ca Y5 1.492(6)
. “ , C5 - HS1 - 0.88(5) : »
: ‘ .
L ’ ‘ ' C5 - H52 1.000(4) + S >
‘ , "C5 - H53 1.07(5) .-
|




Table VIl - cont'd

< Bond Angles

.38(9)

.08(4)
L74(4)
.99(9)
.18(9)

.50(5)

17(5)
S

.16(9)

€

L7704)
.500(8)
.78(8)
LJ00)
.91 (09)
.54(8)
.23(4;
.59(25)
.82(26)

L102.6),

L 4

1.3(2.9)

C1

- 113

107.305.0)

- Cl - HI2  104.0(3.7)"

- Cl
- Cl
c2
c2

c?2

C4
C4
CA
C5
C4 C5

€4 - C5

- H13
- H13
CID
C3
C3
Ca
C5.
H?l
%ﬁl
C3
CS
H5 1

- H52

- HS3

112.0(3.8)
112.2(3.6)
115.0(4)
120.8 ™)

., 124.,2(4)
124.2(4)
121.7(4)
118.4(3.0)
116.8(3.0)
121.5(4)
116.8(4)
103.9(3.7)
116.6(3.0)

109.8(2.7)

- v
H51 - C5 - H52° 112.9(4.&%

110.8(4.7)

103.0(4.1)
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across the trans bonds ate 166.78(5)° 4o 169.77¢(100° for

(60)

the former'efhylacefafe dimer, nd 165.004)° +to

173.0(})0 in the latter compound.(é]) Similar distor-
tions have also been reported for the oxygen-bridged

titanium IV dimer, [TiCl(acac),),0-CHCI5 %2 and

[TiO(acac)sz.(63)

Deviations from the least-squares plane for the
2,4-pentanedionate group (acac) are listed in Table IX. '
The bond lengths in the planar chelated (acac) |igand
are: 01-C2, 1.307(5)'R; C2-C3, 1.3€0 ?; €3-C4, 1.387 R;
and 02-C4, 1,278(4) R. Lingafelfer(64) has reported the
mean values for the corresponding bond distances for a
variety of metal acetylacetonates of varying geometry

and oxidation state of ThQ,meTa1 ion as d(0-C) = 1.28 R /ﬁ\

and d(C-C.) = 1.40 R. Note then fthal 01-C2 is appreciably

A

lfonger and C2-C3 is significantly 'shorter than the
corresponding values reporféd by Lingafelter. The
titanium-donor atom bond distances are of more value to
us. For examﬁle, ThevTi—Ol bond distance of 1.888(3) R
and the Ti-02 bond d{sfance of 1.996(3) R are much shorter

than the corresponding Ti-0 bond distances of 1.97 and

2.06 R respectively in [TiO(acac)2]2(63) or of 1.985(5)
' A
R in bis(2,4-penTanedionaTo)—bis(?,6—di opropylphgnoxo)
j4fanium (IV).(GS) tnterestingiy, the Ti-01 bond is
~

trans to the longer (and fheréforé weaker) Ti-Cl3 bond

(2.418(1) R) and/the Ti-02 bond is trans to the shofter

¢




{and strdnger) titanium-chlcrine terminal, bond Ti-Ci1

s

(2.2§0(1) Ry, Furthermore, the Ti*%nium-ierminaﬁ
chlorine bond lenéfhs show some differences which are,
cutside experimental error. The longer Ti-Cl1 (2.250(1)
R) bond is opposite the Ti-02 bond while the shorter
Ti-Cl2 (2.214(1) R) bond is Tr€ns to the bridge Ti-C!3.
Thare are iwo possible explanations for these Variations

in bond [eﬁg1hs. The chlorine-donor 8toms have a smaller

trans influence than the oxygen-donor atoms O1 and 02.

‘Thfs‘e%planafion is in accord with the trans effect =

postulated to explain the variations in the lengths of

the three Ti-0 bonds in the [TiO(acac),], dimera(63)

gecond, titanium (IV) is a d° system. it thus has avail-
able relatively contracted vacant 3d orbitals that are
poTeana( t~-acceptors.’ FurThermore, the presence of
shch glecfronégafive substituenis as chlorine should
inéreaséyfhe”effecfive nuclear gharge at titanium result-
ing in further contraction of the 3d orbiTaIs.. Such'a
coﬁfracfiqn reduces the energy difference between the
empty t+itanium 3d orbitals and the .2p orbitals contain-

A .

d.ng TZ;/gxygen lone pairsAénd thereby enhancing prn-dn
g

bondi . The idea of w-type bonding in titanium di-

ketonates 'is not new. I+ has been suggésfed‘fhe Ti(acac)g

(5)

cation as being.partially responsiblg»for the low-

v

field shifts in the proton nuclearepagnetic resonance

spectra, and in a variety of ftitanium (IV) diketdonates



. Table Vlll‘- Structure Factor Amplitudes ' .
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Deviations from the Least~-Squares Plane for
the Acetylacetonate Group
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A
2.25 R) or the five-coordinate [TiCIz-NSiMe3]2

" found in [TiCl, NSiMes]

68

»

with regard to specfra\ shifts in the charge fransfer
(37)

‘band. . Finally, it is interesting to note that the

v

titanium-terminal chlorine bond disfances‘(2.21—2.25 RQ -

in the present six-coordinate dimer are comparable in

length to those of the six—coordinq+e‘a§duc+s [Ticiy

POCI 3 61 (2.20-2.24 R) and [liC'Q'O Ci H ] (2.23-
2 3v1gni2i2
(22,23)

Th@ terminal chlorine-titanium bohd lengths found in *the
g . ‘ P

Ti;CIIOZ' (53)

CHCI3(62) (2.30-2.32 R) represent a better estimate of

. o ' °
anion (2.25-2.29 A) and [TiCI(CgH705) 2] 20"

. . de
sucl bond lengths found -in six-coordinate titanium (1V)
5

comphexes The difference of 0,15 R in +h§’fi+anium-ﬁ

bridge chlorine distances is larger than the 0.07 R ;

2(22'23) and seems significant

when éompareﬂ to similar differences of 0.03 % in the

TiaCli1g2™ anion®?) or 0,01 R in [TiCl, 03C;oH12]0. 880

I

The Q1-02 distance, the bite of the acac ligand;

in C|3T{(acac)]2 is considerably shorter (2.582(4) R).

-

t+han |that found in other acetylacetonate systems. Jt

has been pointed ouf(64) that in first row transition

metal aceTylaceTbnafes, the only effect in varying the

metal ions is agvariation in the 0-0 distance,- and tRat '
such a variation is clearly not due to difference in the
; ¢ .

metal radii. Rather the 0-0 QEfe distance is shortened
A N

by an increased oxjidation state of the'metal (e.g. Colll)

2.96 R, Mn(111) 2.81 R, Zre¢tv) 12.67 R)°%  Thus, thg 0-0

4

i
~

) 4 .
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4 -

. ’ , . ‘ F"{(‘Q‘ .‘,
baTe in the bls(ﬂl|soLropyIphenoxo)bvs(2 4- penfaned!onafo)

"titanium le) cdmplex i ,2.66 R (67) nearly The same, as

. R .
“that of Zr(acac&u: Tﬁa# The O 0 blTe s comparatively’

increased effec1|ve nuc|€a¢ charge at

W .
shert in the prefenTATl (L) compound\;:ggesTS,an

itaniem and
. o '
suppor?s the .notion of SIgnlflcanT pn d;\bondﬂng in the
: R .
a: Tl(aéac)'he#érochelefed rings.

£ ‘ .
/e R ’

. ©

Ll

-, . .. L
C. Soiufjon S+ructure

. ‘ o \7
o -t hanbeen'shown(%H) from moiecular wergh%éB.

conducTivijy, and nmr specfral data '‘that ClaTl(b;acf
C . .

.

« exists as a ftve coordlnafe monomer in soiJ#ionu“‘A
v ~ (]
Id g Id
_more complefe nmr specfra/~|nvesj$Q2T|0n in nlfropenzene

(68)

. of” [Claul(bzac)Jz and [CI3T|(dpm)}2 has revealed
/

’, :
‘fha+ [X3TiL¢ik)]2 qompl@xes break up 'n'solufion'?o‘%

.yield X3Ti(dik) which subsequently disproporfiqpaTes‘
'.in?o;The*Qell—knowﬁ six-coordinate XéTi(dik)z and T{Xk.

" Thus it appears that [Clgii(ieac)]z as well as

[FéTi(Qzaé)]z and [F3Ti(bzﬁz)]2 underqo c}eavage +o\g}ve
N e N H . v N N
o a +.ue,f{ve-coérdinafe species. This clé%vage,ocCurs‘in

TiCly- NSiMeg],22023)

fdr which fthe solution-species
appeartfo haVe discrete (Ti-N), ring§ based on four-

- : . - .

"coordinate titanium. These spegies react wigk pyridine

bl

to for%’ihe bis-pYridine adducT. Also, CI3T|(bzac)(py)

u% formed.when a soluflon of CI3Ti(bzac) is +reafed vah

(31)

pyrldvﬂe. I'n confrasf, dlssolufnon of Ohe oxygem—

3




o, “ 70 ¥ ' .
e \ ' 7 ~ e

“

. , .
bridged [TiOCI(acacl]z in pyridine results in no bis-

(67) (70)

pyridine formation. The dimer, [TiO(acac),],

also appears to be stable towards cleavage and pyridine
B o

adduct formation. % This‘suggésfs fh§f probably only

monomeric, coordinatively unsaturated ftitanium (1V)
. - "d‘\w

% . ’
complexes undergo adduct formation with' pyridine. Fro;t7

inspection of sthe two titanium-bridge chlorine bond
j;_ Yistances (Table Vll), Ti-CI3 and Ti-CI3', it seems
. ‘ J

N reasonable the cleavage occuyrs at the longer (and weaket)

. v . o
Ti-Clg3', bond and at the symmetry related Ti'-Cl3 bond.,

o . w .-

; .. Djéﬁrqporfionafion tollowed hy intermolecular ligand

h! . '

i . -exchange or prekeded bi intramolecular 1igand exiyange
may léad to opserved six- and four-coordinate compounds.,

Solution infrared spectra would have been useful;

-

‘dn#orfuhaTa{y theyPare not available for reasons dis-

cussed earlier. In the solid state spectrum of

«

LI ¥ 4 /’ » -
. _occur around 625 cm ]. hese ban&f are slightly ‘shifted
y ‘ o | , o
v . Lo to hjgher frequencies in [F3Ti(dik)]2%? In solution the |
. : . . s S /

the u([i:f)fér for’[X3Ti(diK)]? band should shiff fo g
’ . ES N .

higher “frequencies in F3TiNdik). The V(Ti-F) _ band at

600 ,:J should also vanish.  The expectéd sHifts to

hibher frequenckes of v(Ti—F)Ter would havg\pohf}rmeﬁ The
>~

fivéccpordinate natyre of both F3Ti(pzac) and F3Tilbzbz)
. N s .

in se u?ion and would have provided evidence far the.
".' a ar FRREE o '

« 7 FaTiGdik),, the titanium-fluorine vw(Ti-F) freﬁUéﬂc‘es

v'(Ti—F)'_‘_er for FpTi(dik), should remain unchanéédfwhereq§"
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\ - . INTRODUCTION
~ The purpose of this part of the thesis is to report
., on our endeavours in synthetic organometallic chemistry.

The project chosen involved the synthesis of cobalt—metal

bonded compounds (where metal = Ti to Ni).. Since no ‘

heterqgmetal-metal bonded complexés of titanium had been
reported in the literature, when the project ‘was started,

it was decided that our effortp be directed in that

. . . | .
) direction. -~ —
N
.) >

; " The lNTRODUCT\ON has been divided intfo three sections:

o .

Secf’ion A gives a brief t\is”roric&{)background to the
«‘fopﬁc and brings the regader to the present day state o';
the art. Section B is an out! ir.\e of The r.?'\/amL fea-
tures of organomefal\l ic chemistry required in the syn-
*thesis of metal-metal bonded compounds. Sc.;,cfion C reports
(. on the propegties and some«hseful rgacﬂons of the s+arf—-:

° - . ing material, octacarbonyl dicobalt. ¢ 5,
] ' . .

i
oy

A, H\isforica!

. ~ The, first metal carbonyl, tefracarbonyl nickel,

was di.sco%ered' by C. Langer in ]890(]) during the study

. z
of the transformation of carbon monoxide fo carbon

L




79 . ' ’

next member of this new clas;,s of compounds, penta-

carbony ! iron, was reported by Monde(Z) and \Ber"rhelof(”

a year later. AT that time, These carbonyl complexes

were regarded as anomalous organic compounds ‘with
structures | and 2 below

2

 0=C~=Ni-C=0 O=C—Fe~C=0

N Y R A 1 |

=C —-C= 0=Cc—~C~-C=0
| n

\ °| 0

Py

s | 2

This 1is nof \gurprising in view of the fact that

£ AY

‘carbon monoxide was recognized as a ligand only twenty

years ear| ier in the synthesis and characterisation of.

(4,5) 3

P+(C0),Cl5 and that |i'ttle was known about +the, 1

nature of chemical bonds. For the next few decadés’

PR

progress in discovering these new types of compoundsrwas
\p ) )

slow; however, a bimetall ic metal carbonyl‘, notably .

. N - ,

octacarbony! dicobalt, was d«iscove/,{ed.

L

It was not unt|d#¥fthe early 1940's that chem%‘%’?s
{ ‘GRS ,

"began to consider these metal carbanyls as neutral

~

3

coordination compeunds wi'Fh the metal in the zero oxi~- - \s'\}

(6)

dation states, The field of metal carboﬁyl chemistry

P

»~
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4 °
s

Began to grow répidly a decade later. !t was during thi's

‘time that Hieber and his students.made many ¢f their

significant qon%ribufisns,yhich led to the develap- .. Jo

ment ofzfransifion-mefa?rcarbonyl chehisfry.(7) This was
o 8,9)

’ , , . ( .
also fthe decade in which ferrocence and dibenzene-
’ ~ .

-
~r

chromium('O) were synthesized.

~

s “

Prior to the late 1950's only a few compounds contain-

N

ing metal-metal bonds were known; these had been accident-

a}lyhsyn+hesizeq and aroused very little inferesf.(,13‘ ) ,j:,

~ e

Deliberate study. of these compounds began in the early

v

1960's and by the middle of the decade these complexes .-

moved faom,the reaim of "scarce" to the p?§SenT idea of

»

"rather commonplace". ;
[, t - ' .
g

<
B. General Considerations

Affhoygﬁ the organometallic chemfsfry of transition-

7

metal carbony!| compbunds is a relatively new field of

'

endeavour for the chemist,.ipterest has been keen in the
. {

past tweniy-five years and several excellent reviews

may be foun AR LR S features which distirguish this

o
highly specialized topic and whicW are responsiple for

"

the unique chemistry, are the presence of.partially fhl)ed

orbifalf/éL the metal and the ability of carbon monoxide
‘ . | 3

to stabilize the .low axiNation states in these metals. ™.

The stability of the bond between a metal and carbon

monoxide was attributed in valence bond terms, by
- i N o
(18)

82

. . - g ' N .
Pauling, to resonance between single aqdwdouble-me+al-

- N i * N

4 . v

s .
L
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Figure | - The Synorgjc\ﬁffécf of CO ,

v o~ . [

. ' ' ) .' . - i ; .
. ‘ .“ ( . .‘ /:\,//h/a
3 ‘ i “
.

carbon bonds assillustrated below

A M- €20 M=C=0 ()

M

v

3

HoWever, chemists now prefer to falk in.terms of ﬂplec—

] wularo ital theory.  Thus bonds- wiTh Ilffle transfer of

nega+ ve charde from the donor aTom ot the ltgand to the
N K : A . |
mefal can be aCcounTed for by |nvokgﬂg a.m- bacﬁ,dona+|on~

-«

X b O the me*al.rmlie excess elecfron dens:fy on the metal is

) s
removed by back-donaFion* lnTo the empty =* molecdlar !

" "orbital of Tarbon monoxidgs This has +he effect of '
ot . ' inc}qashng the strength of the .sigma bond. A stronger

‘sfg%a‘band éllows”ﬁgre'exfensivé m-bonding. This effect
P 0 M ]

o - ,: ’ from the metal 1nfo a suitably empty orbufal of the ;{\,
_ L ) . |igand.{19) is process is ilibsfra+§d in"Figure f.
* ﬂaThus a Jiik dafivé sigma,bond_is°fdrmed by'fhe‘ )
uJ' donaT|on°of the carbon monoxude ione palr of elec%¥rons To:

7
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'

is' termed "synergic". However, there is no direct
exﬁdrimenfal proof of back—donafiin:'only indirec# evi-
dence is yet, available.  Such evidence may be manifested

‘as ‘a shorter metal-Jligand inferafog\c distance than is
(20)

generally expected for a single bond . or as very low

bond moments, as expected for neariy apolar bonds of the

. (21)
synergic type. .

<

* A consequence of the Wresence of electrons in the
antibonding orbitals of carbon monoxide is The oneriag

of the C-0 bond order. This iswconveniently! demonstrated

by noting that the free v(CO) occurs at 2143 em™ ) 7€22)

While(Thaf bonded to a met#] may be observed in the 2000
(22,23{

cm rediton of the infrared sp§€+rum. Furthermore,

... @as the carbonyl groups are replaced with ligands which

*

‘ : i
.are stronger o~donors and weaker w-acceptors v(CO)

de¢reases. Thus, on substituting a phosphine for a
1}

carbonyligigand, there is-an increased flow of charge to

the metal. Since the removal of electron density from

the metal via the empTy/Bd"orbiTals of. the phosphines is
less efficient than that of carbon monoxidxﬁ the in-
creased electron deﬁsify at the metal musf bé<i%moved bw
;;ddifioné? charge +;ansfer to the an%ibopding CO =%
orbitals. This leads to a reduction of the CO bond order
and a consequent decrease in v(CQ),(l?) &L

Metal-metal in;eracfion has been postulated for

] - v,
every element in Thk transition block except the scandium

e i ‘{fﬂ
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triad. The occurrence of metal-metaj (abbreviated M-M)
| 4

4

bonded compounds is res¥riq+ed mainly to coo?&inafion

compounds and to organometallic compounds.(ZS) This °

2 8p -

type of bonding appears +o‘océﬁr‘}eqdily, even in hfgher

I
oxidation states, for the early transition metals, where-

-as M-M bonding appears to be res+ric+ed*+6 the lower

-

oxidation states for the latter transition elements. A

maximum in M-M bonding apdears tg be reached in the

middle of the TransﬁTion series with the second and third

row elements showing a greater propensity for such bond-
ing than the first row elemenfs.(24) .

- .
The main criteria for M-M bond formation are three-
(25) b e,

a

fold.
o] o

. ;
1. The metal centers must contain relatively

expansive d orbitals to allow good overlap
with each other.
2. These orbitals must contain electrons which

v

can be used for M-M bone#ing.

X - L N
3. Unfiavorable steric effects must be absent;
' metals closely surrounded by bulky 'ligands
) militate against the close approach of the
S ®
metals. )

It is generally observed that there are two classes

of coppounds for which M-M bonding may be considered, )
1 . ' ‘
A3
These Ywo are:. (a)- inorganic compounds in which the
g -

metal is essentially attached to o-donors in which the

[}
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' , ¢
atomization energy is the most important factor in deieg§w.
{ / +

lmining M-M bonding, and (b) organometallic compounds ‘in
|ch unfavorable non bonding electron repulsions are
e§7ed by delocalization of These electrons into

llgand orbitals via drn-pn bonding. The formation of M=M
bonds is primarily governed by The number of electrons
which are available for bonding. (25

The metal oxides and halides are of the type "a"
above. The main factor which must be considered for M-M
bond formation in :hése'compoundé is the Thermnchem'cal
cycle. |f oxygen or halogen bond formation cannot
compensate for: the " fai vaporisnfion,.?he sfabilif; can
Co k) (26,27
be gained only through M-M bond formation. ?

Of greater impoHT To%This Thfsis are Thé carbon*l"
ann'ca#bonyl type complexes of type "b" above. For MJ§
bonding to occur in these compounns, The/ﬁe?al atom

¢

generally has én .odd number of eIecTrons' MeTal carbonyls
conTaln;ng an even number of electrons can form M-M bonds
if the gain attained by sharing electrons inﬁ%he forma-
}ion of %he M-M bond i's compensated by the loss of one
donor carbonyl group. The ligands are fhus';een to be
ra;har important. Good ligands will stabilize the low
—oxidation states of the metal and reduce non-bonding

(and sometimes antibonding) electronie repulsions by .
(25)

deloéalizing these electrons into the., ligand oribtals.

A metal-metal bond may be recognized by thp cliose
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C. “g?op@rfies and Reactions of Co,(CO)g

»

approach of two metals in the absence of bﬁidgiﬁg‘groups'.

N -

or by the closer appyoach of the metal atoms than seems

necessary from the bridging ggodefry.(24’29) Another

criterion that is quite often invoked is diamagﬁe}fsm.

L.

However,pcare must be taken in éeducing M-M bonding on

the basis of diamagnetism or reduction of paramagnetism.

4)

Tht's becomes apparenf(2 when one‘consigers that o

-

(a) for a system with an even humber of electrons
in the metal, paring may ﬁesulf from some
stereochemical. requirement and not M-M bonding.

. r:‘w

(b) for metals with orbitally degenerate grqtnd—

. states, the magnetic properties may be mod i~

-

fied by spin-orbit coupling. -
(c) magnetic interactions between metal ions may
- o
occur throeugh the participation of bridging

groups (i.e. antiferromagndtism is an &xtreme -

case).

Crystallographic data is therefdre absolutely neces- il

sary before experiment and theory can\be compared. How-

~ )

ever, the method gives limited (but vittal) inf®rmation on

M-M bonds, and one must resort to othern methods (e.g.

shape of potential energy curve and dissociation energy)

\ L]

to obtain these da+a.(29) | .

( 4]

There exists a large number of M-M bonded deriv-




i~ .
atives of cobalt based on the gkmple carbonyls. The

best known of these Co,(CO)g, is an orénge, alr-sensitive

n

- L”
soligd which slowly decomposes at roam Temperafure.(SO)
rd 1

» The results of crystallographic analysis have revealed

the structure as di—u—carbonyIhexacarbonyi d!cobalT.(3])

The x-ray crystal structuge of Co,(CO)g shows the

cobalt atoms to be bonded via two bridging J%&Honyl

groups. "The diamagnetism of the molecule and the close-

ness of the cobalt atoms (Co-Co = 2.52 R) indicates the

presence of a Co-Co bond. However, in solution a tem-
e

perature dependent equilibrium eéxists between a low

Temberafure or bridged form, and a high femperaqbre or
‘ ' N -
unbridged form.(32’§3)

Furthermore, rapid exch
~‘ N

between all .carbon monoxide groups has been verified by
. {

Basolo and \Vojcicki.(34) Recent spectro@opic in-
vestigations have presented results consistent with 2

third isomer of yet unknown sTereochemisTry.(Bs’ss) The

Infrared spécfré may be interpreted in terms of a struc-
Tuﬁe with Doy symhe%ry having no bridging carbonyl
groups. All three isomers (Figure 1) arsé reported to

interconvert rapidly.(36) 3

There.are severzl excellent methods of preparing

'

< anfonic metal carbonyl derivaTives.(37) The most useful

- of these is the reduction of the metal carbonyls with an

alkali metal or amalgam in the presence of a basic sol-

-42)
venf(37 42) although a direct reaction with some metals

.

BT s b A it ot RS et
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Figure 11 - The Moleéulaf Structures of the

~Three

87 ~

Isomers of Co,(CO)g
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{
\‘ '
. ; (43) . . "
is ojfen successful, Also, dicobalt octacarbonyl 1is
\‘ ' ) -
' vergy sensitive tfo base.” Some very weak bases such'as
S’ ’ .

°

acetonitrile or Tef}ahydrofuran which are often consider-

ed inert, will bring about the,disproportionation reaction
B3 -

in equation 2.(44-46) Ho@ever, phosphines,(47) phos-

phi+es,(48y and isonifriles(SO) react d#ffergnle. - -

3 Co,{C0)g + 12 base - 2[Colbase)g] 'Co(CO) 4],

/

+ 8 CO (2) \

The phosphites always'react to give g-substitution

produc+(50) (equation 3) whereas the substitution product

is only obtained at elevated 1lemperatures with the

(51)

phosphines. At low temperatures, the phosphines ,

react with dicobalt ocTacarbonylL}eﬂquion 4) to yield a

cobalt | salf,(dg) similar to the reaction of the

isonitriles (equation 5),

€0, (CO)g + 2P(OR)3 + [Co(CO) 3P(OR) 3], + 2 CO (3)
Co,(CO)g + 2PR3 » [Co(CO)3(PR3),] [ColCO)y] + CO (4)
J s

Co,(CO)g & S5RNC + [Co(RNC)g] [CotCO),] + 4 CO (5)

-

(R = an alkyl group)

Reactions 2 and 4. also Il lustrate some of the useful .

methods of preparing cationic metal carbonyls of cobalf.(54)

Heterometallic compounds of cobalt containing metal-
(53<56)

metal bonds are now known, The most useful pro-
cedure4?}\axg;m€§izing M~M bonded derivatives is alkali

halide displacement, °9 287 his method, and a varia-

£



lon of it, has been used to prepare (CO)gMn - Co(G0),
2,55,56)

4

(COgRe - ColCO) 4, 24122 and (Z0)gMn -
chico),Ceehs, 7 and Is 11 1ustratedNiy equation 6.

~ Na[co(cor,] + [Mn(CO) g]Br + NaBr + (CO)gMn

' !
\ - (C0),4Co (6

. rd
Reactions of this type are generally performed in tetra-.
' N

.hydrofuran as solvent and the products are purif.ied by

column chromaTography.(57’58)
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il EXPERIMENTAL

[§]

AL, . Materials and T.ochniqueti‘ + |

~ The chemical recactions reported in this fhes.is woere
carried out in an Erlenme;er flask with a side—-arm under
an "atmosphere of pre-dried nifrog'en gas. When approp-
riate, a2 water-cooled reflux condenser was‘in Turn 2
connected by an air-tight link to an oil bubbler, other-
wise the side-arm was connected to the bub,bler‘. The
reaction mixture was stirred using a magnetic stirrer in
combination with “a hotplate.

The chemicals used in these reactions were obfained
from the manufac‘rurérs listed in Table | and, for the
most part, were used without f’ur’rher pulr‘ificafion. The
solvents were dried over calcium hydride for several days
and disti I(e\d just prior 1o use. Using a gas dixspersion
tube (ASTM 40-60 -medium porosity frit), nitrogen was
bugbled"rhroug.h the solution during one-half hour to
ensure the removal of all dissolved oxygen. Water we;s

tirst boiled before saturating with nifr‘ogen.'

8. Physical Measuremehts

o '

1. Melting Points

Melfting points were determined on a Gallenkamp

U LAt T G XTI R A T
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L/-~b/;p&
Table | = Source of Chemicalé and Solvents
Chemicals { / *

Dicobalt,octacarbony!l (98%)

.Bis(cyclopenfadienylafﬁéfbonyl

Titanium tetrachloride’ (99,9%)

‘Thallium (1) nitrate

Thallium metal (4-20 mesh, 99.999%)

_Vanadium tetrachloride (90%)

Sodium hydroxide (pellets, reagent)

. Triphenylphosphine (992‘
Triphenylphosphited(97%)

Dicyclopentadiene

Solvents”

Toluene (certified)

Benzene (certified}
Tetrahydrofuran (certified)
Chioroform (N,F.)

Diethyl ether (practical)
Pentane (technical)

Methano!l (reagent)

' Dimethylsulphoxide (spectrometric)

Dimethylsulphoxide dg (99.9%)

-

Miscellaneous

A

,Calcium Hydride (purified) .

Molecular Sieves (type 4A)

Alfa . I'norganics o

Alfa Inorganics !

Alfa Inorganics

Alfavlnorganics

Alfa \Horganics

Abpqhe Chemicals

Canlab ’

Aldrich Chemfcals - "ogl

Aldrich Chemicals

' Easfrﬁa‘n Ko‘dak

Fisher

Fisher -

“Fisher:

Fisher

Fisher T 7
Anachemia

Anachemia

Aldrich

Aldrich

Fisher :

Fisher

v &
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melting point apparatus, model! MF-370. A sample of the
compound was crushed to a powder'ané packed into a
. - Lo

- capillary tube under an atmosphere of dry nitrogen in the

glove bag and sealed‘wifh mo&éling clay. The melting g
points were not correcféd and they represent the most
cénsfsfenf of several determinations. -
v .
2. Infrared Spectra
Infrared spectra were roufinely-re;ordeg on a. .

Perkin-Eimer grating double beam spectrophotometer, mode!

L)

number 457. Peak frequencies are believed accurate to

~¢3 cm—]l Some specf?g were recorded on a Perkin4Elmér i /
grating double beam spectrophotometer model numberh2253

For this instrument, peak frequencies can be reported to

+1 cm-]. Spectra @fgm both instruments were galibrafed

~

usigg a polystyrene film at 2850.7, 1601.33g906.7, and
698.9 cm ),

The cells used for solution specfrg!QOpy were eifher
.1.0 mm matched sodium chloride celils (Beckman) or 1.0_hm
matched potassium brémide cells (Beckman). Nujol mulls
were prppgred in the glove-bag and the spectra were 8

recorded 3s films between potassium bromide windows

)

(Wilks) in\a demountable infrared 6ell.

3, Nuclea:\MagneTic Resonance - :




at 60 MHz, The sweep width of“The'AéogA spectrometer
s * ' -4
was calibrated against a-standard sampie of chloroform~

.» tetramethylisilane in carbon +e+racﬂ!or§de. ;The phgﬁicad

g . . 3
shifts quoted are those relative to *gframefhylsilana‘“
L] ﬂ. . ‘\ " * ' N ° &.
- used as an internal reference, -
Y - ‘ - ’
. ‘/ ) S . .« -
4. Mass Spectromefry’ -t e

z

4
Mass spectra were recorded using a“*Hitachi Perkin- °

t ¢

Eilmer double~focusing mass specifomefe?, model .number
4
RMU-6E, . .

s -

C, Syntheses ‘ LT ’ . "

Dichlorobns—w—cyclopen+adnenylfifanium ivy: ’ “;
(CgHgdpTiCl, 29 : . ~ ' '

\ 4

chyclopenfandlene wds . cracked by slowly drlppnng

from an addition funnel onto hot« (200° C). mlneral oil in

a 250 ml 3-peck round boffé@/{T;;; and collecting the
- vapours coming of P between 40-42° from an air coolad

reflux condenser. °
Sodium sa;d (10.00 gm, 0,434=mole) was partially .
- . L o»

dissolved Wn,soﬁml dry,“oxyggn—freé/;e;rahydnofuran.$n a

500 ‘ml “3-neck round Bo++om flask, The‘solufion was stir-
& s
red using a stirring motor. and was slowly Buf contifh-

>

uously Flushed with n|+rogen.' The freshly cracked cyclo-

pentadiene (32 08 gm, 0.480 mole) was added dropwise from
,):«‘ Pt
a pressure—-equalizing dropping: funnel . The reaction

mixfure is pink or red in color when +Ve adduf«on is com-

plete. The reacfuon was conSldered complefe when no. more

o

L ) . P 4




sodjum was visible in the bottom of the flask, .
To 250 ml of dry tetrahydrofuran”in a one litre
3-neck round bottom fiask was added (41,42 gm, 0.218

mole) titanium tetrachloride with vigorous stirring using

a stirring motor, The flask*was kept at 0° ¢ and was

o
.

continuously flushed with ngfrogen, (CAUTION: +the
reaction is extremely vio&eﬁf‘af first,) The reaction
was over as the last drops of titanium tetrachloride were
added producing the yellow TiCl,-2thf adduct. ' &
A cold solution (about 0%) of TiCl,-2thf. in thf was

added slowlyefo the cvooled pink solution.of (CgHs)Na with
stirring, caution being taken To‘mainfain the ‘inert
atmosphere, The color of the reacfibdwmixTure contin=-
ually changed to igzﬁg} red as the add{tion of the tetra-
hydrofuranate conti uéd. When fﬁe addition was-complete,

a bright red slurry resuited, This was stirred af,r%om

eTempefaTQre'for one-half hour and placed in thé freezer

ové}nighf.~ The "air sfaple‘prbduct was vacuum-filtered \

)
through a large Buchner. funnel and washed with three, 50

ml portions of distilled water to remove the sodium

. chloride formed, Finally, the ifmplé was washed with two,

a

20 ml poriions of co'd methanol and dried under vacuum

for six hours, Yield 28.65 gm, 53%; mp, 265-267°, 1{+(°°)

*(60)

»

289-291°; 6 6.57 ppm, (in COCI3), Ii ,, 6.55 ppm;

IRten™ ! as nujol mull) 31109s, 1440 s, 1370 w, 1137 vw,

(60)

1035 m, 1023 s, 880 m, 829 vs; lit 3118 s, 1445 s,
O

™
»

LY

.
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1375 w, N31 vw, 1020 m, 1014 s, 868 m, 820 vs,
Dichlorobis-n—cyclogenfadienylvaﬁadium ClVv):
(CgHg) VG, 2

" As in the previous synthesis, sodium cyclopenta-

dienide was prepared by the reaction between sodium sand

(15,00 gm, 0,652 mole) aﬁd freshly cracked cyclog&%fa-

diene (44,00 gm, 0,667 mole) in 100 ml of dryS nitrogen-
] .

saturated tetrahydrofuran under a niTrogéq atmosphere,

Ag;in, as in the synthesis of (CgHg),TiCl,, tThe
tetrahydrofuranate, Cl,V-2thf, was preﬂared by adding
dropwise from a pressure equalizing dropping funnel
(128.00 gm, 0.667 mole) of vanadium %etrachloride to
cold (OOC)g well sfirred tetrahydrofuran (50 ml) in a
one litre, three-neck round bottom flask undér an at-
mospheré of dry nitrogen, {CAUTION: the read+igﬁ is
extremely violent at first), »

This tetrahydrofuranate solution was added to the
sodium cyclopen+adieni%e from a pressure equalizing ,’
dropping funnel., The reactants were stirred using a
stirring motor and continuously flushed w;+h a slow
stream of nitrogen passing through Tﬂe one !ifre, thrée-
neck round bottom ftgsk. Care was taken not to mix the
}eaé4an+s toco qu}ckiy because solids wilmbblock the
addition funnefi When Tﬁe addition was complete, the

s

contents of/The flask were stirred at room temperature

I

fof four hours., 'The green precipitate was vacuum-filtered.

* -
v
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An additional crop of pale qreen product was obtained by

removing the solvent from the filtrate. The two crops

were mixed and dried in air on the filter. Thé‘desired

product was obtained by repeated extraction with boil-

i

ing chloroform saturated with HCI. Recrystallization
from chloroform saturated with HCId gave pale green crys-
tals. .These were washed with three, 20 ml portions of

cold diethyl ether and vacuum—-dried for six hours,

IHL(53)

- Yield 48.37 gm, 29%; mp. 245-248° dgc 250 dec.

»

/
Sodium Tetracarbonylcobaltate: Na o(CO)uJ(G])

‘Intfo 65 ml of nitrogen saturated tetrahydrofuran in

a 125 mli Erlenmeyer flask, fitted with a gas inlet side-
arm, was added‘;} excess of NaOH (crushed under S nitro-
gen atmosphere) ‘and a stirring bar, Under a stream of
Hifrogen, Co,(CO)g (2,64 gm, 0,0077 mole) was added with
vigorous stirring, The solution immediately turned dark
prown. The solution was stirred at room temperature for
one hour., During this time, the cdlor of the solution
was successively éeep violéf, wine red, and finally, at
completion of the reactlion, a pale yellow. The solution
r{vés filtered from the excess NaOH and a blue precipitate
using a medium porosity glass fritted funne13‘ The con-
tents of the frit were washed with a 15 ml portion of
tetrahydrofuran and the filtrates wefe combined, The

solvent was removed from the pale yellow solution leav-

ing a white residue, The residue was vacuum-dried for

z N

P P P U
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six hours. Yield 2.40 gm, 89%; v(COQ), (<:m-l in nujo!l)

(62,63)

1880, i+ 1886, .. ‘ ‘ -

i

Thallium Tetracarbonylcobaltate: T![Co(CO)“](43;64)

Either one of the two methods was used to pyepare

P X
this compound:

Method 1

Into 20 m! of toluene (benzene, or tetrahydrofuran
were also us;d) vas added Co,y(CO)g (2,00 gm, 00,0029 mole),
a stirring bar, and excess thallium metal from which alli
oxides were removed. This procedure was carried out
under an inert éifrogen atmosphere in the glovejbag. The
soluf{on was red in color when removed from the glove-
bag. ifirring at room +empera+ure%§uring 18 hours yield-

ed a red-brown solution (IiTeraTure%K43‘64)

reports yel -
low-brown solution éffer about Ywo hours). The sol-
ution was Theh syringed onto 80 ml! of pentane ylelding a
brown sodu+ion, Cooling the séluﬁion in the freeier for,
one hour resulted in a.bright yellow product. The pre-
cipitate was filtered onto a fine poéo;ify glass fritted
funnel, wa§hed wifh‘fhree, 10 ml portions of pentane, and

dried under vacuum for six hours,. Yield 1.66 gm, 76%; mp.

138<144° gdec., 11+7°) 120-130° 1i+¢%%) 140-142°.

JA '

Method 2

Onto a solution of TINO3 (2,13 gm, 0.0080 mole) in
20 mt of distilled water was added a solution of

23
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Na[Co(CO)Q] prepared in situ by the reaction between NaOH
and Co,(CO)g (2,42 gm, 0,0071 mole) in 15 m! tetrahydro-
fbran. The Na[Co(CO)ul‘soluTion was added hy filtering

it from the excess NaOH through a medium porosity glass
fritted funnel. The Teftahydrofuran was removed uﬁder
vacuum precjpitating a bright yellow product,. Thé mix-
ture was filtered on a fine porosity glass fritted Munnel.
The precipitate was washed with jwo 10 ml! por+10ns of cold
water and dried under vacuum overnight. Yield 2.14 gm,

81%; mp. 140-146° dec. ;
Bis(+ricarbonyltriphenylphosphitecobalt):
[PXOCEHS) 3Co(C0) 5], *®

To a 150 ml of dry, nitroger saturated benzene in a
250 ml Erlenmeyer flask: fitted with a gas inlet side-
arm, was added Co,(CO)g (1.31 gm, 0.0038 mo?e) and a
stirring bar under an inert nitfrogen atmosphere. Tri-
phenylphosphite (2.00 ml,‘2.38 gm, 0.0076 mole) was added
to the ST{rred solution dropwise from a syringe un%g% a
consfapT s+r;am of nitrogen. When all of the triphenyl-
phosphite wés added, a reflux condenser attached to an
oil bubbler, wes fitted +§ifhe flask. The solution was
stirred at room temperature for cne and a half hours
under a slow stregam o% nifrogen. The solution was then
refluxzd for a half hour and cooled in the freezer for

six hours, The crystals were then filtered on a medium

porosity gtass fritted funnel and dried under vacuum for




six hours,” 'Yield 2.43 gm, 70%; mp. 147"—_148o dec, i

+(48) ' 'S

o . "

1507, ' ®

Bis(Trica)bonylfriphenylphosphinecobalf):
* (48,66)
[P(CgHs5) 3C0(C0Y 5], !

To 75 m! of dry, nitrogen saturated benzene in’ a
250 ml Erienmeyer flask fitted with 2 g9as inlet side-arm
was added Co,(COYy (1.75 gm,\?.dbSl mote) and a stirring

bar. under a slow stream of ni?Yogen. Triphenylphosphine

(2.68 gm, 0,0102 mole) was dissoived in 50 ml of benzene

-

and added slowly to the stirred solution from a syringe.
The flask was fitted with a reflux condenser attached to
an oil bubb]er. \The solution was sfifred at room:tem-
perature under a slow'stream' of nitrogen for one hour .
resulting in yellow-brown crystals, The solution was

then refluxed for one hour resulting In red-brown ®rys-
tals in a deep red sotution. The soluflbn was placed in
the ftreezer overnight. The crystals were filtered on a
medlymﬁ;orosify glass fritted funnel and dried under

vacuum Aor six hours. Yield 4.12 gm, 99.7%; begins to

decompose 190-195° and then melts at 208-211°,

Thallium tricarbonyl triphenylphosphitecobaltate:
T1[(C0) 3CoP(0CEH ) 5] €0°) ‘

A solution of TI[Co(CO)y] prepared in situ by the
reaction between Co,(CO)g (1.38 gm, 00,0040 mole) and

thallium metal (1.76 gm, 0,0076 mole) in 25 mi- foluene,

was syringed onto triphenylphosphite (1.07 ml, 0,0060 : ;
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mole) under an inert nitrogen atmosphere. The solution
immediately turned dark red. The solution was removed

from the glove-bag and stirred at room temperature (18-

(@]

20°) for one and one half hours. The solution was fitg

tered through a fine porosity glass fritted funnel, con-

centrated to one half its volume, and then hepTané (35

—

3
ml) was added. Cooling in the freezer for six hours re-
sulted in orange crystals, These were filtered, washed

twice with pentane, and dried in vacuo for three hours.

.. (65)

Yield 2.30 gm, 58%; mp. 117-118° dec, Iit 118-122°;

v(CO) (em™ ! as nujol mu(l) 2040 m, 2012 s, 1970 s, 1907

X T(6O

vs, and 1895 vs; i w(CO) (em~ ' in nitromethane)

2009 w, 1970 m, 1907 vs, 1881 s; The sample probably

contains some Tl[(CO3CoP(OCsH5)3]3 impurity, viz., v(CO)

2046 cm” ! 11+ 2046 cn” !,

Trimethyltincyclopentadienyldicarbonyliron:
(CHg) 3Sn-Fe(CiHg) (CO) 5 08) |

The salt NaL}csHs)Fe(CO)Z] was prepared in situ by
the reaction between a five—fol@lexeess of five percent
sodium amalgam and [(CsHs)Fe(CO0)a], (1.22 gm, 0.0034
mole) in 2C ml +efrahydrofurap. Thﬁﬁgolufion was stir-
red at room temperature until the Violet col;r of

Y

[(CsHg)Fe(CO)p], gave way to the orange color of its
sodium salt (usually three hqurs). This orange solution
was syr-inged onto a solution of (CH3)3SnCi in 10 ml of

tetrahydrofuran and was stirred at room temperature for
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seven hours. The solvent was then removed under vacuum
with gen+le'hea+ing, feaving a brown residue. The pro-
duct was extracted from the residue with three 10 ml
portions (until only a slight coloration remains in
'hexane) of hexane, The solvent was again removed under
vacuum leaving a viscous red liquid. The product was
.purified by vacuum distillation, Yield 1.00 gm, 43%;
v(CO) (em™' in hexane) 1977 vs, 1930 vs, (cm™' in DMSO)

1963 vs, 1910 vs; &6(CsHs)4.67 ppm, 1it+(08)

+(68)

, 4.68 ppm,

§(CH3)0.33 ppm, |i y 0.32 ppm (in CDCl3),

D. Reactions

Reaction Between (CgHg5),TiCl, and Ti[Co(CO)u]

* Under‘an inert nitrogen atmosphere, Tl[Co(Cé)u]
(0.90 gm, 0.0024 mole) dissolved in 20 ml of‘fefrahydro—
\ furan was syringed onto solid (CgHg),TiCl, (0.62 gm,

\ 0.0025 mole), After stirring at room temperature for ten

minutes, the s&lufion devefopéd a deep red éolor, a gas
. was evolved, and l&rge white crystals deposited. Stir-
\ ring a; rogm temperature was continued for 20 hours. The

\\ solution was then filtered, the solvent was removed under
\
\vacuum, and the solids were carefully dried at reduced
\ .

v

pressure, A yellow compound was sutlimed into an Erlen-

\

meyer flask cooled in liquid nitrogen from the product of
-

ThQ reaction. Upon warming to room temperature, the

-1

yel&ow solid became a viscous red liquid, v(CO) (cm ,

\

\-
" \. . . o
\ .

haa P . . -
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neat) 2062, 2052, 1992, 1987; 1it®7? y(co) C(em™ ") 2028,

1967 for CgsHgCo(CO0)5: mass spectra gave evidence for

CgH5Co0(CO),. (see discussion)

A
v

Reaction Between TI[Co(CO)3P(0CgHs)3] and (CsHg),TiCls

To .solid (C5H5)2T%Clé‘?0.40 gm, 0.0016 mole) was
added TI[(CO)3CoP(0CgHg)3] (1.00 gm, 0.0016 mole) in 20
ml of fetrahydrofuran under an inert nitrogen atmosphere.
After standing for one hour at room temperature, a white
film formed\;h the.sides of the flask, and the formation
of a precipifaLé was observed, The/solufion was filtered
and concentrated fto one half of ivs orig}na! volume
under vacuum. Addition of heptane (20 ml!) and cool ing
for two hours in the freezer resulted in red crystals.
These were filtered and dried under vacuum. mp. 120~

"1y 1995 s br, 1955 s br.’

1300 dec, v(CO) (cm
The solvent was removed from the solution under
T—~“Gacuum resulting in a gummy dark solid. Volatile ma—
Tgrials were\removed'by heating to 95° under vacuum and
collecting them in a liquid nitrogen trap. The residue
' was a dark red powder. —mp. 124-129° dec; v(CO) (cm‘])

1995 s br, 1950 s br.

Reaction Between Na[Co(CO),] and (C5H5),TICI,

To a mixture of Na[Co(CO)q] (0.60 gm, 0.0031 mole)

and (CgHg),TiCi, (0,38 gm, 0.0015 wole) was added 15 ml

of diethyl ether under an inert nitrogen atmosphere.
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The solution immediately turned brown, and a gas was
evoived (probably CO), The reaction mixture was stirred

at room temperature for 18 hours., During this time the

b
soluti red and deposited a brown precip-

Itate. The precipitate was fiff@fed, washed‘fwice with
10 ml gortions of diethyl efhgﬁaaAd dried under vacuum. -
The véfafile materials weée removed by heating the dried
sample 1o 80° under vacuum, The product was then ex~
tracted from the residue with 20 ml of dichlorome+hane,
the solvent was vacuum-removed, and the sample was sub-
sequently dried in vacuo for six hours. The product
slowly decomposes without melting; y(CO) (cm—I) 2080 m,
2040 s, 2020 s; 6(CgHg) 6.33 ppm (in tetrahydrofuran);

for mass spectrum see discussion,

Reaction Between Na[Co(CO)3P(OCéH5)3](7O)

(CgHg),TiCI,

and

Ohfo solid (CgHg),TiCly (0,15 gnm, QV0006 mole) wés
syringed a solution of Na[Co(CO)3P(0CgHs) 3] which was
prepared in situ by the reaction between a ten-fold
excess of 4% Na(Hg)_ and [Co(CO)3P(0CgHs) 3], (0.59 g,
0.0006 moie) in 20 ml of tetrahydrofuran. The soluTion.

was stirred at room temperature for two hours. The

solution was filtered through a»fine porosity-glass

L ] [AY
fritted funnel, The solvent was then removed under vacuum
resulting in a red oll, An Infrared spectrum of the oil

showed essentially the same bands as those for
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[Co(CO) 3PL0CgHE) 3]y except for an extra band at 1266

em™ !, v(co) (em™!, neat) 1965 vs,br.

Reaction Between Na[Co(CO)3P(CgHs)3] 0’

and (CsHg)oTiCl,

Na[Co(CO)3P(C5H5)3j>was prepared in situ by the
reaction between [Co(CO)3P(CgHg5)3), (0.90 gm, 0.0010
mole) and a ten-fold excess 5% Na(Hg) in 20 m! of tetra-
hydrofuran. This solution was syringed onto solid
(CgH5), TiClp (0.27 gm, 0.0611 mole). The solution was
stirred at room femperafure for twenty hours. The solids
were filtered off and the solution was concentrated .
under vacuum until furbidity. Bright orange crystals
dep?fifeg upon cooling in the freezer for four hour?.
The crystals were filtered and dried in vacuo for four
hours. mp. 190° dec; v(CO) (cm™') 1940 w; 8ACsHs) 6.33

ppm (in fetrahydrofuran).

k)

To the solution was added three times its volume of
pentane. The red solution immediately turned orange,
depositing brown/green crystals. -The solution was coo!l-
ed éﬁ’?he freezer for six hours; the crystails were fil-.

tered and dried in vacuo for four hours. mp. 170-175°

dec; v(CO) (dm—i) 2000 w, 1941 s; 6(CgHg) 6.60‘ppm, 6.35
ppm (in *efrahydrofuraa) c.f. 8(CgHy) for (C5Hg),TiCl 5

6.57 ppm (in CDC1 3).

Reaction Between NafCo(CO)q] and (CgsHs5),VCl, ‘E.

To a slurry of Na[Co(C0O),] (1.49 gm, 0.0077 mole)
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in 20 ml dichloromethane, a solution of (CgHgl),oVClia

(1.00 gm, 0.0040 mole) “was added under a stream of

nitrogen., The resulting brown solution was stirred at
room temperature for three hours.’ The 'solution was

¢

filtered through a fine porosity glass fritted funnel,
the solvent was removed Hnder vacuum, and the residue was
dried in vacuo for four hours. The dried sample was then

stirred in 30 ml of diethy efher for fifteen minutes and

filtered through a fine porosity glass fritted funﬁel.

=

The golden brown product was dried in_wvacuo. mp., s¢in- -
ters at 111—1150, 168-170° dec; v(CO) (rz:rﬁ’—1 in nujol!)
2062 m, 2053 s, 2040 sh, 1995 s, 1878 wvs,br; for mass

spectrum see discussion.

Reaction Between (CH3)3Sn-Fe(CgHs)(CO)p and TiCl, %%’

Titanium tetrachloride i0.13 gm, O0.0007 motle) was
added dropwise from a syringe to deuterated dimethyl-
sulfoxide (DMSO-dg) (2.48 gm, 0.0295 mole) under a dry ' jl
nitrogen atmosphere. The solution was constantly swirl-
ed to prevent the formation of sollids.

To (CH;)3SnFe(CsH5)(C0)2 (2:1\ gm, 0,0003 mole) in
an nmr tube was added 1.24 gm of the above TiCl,/DMSO-dg
solution (5,24% w/w TiCi, = 0.0003 mole TiCl,). The

~

color of the solution changed from orange %o deeﬁ red énd

.some solid ma*erial'precipifafed. }This was dissolved by

+he addition of more DMSO-dg solvent. An nmr spectrum

e T

was immediately recorded showing the chemical shifts

"
—



expected for (CH3)34nCl. An infrared spécfrum was then

taken &f the content df the nmr tube using 0.025 mm

IRTRAN 1} cells., 6(Cli3) 0.58 ppm, 1i+%%% 0.55 ppm;

§(CsHg) 5.26 ppm,’ 11 31 ppm; v{CO) .Cem™') 2044 s,

1981 s. > : - _ ]
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I11. RESULTS AND DISCUSSION - -

N

L " B
The syntheses of the starting materials, where the

A. Syntheses

.o ) '
'absenge of moisture and/or oxf@en was required only to

*the degree affprdéd thrdygh glove—hegmjechniques, were

‘reproduced by the literature methods. However, “the syn-

-

theses of compounds, where the rigorous absence 'of oxy~

gen-was necessary and the cited reference suggested

&

/.

- . . . ,
vacuum line techniques, were reproduced with considerable

A

difficulty since a vacuum line was not available. This

in the cass¢ of the thallium

L -

is particularly noteworthy

. gompounds. The best yield of Ti1[Co(CO),] obtained in

‘ o .~ .
these syntheses was about 76% after a reaction time of
1 ?

18 hours, whereas a 95% yield was obtained after two
(43) )

-
e

A

hours by Schussler, Robinson, and Equll, ~ These com=-

plexeéA once isola¥éd, showed considerably less stabilit

(43)

than suggested in the li+§ra+ure, and decomposition

-
rapidly occurred (10 seconds in air) even when seal%d

into a nitrogen filled-vial in the dark (about 2 days).

B. Reactions and Attempted Characterizations
LY

Nucleop%illc substitution of a halide group In a

’

Ame+a| halfde has been successfully employed for “a number

(71-73)

of different metals in the synthesis of M-M




<4

of Na[Co(C0),] ard Na[Co(CO)sL], L = P(CgHs)3 or 1

i

A
bonded derivatives, Thus the method.chgosen for M-M bond -
synthesis was the reaction” between Na[Co(C fu] and

(CsHg),TiCl, oF (CsHg)VCl,. The thallium salt,

TL[Co(C0),], was reported 43,64,63)

to have some de-
sirgble properties (e.g. good stability, fonic in polar"
solvents, covalent in non-polar solvents) from a syn-

The;ric point offview, and som¥ reactions were attempted

using +this salt. ~ ;
- :

Fowever, as. it will become evident, the reactions

P(OCgHs)3 with (CsHg)pMCl,, M = Ti or V, arg more akin

(74)

to.those of Cenini and coworkers., These workers

uséd erse types of cobalt derivatives in an a+Téhp+ to

%

synthesize M-M bonded compounds of cobalt and the mem-

v
bers of the nickel triad. Whereas these aufhors!74) re-

v

port relatively stable isofable pr&ducfs,?élfhougb none
contain M-M bonds, the compounds isolated in this study .
were extremely unstable. While drying in vacuo, all of
%he reacfjon products Ijb?rafed 3 yellpow compound which

furned into a red liquid after a few®pinutes at room tem-

perature. Also this same yellow compound was observed as

a "sublimate" whenever me]fing points were taken, In an-
attempt fp’characferize this compound, it was collected
from the reaction between TI[Co(CO)y] and (CgHg),TiCl,

(see experimental). The carbonyl region of the infrared '

spectrum of this yellow compound was shown to ccntain

=




T

o

\

\

four bands at 2062, 2052, 1992 and 1987 cm—1 in the *
vapour phase. Only *two carbonyl bands(67) (2028 and
1967 cm—1) were reported for the solution Spec}raJOf

C5H5Co(CO)y by Cotton and his coworkers.(67) Thu

s, the
reaction-product does not appear to be CsH5Co(CO), sn

the basis of inf/ared data. However, mass spectra seem-
ed to indicate CgHgCo(CO),.

(75,76)

The mass spectra of CéHSCO(CO)z are charac- ,

‘Q‘}V

terized by the successive removal of carbon mopoxide

(28 amu) fragments more readily than the removalvof the
cyclopentadienyl ring system, Theimass specfruﬁ of this
vellow compound has been reproduced in Figure {11, Table
Il lists the relative intensities of various fons at
gheir respective m/e Qalues. From-this table, m/e values
at 180, 152, 124,-98, 59, and 39 tend to support the
identification of one product in the sample as

(75,76) -

CsH5Co(CO) 5. "High relative intensities of ions
\

occurri&g at other m/e'value§)(e.g. 40,/h1, 42, 43, 71,
or 7é) suggest the presence of ofher’g;ecies. These
species aré not readily indefifiablslbut they are hydro-
carbons to a targe extent. Two distinct possibilities
c?n be thought of with respect to their nature. First,
the sample introduced into the mass spectrometer was not
gompletely Hr; and these m/e'zalues (i.e. 40, 41, 42,

and 43) represent the fragmentation pattern of tetra-

"hydrofuran used as solvent. Second, the sample was
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¥ _ . Table Il <+ Mass Spectral Data2 for the Volatile
l Product(s) from the Reaction Between
TI[ColCO),] and (CgHg),TICI,

3

. ‘ Relative Possible
m/e Intensity (%) fon(s)
R
1 180 -38.73 " CgHsCo(COY 3
152 39,19 " CgHsColcOd™
124 88.73 CeHsCo®
* 105 5.84
\ 98 31,97 CaH3Cot
97 M2~ T caHaco
91 L 9,85
) 87 . o 8.10 Coco™
| ' 84 " 5.35 | -
72, 85.21 HCCo®, CyHgo"
71 83.30 " cco’, cyH,0t

59 45,07 . cot
44 18.31 ‘ 'c3HE, CzHu0+- CO; ¢
43 63.38 - C3HY, CoHgO"
42 100.00 CsH;, CoH20"
) 41  80.99 C3Hs
40  34.86 C4HT
' 39 ' 54,22 . CyH3
38 10..20 CaHy .
31 10,49 CH30"

29 29.58 C,HY, Heot




Table 1V ~ cont'd

Rela+ive . Possible
Intensity (%) fon(s)

27.32 co®, C,H}
46.48

5.49 H0"

-

2 Because it is not always possible to distinguish be-
t,
tween even and odd electron ions, the notation adopt-

ed hetreé is‘To write all ions as,Y+. This notation:

L4

will be used throughouf the tex+t.
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’

obtained by sublimation of the product(s) of the reac-
tion between TI[Co(CO)y] and (CsHg)TiCly. 1f during
sublimation, decomposition had occurred, then these
hydrocarbon moieties could be the decomposition pro- -
duct(s) of an unstable coﬁpound formed on reaction of
Co(CO)y with (CgHg),TiCl,. o
These hydrocarbon species do not seem to arise from
the +e+r§hydrofuran used as solveﬁf nor does it re-
present %he fragmentation pattern of CgHg (Table I111).

Further credence is given to the latter possibility if

’ - it is noted that a yellow ring was observed near +the

top of the capT?lary, whenever melting points were re-

corded, even after the volatile materials had been ras-

. . moved in vacuo. Since these hydrocarbon moieties, as
| well CgHsCo(CO), result from the "sublimation" of the

produgfs\of the reaction between T1[Co(CO),] or

Na[Co(C0),] and (CsHs),TiCly, it is not unreasonable fo

suggest that C5H5CO(CO)é is a "decomposition" product

of the reaction.

The product of the reaction betwsen Na[Co(CO) 4]

and (CgHg),TiCl,, after the removal of volatile materi-
arg,was.a pyrophoric black solid. A sample‘senT out for
elemental analysi; proved too unstable to give reliable
results, However, the aha]ysis did sﬁow‘fhaf the com-

pound was of high molecular weight and contained both

tiftanium and cobalt. A+ first the inconsistent analysis
) . , 7




Table 11l - Relative Intensities of the Ten Most Intense ’
Peaks of Tetrahydrofuran and Cyclopentadiene—

Tetrahydrofuran, C,H,0 Cyciopen+adiene, CsHg

Relative . Relative
Intensity m/e Intensity

100.0 66 100.0
62,1 65 64,7
39 49,9

40

38

63
31
37
62

67

Q‘Taken from reference (76},

1
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was believed to arise from impurities in the sample.

Thin layer chrahatography (tic) was attempted to vérify
the presence of these impurities, however, the samples
decomposed quickly and visibly once applied to the tic
plate. This was probab]yldue to £He p?esence of oxy-

gen trapped in the silica gel on the plate., Analysis
performed on another sample, more carefully purified by
washing, again gave résu]ts not coﬁforming to any reason-

able molecular formula (Table IV).

Table IV - Analysis for the Product(s) of the Reactions
Between Na[@o(CO)A] and (C.H )27iC12i

55
Sample % C % H % Co 2 Ti MW Solvent
1 38.69 3.49 15.68 156.39 740 Benzene
2 32.85  3.16 19.60 14.72 - -

fanalyses were performed by Galbraith Laboratories,
Knogvil]e, Tenn.
The mass spectra ¢f this compound have been record-
ed (Figure IV) and the relative intensities of ions
" occuring at different m/e values has been tabulated
(Table V). Again a familiar pattern (m/e 180, 152, 124, /
98) emerges, and it is tempting to postulate the loss of

CSHSCO(CO)2 from a higher molecular weight species. De- .

composition of the samp]é, either thermally or because of
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Line Graph fcr the Product(s) from the

React ion Befween Na[Co(C0)y] and

(CsHg) 2TiCl,.
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Table V - Mass Spectral-Data for the Products of the
Reaction Between Na[ColC0),] and (CgHg),TiCl,

: "Reiat.ive Possible
m/e Intensity (%) lon(s)
191 5.02
180 28.39 | CsHsCo(CO) 5
169 14.82 . CsHsTi(CO) 5
155 13.06 G HaTI O Y,
CaHyColCO) S
153 5.02 ‘
152 29.40 CsHsCoCO™
149 13.06 *
142 5.68 )
141 25,98 - CsHgTiCO
125 10.05
124 100,00  CyHsCo' j ,
123 6.83 ,
C 115 EERLES CiHaTicot ! °
112 5.93 i |
11 " 8.64 ST e
109 . 9.04 ]
105 5.53
103 5,83 C,HaTiCot
98 27.04 C3H3Co"
97 17.94 " C3H,Co"
96 | 8,04 )




fable V -~ cont'd,

c

Relative . Possible ' ‘
\ m/e Intensity (%) , lon(s)

95 13,06

P ‘ ‘ 94 . 7.18 :

-]
e
¥

93 . 'g.99 ‘
P 91 = 1 “ 5.68 - .
) N .03 CgHgTi;, cocot,
o : C,HLCo™

a5 ,
B4
83
82
81
79
78

77
771
69
'CSH;,~99H3Oi' s

CsHe o

CsHE
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féble V - cont'd

-

AJ

" ReFative | Possible
Intensity (%) B " ‘lon(s)

- 5,73
11,66
8,44
5,02
29,90
8,04
- 38,99
‘13,22
33,52

5.93

'6.63
9,55

6.03

“C,Hy0", C3flg, CO;

CoH30" o CaHy

C,H20", CjHg

C3H§

f




.

v

Relative Possible
jntensi+y( %) - lon(s)

5.83

9.25 -

S 20,10
15.48 . ©
gor48

90.45

14,02

34.17
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. electron impaéf, Is suspected because of the relatively

N 4. + v
. high intensity of CO' (90%, m/e = 28), CsHg (90%, m/e =

| 66), and CsHr 40%, m/e = 65). 77 u
\ Table -1V above shows that besides cobalt, the' sample - f/(
C contains titanium. However, only a few ions in the mass
B

. |
spectrum (Figure V) that may possibly contain titanium

{m/e = 169, 141, and 115) may be indentified. Being
unable to perform a chromatographic seperation, it was
impossibfe to determine whether the titanium confainingw’

" moieties were aufhenTicxspecies or just part of the frag-
L i
mentation pattern of a h%gher molecular weight product.

!n either case, it seems that fHe fragmentation pattern
1 4
observed in the mass spectra (Table V) is of the type

o]

expected for—(CSHS)ZTI(CO)Z.

_ N The Infrared spectrum of (CgHg),Ti(CO), contains two o \

solvent dependent carbonyl sfrefching'bands at 1975 and

-1 (78,79)

1897 cm These bands were not observed In

"either the infrared spectrum of the volatile materials,
which were shown by mass spectroscopy to be mainly

C5H5Co(CO)2, or the infrared spectrum of the remaining ‘

sample, Again it appears that decomposition of a\highﬂ>

molecutar weight product is responsible for moieties IR
3 ’ ,

indentified as CsHsTi(CO); (m/e = 169), CsHgTiCOT (m/e -

. = 141), and C3HaTiCO' (m/e = 115),

- Decomposition is again observed (at least in the

mass spectrometer) for the produc*@S{ formed by the é

-

2 .

&
Fpih
fr.g:

L
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1

reaction between Ma[Co(CO)q] and (CgHg5),VCl,. However,
in this case) the instability is ref]ec+ep mainly in the

loss of carbon monoxide. (Table VI, Figure V) The pro- .
’ 5

sy

aucfs of Thé reaction seem to be qui+e‘s+able to the loss
of cyclopentadiene., |In fact this "extra stability” of
the cyclopentadiene in this sample, as compared to that
of 'the product(s) of the reaction between Na[Co(CO0),]

and (CsHg),TiCly, is only apparent and is due to the

\

excessively large relative intensity of the CO+ fon. ff
the rdlative intensity of CO+ is minimized (Table VI1),
then it is seen “hat cyclopentadiene .Is appreciably lost
(Téble VIiI)., This is represented graphically in Figure
Vi,

Since product stability was rafﬁer poor in the
reactions with carbony! compounds, it was reasoned that
a substituted carbonyl, Na[Co(CO)3zL] (L = ﬁ(CsH5)3 or
P(OCgHs)3) might give better stability. The ‘replace-
ment of a carbony! ligand wi+h a poorer w-acceptor such
as triphenylphosphine or triphenylphosphite has the
effect of increasing the negative charge on the cobalt.
This'réquTS in the [Co(CO)JL}n anion being a better
nucleophile than the [Co(CO)q]_ anibn.(SO) B ;as hoped
that this ingrease in.nucleophilicify would be suf-
ficient to isolate a pure compound and not just a de—.‘
composifion product, . iy

(81,82) that the most acidic hydrides”

A}

It was shown




Table VI - Mass Spectral Data for the Product(s) from the
Reaction Between NaLCo(CO)qJ and (CgHg)oVCI4

v

Retative Possible
m/e Intensity (%) lon(s)
. - ~ t
. ‘ +
. 180 8.72 CsHsCo(CO)
152 . 8,43 ~ " CgHgCol(CcO) ™
124 ' 28.52 CsHsCo"
98 6.45 C3H3Co™
. . . : J
84 , 5.00 b . y
82 6.95 .
66 . 22.61 CsHe g
65 10.34 CcHe
59 ' 7.70 Co”
b
49 51817
44 18.30 ' CiyHy, COp °
. ° l ‘
40 5.20 \
, +
39 11.22 . C4H3
28 .100.00 | cot .
¢
3 L3 . )

RGP Bl b S e
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Figure V -y Line Graph of the Product(s) from the

\ , - Reaction Between Na[Ca(C0),] and

(C‘5H5)2VC|2. ' , ;
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Table VIl - Mass Spectral Data for the Product(s) from
the Reaction Between Na[Co(CO),] and
(CgHg),VCl, Assuming Excess CO in the

Sample -
Relative - Possible
. m/e ' Intensity (%) ' lon(s) - )
‘ +
181 12.62 (CsHg) oV
180 26,89 CsHsCo(CO) 5
152 « 26,02 CsHsCoCO™
149 6.28
125 5,61 ' : -
124 ' 100.00 CsHsCo™
121 . 9401
106  "7.40
' - -
103 6.91 CyHRV \
Y 19.92 C3H3Co'
97 6.94 '
; +
87 5.96 COCo
86 9.08
84 \5.43
82 21,46
67. 7.31
. . a . +
66 69.78 CyHe
65 31.91 " CgHL
63 8.76
9%
62 6,31
+

59 23.77 Co



Table VII - cont'd

A \

Relative Possible 9
Intensity (%) lon(s)

\!

975
11,15
. 9,12

11,

CO5, CaHp, CpHyo




\
3

Figure VI - Line Graph. for the Product(s) from t+h

Reaction Between Na[Co(CO)u]_and
(CsHs)zVCI, Assuming Excess CO in the

Sample,

e
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are the least stable to thermal decomposition. Those

ligands which are particularly efficient in removing

electron density from the metal (i.,e. cobalt) By back-

bonding increase the acidity of the hydride and decrease

. 11.87
its thermal Sfapili1y.(Fl' )

Conversely, 1ihe sub-
stitution of a quapd which is less efficient in remov-
‘ind electron densit¥y from cobalt should increase the
thermal <tability of #Hn cobalt derivalive, By such a
subéfifufion, both the thermal stability of the result-
Inqg product and the nucleophilicily of the !CO(CO)3L!_
anipn should have heen increased, This was observed for
the reaction betwean TITCo(0G0)3P(0CqH) 1] and (Colte) ,TiC 1, .

!

The reaction time was much less, and althouqgh some vola-
. 4 »

lflé mafnri?ls weroe ramaoved, decomposiiion was not as
extensive as wifh.TI[Co(CO)w}, It is doubtful that an
M-M bonded species was isolated. Had this occurred, a
v charge transfer from the cobalt to :pe titanium would
have resulted ina chift to higher v(CO) frequencies in

the product than in Ti[Co(CO)3P(0CgHg)3]. The carbony!
1

frequencies for 1he groduct, (v(CO) = 1995, 1900 cm ')
- 2
. are in the same frequency range as those in the starting
.

material (v(CO)} = 2012, 1907, and 1895 cm '). This

limits the possé4bilities of the product to either an
’ b
ionie compound containing titanium or a cluster cempound

of cobalt,

Mo apparent reaction occurred. after two hours if




the sodium salt, Na[Co(CO)3P(0CgHs5) 3], was used. How-
ever, a reaction seemed to proceed between Na[Co(€0)5 -
P(CgHs) 3] and (CgHg)TiCl;.  Again from the infrared

spectrum (v(CO) = 2000, 1940 cm™') no M-M bonding may be

inferred. The ®wmr spectrum showed two peaks (§ = 6.60,

6,35 ppm); one (6 = 6,60 ppm) may be assidned

(CsHs) 2 TiCl,, while the other (8 = 6.35 ppm) occurs very

close to the chemical shift for the product in the reac-

+ion betwsen Na[Co(C0)y] and (CsHg),TiCly-(i.e. § = 6.33

\

ppm). The products are probably very similar in both

- s b
cases.,

' In a recent arTic]e(69) R. M: G. Roberts claimed

the synthesis of Ci3Ti-Fe(CgHg)(CO), by the reaction of .
TiCly with (CH3)35n-Fe(CsHg)(CO)y. Ths displacement of
(CH3)3SnCl wag'followedlby nmr, He inferred that be-
cause he observed the chemical shift of (CH3)3SnCl in the
reaction products between (CH3)3Sn—Fe(CSH§)(CO)2,and
TiClh; The above M-M Hbﬁded derivative must have been
obtained. In hopes of applying this reaction scheme to
the C9bal+ system, the reacfionﬁ Qere successtlly’re-"

produced, (Table VIIl) Furthermore, infrared spectra
were determined at each st¥ge of the process. Thus the
two hands observed im the carbonyl region of the.infrared
spectrum of (CHj3)3Sn-Fe(CsHg) (CO), (v(CO) = 1863, 1910°
cm ') wereyshifted to higher frequencies (v(COo) = 2044,

1981 cmil) iq the reactidn product, Suéﬁ a shift was

i
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expected upon M-M bond formation with titanium because -
. , . T

of the greater effective nuclear c#%rge on the titanium
atom than on the tin., lote that these products were a

observed anly in solution and no affgmpts wore made alt
ispLafinq\1hem.‘ﬂ o "~

ﬁﬁen These‘reacfions wegé applied to goHal* (i.e.
(CH3)3SnCo(COYy + TiCly), ~decomposition wa; observed
withjn = few minLTes. The colorless (CH3)3SnCo(CO)y,/

[ B )
DMS0-dg solution turned "blue with the evolution of a gas .. o

*

upon addition of "TiCl,. The nmr spectrum of this blue

solution was not appreciabl; different fromsthat of

(CH3) 35nCo(e0Yy, . 83) 10 the biue solution, methyl qroup- .

chemical shifts occurred alt & = 0,57 ppm while in the

5 o
reactant, (CHj3)35nCo(CO)y, the chemical shifts were ob-

served at § = 0.54 ppm, Had a reaction.similar to that

-

of (CH3)3SnFe(C5H5)(CO)2 occurred,”the chemical shift of

)] LN .

yfhé (CH3)3SnC! formed would hawe been at & = 0,55 ppm. E o
Clearly, the expecfed and the obser;ed’chemicaifshiffs
are in too close proximity to be able to draw signif-
icqnf conclusiéns. Perhaps, g chanqge of solvefn* wouid
Bave bﬁo%ided ldrger chemical shift differgnces and thus

o A )

more conclusive resuflts, "

- Al . ‘ {

To summarise, then, it appears that the direct :

reaction between the sodium or thallium salt of [Co(CO)Y]" S

and a titanium halide may not be_a”good method for the PR

‘synthesis of mefal-meta! bonded compounds between, cobalt
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and titanium. Although this method is applicable for a

e

large variety of méfal‘carbonyls and §Ubs+i+u+ed metal
carbonyls, only‘decompo§f*ibn products of ‘cgh molecular
weight derivatives were obtained in this work. Sub-
s+i+u+iop(of metal centers (i.e Ti for Sn) bonded to
cobalt algﬁ gave intractable products.

s “ A method that has been successfully used in the
synhthesis of M-M bondeJﬁaerivafiveS/gﬁa‘éduld possibly
give the desired products is photolysis. Simultaneous

[y

photolysis of MnyCO,¢ and [CsHsMo(CO)3]2 gave

(CO) gMn-Mo(CO) 3(CgHs) as a fifal prod(:c*l'.(E§4 On the

- B
surface, the £e+hod seems simple. However,.a large
variety &f compounds in the product soup could also

prove difficult to separate and ﬁroducf isolation would .

still remain a problem, - . _ ‘
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