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v . ABSTRACT o

| o | | > .
Synthesis and. X-Ray Crystallography of Some Metal Carbonyl

Complexes Containing the Tripod Ligand HC(PPh2)3

a

Antoni Vinceg; Pe%erss

This tﬁesis reports the syntheses and/or nsingie
crystal diffraction studies of 'some metal carbohyl
complexes coordlnateé‘by the TRIPQOD ligand HC(PPh2)3

The molecule Mo(CO)4[HC PPh2)3] was prepared " and

‘characterized by both 3'p NMR .and a‘ single crystal X -ray

'struethre determinatioﬁ.' Tﬁé x ray study revealed the

molecule to possess near mirror symmetry with the TRIPOD

‘ligand in a ché€late .bonding mode. The pseudo-mirror

blane bisects the -molecule through the Molybdenum

[

atom, the chelate metallocycle and two carbonyl groups.'

\ . The chelatlng bite angle was determined to be '069

and the distancelfrom Molybdenum ‘to ‘the non bended

¥

phosphino function was found to be 4.332A.
- The moleculé MoC1l(CO),(m-allyl)[HC(PPhy)3] was
prepared by the Osborn group. ! ThéKEryetalstrucfure

.determination was ' undertaken %o determine structural

differences between itself and that of the tetgecarbonyl

analogue. In this cagse no pseudo-symmetry was found.

Tﬁe‘.distenée ' between Molybdenum tand the non-bonded

. phosphino function was - found to be 5.033A and . the
r ) ’

/ »
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chelate bite angle determined to be 63.90°. The‘allyl'

group adoﬁts a cis-configuration witlh respect to the

chloride in a distorted octahedral coo?dination sﬁhere.

The chelating phosphine functions also are cis to the -

L

chloridq. One of these functions is frans to the allyl.
_ligaqglwhile the otﬁer is . trans to a ferminal carbpnylﬁ

The complex ‘formulated as [RhCl{HC(PPh2)3}]2 was
prepared by di§g§t combination of [RhC1(C0),], with the

TRIPOD ligand at room temperature. . The product was

recovered immediately only when using wet, non—dedxygenated ,

THF assolvent. Difficulties with solubility, spectral

characterization and the inability to grow suitable single

LY

crystals made the assignment of an unequivocal structure

impossible. )

| This p:dduct‘was reacted with Co,(CO)g in a’ 1:4
moler ratio to yield the complex RhCoz(CO)g[HC(PPhyj3].
A s8ingle crystal st}ucture ~determination revealed tﬁe
novel crystallographic result that four ‘formulé units

comprising two asymmetric units were -found to pack

into a unit cell with space group P1. Included in this
'résult was the two formula units displayed disorder .

-such tﬁat the Rhodium atom, which 1is always one of

the three metals coordinated to TRIPOD, could 'oécuby
any one of three possible positions.

A final- synthesis 1involved the reaction of the

TRIPOD ligand with 002(00)8 in a 1:1. molar ratio at

259¢ yielding a product displaying more than two types of

—
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‘cbordinafed to one 'Cobalt atom - and the third sin

. ) ‘. N : . “
~ ? I ‘. N

t o ) , .
carbonyI groups.  The 51P:NMR spectrum showed‘a-famili‘r

.resonance pat%ern (doublet triplet) indicating either a

symmetric bridging between both metal centres or- an

asymmetric bridging.gwith two of the ligand function

coordinated to the setond Cobalt. Geometric and intengity..-

g

-data were collected for the x-rgy structure but/ the

structure was not solved due to phasing sdifficulties.

2O
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1. GENERAL INTRODUCTION 29 - - .

1.1 BACKGROUND

‘

Homcgsneoué/catalysts are compolnds which functiom in

the same phase asg reactants_and serve to\facilitatekor ine, .

crease the rate of.given chemical reactions; The main

- drawback in the use of theselcatalysts is the diffi;ulty
"encountered separating the catalyst from the product(sL

A Convergely the attractive features associated with the

"‘use: of these catalysts are,often:‘a) enhanced stereo-

eléctivity and t) milder' reaction lconditions funder
,wﬁich many homoééneous catalytic conversions .occur.

More recently the synthesis of metal carbonyl clusters

has giuen rise to investigation of.whether cataly81s by

co metal clusters occurs in a mono or multimetallic fashion.

Specifically, if a carconyl cluster is added to a reaction

mixture, is the catalytically active species a mono- or"'

' uultimetallic composite? Metal carbonyl clusters .often

fragment at elevated tjgperatures or in the presence of a

coordinating solvent In order to explore ‘the possibility }

of,multimetallic or cluster catalysis it is desirable to

prepare molecules in which the metal skeleton is supported )

by multidentate ligands. The resulting(complexes'should-

display enhanced structural integrity in turn' minimizing.~

cluster degradation.’ ) L |

" The work’ undertaken in this study has been primarily

an investigation into the possible products formed by’



reactions of metal éarbonyls and chloro-bridged carbonyls'
with the ligand ‘tris- 1 11,-d1phenylphosphino methane,
HC{PPhy]4..  The. ligand is also referred to as TRIPOD.

TRIPOD can be prepared as outlined in' the paper by Issliedb o

and Abicht2 or 31milarly as reported by Osborn et all. Of
" course, the. 1igan5 need not be limited ‘to phosphines or
species witn C3v symnetry.‘Furthermore, interesting combi-
/nationq'containi;é'alkyl pi-bonding derivatives may gene-
rate a greater numbee of possible metal complexes than the
aryl precursors in view of their higher expected nucleophi-

licity (FIG.1).

R= AlkyLLAry)

L = P As.Sb

N - L e (R

1t is useful to review the possible bonding modes of

/ this ligand to mono and multlnuclear metallic systens,

-

which are very diverse.

The monometallic complex may exhibit two" bonding
modes, the first being a’ simple displacement of one carbon
monoxide molecule by one of the three phosphino functions

3

leaving. two phesphino functions dangling. Tnichase is

v ° .
6 N . £




. / L -3 -
' exemplified by the reaction of Fe(CO); and TRIPOD in-a 1:f

' . molar ratio in ﬁydroéarbon solvent. Fig.2 displays the .
resulting. ﬁrqd’uct', I-‘e(C.O)41;RIPOD. .

-

o

/C\TP‘f’z - ‘

' ! o ) “ e . ' '
a S ~oc7\\\co SR
' ' 4 é : < c ' ' -
- : ‘ . (o) o 0 - ‘ - .
. . * ’ PR . » (Eig-zi)
The aecond bonding mode is chelation. Two ph08ph1no
functions are coordinated to the metal, the remaining one

ig dangling. An exauple of this is: Fe(CO)3TRIPOD. 4
(Fig.3.) | S

© ’ \
s " L)
[ .
- /
‘ /-
7
—— '/‘
y
. ,
-/
,1/, :
P - ‘//.
/'/

TR

. It has also been demonstrated +that multinuclear




cluaters may ‘be synthesized using mononucléar metal

.compl xes, the cluster templateabeing the TRIPOD ligand.

The/example cited here is the react?;n .of TRIPOD with

eyéess Ni(CO)4 6 Initial complex format on gives a chelat-

;- - d nickel dicarbonyl moiety with a dangling phoephino
/:

/

/

L/
/ .

roup. The free -PPh, function may substitute for one CO

on a second Ni(CO)4 molecule giving a binuclear species

with no observed Ni-Ni bond. Subjecting to vacuum leads 'to

removal of excess_Ni(C0)4 and free- CO with snbsequent

condensation to a”triangular Nickel arraxltficapped b&

TRIPOD. The cOmplei is formula%ed as‘Ni3(CO)6TRIPOD and

it~ is the only .example of a Nickel(O0) trimer. (Fig. 4.)

o

R

Altcrnatlvely, a triangular cluster may be capped by
-TRIPOD formlng an analogue to the Nickel example above.The

capping process occurs in a symmetrical fashion7 but

difficulties in product formation are enoountered if the

cluster initially exhibits stnucturally rigid axial equato—

rial.carbonyls only. ‘Such cases exist for Rq3(c )12 and.

[3
4

| oc——-'i”’{'lqﬁiw © . (mew




nication from Harding,.Nicholls and Smith .8 fhe product,

‘Ru3(CO)9TRIPOD is formed by reaction Qf equimolar
‘quantities of Ru3(CO)12 and TRIPOD. It is believed to have
‘the structure given in Fig. 5.

B

= :ZE;=r!?u .
\\ // LY
. oC—Ru—
5 §
C.
-
P \ T S (Fig.5)

"

Under vigorous 'condi{tions, clusters may also be

SO destroyddain the presence of excess 1ligand forming

_ mononuclear metal coﬁplexes with.boﬁding‘modes previously

. discussed.

-
b

. - Tetranuclear clustemefexhibit‘promising’reactivify to

TRIPOD. Cappiﬁg a triangular fEEe-proceeds more shoothiy

4
'

and complefely since -the carbonyl groups replaced are nof

80 etrﬁctufEJle rigid as are those in Ru3(CO)12e(ie:axie1

N ~ triangular face whose edges support bridging carbonyls.’

Many examples of this type.of complex formation have 2l-

'

b o

or equatorial).3 The capping occurs preferentially on the -



I N - 6 -

~

5 . readysteen inveetigated.3,7 In particular, a capped pro-

T -

duct, Co4(CO)9TRIPOD has been prepared by the action of.

[N l §\'
X ‘ TRIPOD upon Co4(CO)12‘ Mild reflux in toluene affords al-
most quantitatlve conversion to the wW-~toluene complex.3
(Fig6) - o , o
B CH . -
/ . P, o
. . e 0c ¢,

C

‘Yc, o?‘\c}VCS c/c\\?/c\m.‘ -

- ‘ -3 Cp . » (Fig‘.6).

The Osborn «grqﬁp' has been most active in preparing
and characterizin - TRIPOD complexes with close collab-
-l or"a:ti‘on in the stiﬁ‘c‘f:urgl part of this work “byour. o
. group (Bird et al.). A 1list of tetranuclear species cé.n
be found in Table 1. Very lately, the crystal structure of
ILI!'4(CO)9TR.IPOD was reported showing an all-terminal ’.'
o ‘,car’bo'nyl framework.9 ~This is the only k‘nown' tetranuclear
. carbonyl cluster containing phosphine ligands which exhi- .
bits the all terminal carbonyl structure excepb for the
hydride complex HyRuy ( co)g[nc(PPh2)31.1° All o.ther, metal

carbonyl clusters posessing the all-terminal carbonyl ar-.

"
e 39‘
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TABLE.{. 3 .

A

Some fetranuclear cluetera containiﬁg TRIPOD.-

METAL CARBONYL.  LIGAND

2

H .

(LS

¢

rangeant forg bridging carbonyls upon phosphine substitu-

Co,(CO) ¢ ° HC(3Php)s  Cog(CO)gHC(PBhp)s Breen
| §h4(C0)1é " ' Rh4(CO§9ﬁCk§Ph2)5v'purple-ged :
L Irg(C0)g oo Ir4(CO)9HC(PPh2)3 yellow
- Qothé(CO)12 ©tw Cothz(CO)g " dark-purple
%E/?CO5(CO')1‘§_ o 3 / HFe®o3(CO)9. " dark-violet
) %éRu4(CQ)(2“ . " o H4Ru4(CO)g f, deep red

~

"4

S /' Interesti gly, a third type of bonding mode ie
&possible with binu lear complexes. This mode makes use of -
h the two modes available to monometallic complexes. One
metal if the complex is chelated by two phosphino functions
while the third phosphino function coordinates to the
second metal centre. The first example ‘of this class of* "
complex was prepared by. the Osborn group and
’crystallographically g&aracterized by Bird et al.4
| This novel complex was forme& by,rescting
equiﬂolar quantities of* Fe(CO)3TRIPOD and [RhCl(CO)2]2 in
THF. : The product’consists of g‘heterobimetallic'catlon
supported by the TRIPOD ligand in which Fe remains chelated

. and Rh:ie coordinated by the dengling‘;hosphino function.
’ .t . ! r' ! . n B

- N . 1)
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Ehe counteranion is cie-dichlorodicarbonyl Rh(1) °Schema-

tic representation of the structure is shown dn Fig'z

7

S B
voE LT
0C——Fe—————R#=<—CO| [CI ——Rh——C0
]
v “_ Q N
L 63 8 I .CO cod :
i : (Pig.7) .
1.2. DESCRIPTION OF _wcm‘( DONE . .. 4
e ‘

~ The complex [(CO)ZRh{HC Pph2)3}Fe(co)4]+ [RhClg(CO)zl‘
(Fig'n4 was 1nspirationa1 for the first part of this .
investlgation. The preparation of thfs complex was per;
.formec to supply the. starting material for conVerSion of
the cgmplexlto one with a non—catalytically active ‘anibn.
The anion [cie RhClQ(GO)Z]‘ is well known in hq/ggeneous“
. cata}y81s as a hydroformylation catalyst Hence, any inves-
’tig;tipn of the cation in terme of catalytic activity would -
necessitate the replacement of the aalon for qne which is
inert. . |

Repeated attempts to replace the Rhodium anion by

large, inert anions such as BF4 ’ PF5 and triflate were_

,unsuccessful. It has since heen revealed in a personal




e ,
2 ‘ -9 - . - ,‘
. ‘, ’ - . ] .
communication from the Osborn i{u\p that the oarbonyl dlm‘ver
"sholld i’irst be: converted to a salt usj,‘ng AgX in wh:.ch X
A ,.“includes the anions used above. _ .
. At this point it was decided that preparation of’ other
"'complexes of the,same ge.neral type.could’shed more lightA
.. apon the synthetic limitations the formation of polymetal-".
Idcs supported by TRIPOD. Some .monometallic complexes were
prepared, and reacted with Chlorodicarbonyl Rhodium (1)
dimer;' however, the chemistry was generally not clean,
.glving ‘rise to.either a: large number of products or
decomposition of the ,starting mate'rials. Trhe ‘complex,
[HC,(PNIIZ-)3]M0(CO)4 was prepared- and characterized bp 31p
'NMR and X.-ray‘ crystallography (vide-infra). The Tungsten -
" analogue was prepared in such low yield, probably o_inng
to “The thermodynamic stabillty of W(CO)G, that fur‘f‘rTer
:. investigation of this complex was not undertaken. ‘A
Crystal stracture of MoC1( r -allyl CO)Z[HC(PPh,2)3]
was also undertaken so_ as to complement the structure of
the tetracarbonyl analogue. ' o A
, A second part of this - investigation was to attempt to
"oap two triangular facea oi’ a tetrahedral metal carbonyl
. b © .“cluster with TRIPOD. Insight into' the syntheses of the-
‘I _' "4:a.forementioned target molecule was obtained from a.review .
- ;_by Chini and Heaton in "Topics in ‘Current. Chemistry"11
L wherein the reactions in equations (‘1)‘and (2) were

eiven.mw T : S .
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‘not completely

A
) - 10 - « " ~,
. . :

“

|
DX
¥ 2 —

2[RhC1(CO)5 ]+ 3C02(CO)g—= 2Rh2C02(CO)12 + 2C0C1lp +
) . N ..‘- ) . N . /“

8CO (1)

~
~

2[RhC1(PF3)p], + 3Cop(CO)g ~= 2RhpCop(CO)g(PFs)y + 2CoC1, +

., 8co (2)

LN

N o ' . N ] . .
If reaction (2) was possible, then perhaps the following

reaction is feasible:

2[Rh01{Hc(PPh2 3}1]o + 3002(30)8 —_ B L
2Rh2002 C0)g[HC(PPhy)5]n  (3)

q

It was ;easoned.fﬁat to prepare a tetranuclear cluster

a

supported by two TRIPOD‘ligands $he_Rhodium dimer in equa-

tion (3) must be prepared by reaction (4). Subsequent

reaction of this product with 002(00)8 as given by reac-

t1on (3) 'ought to lead’ to. a duly TRIPOD -capped product
‘(assumlng the reactlon proceeded -along the same line as

rehction(z)

g .ERhc1(cc)2jé +‘2HC(Pfh2);\——-[RhCl{HC(PPh2)3}]2 +4C0 , (4) .

e

In fact;'re\

flaracterized. Details of the‘preparatich

'and attempts to spectroscopicélly analyze the product are
lgiven in Section 3.2 3. Reaction of this compound ‘with
_002600)8 yields a singly-capped RhCo3 tetrahedral nona-

carbonyl derlvative in which preparative and spectral de~

tails are . gived ‘in  Section 3.2.4. An x-ray . crystalu
. : , y ‘

_structure "gnalysis of the unexpecfed product’'is given

. : ) LA '
tion (4) leads to a’complex which was f

«




d Chapter 5.

in Sectionq/}f;1.

- "Mhe final type of:reaction to be attempted was to
bridge a’ preYormed binuclear complex with TRIPOD Although

much time was lost attempting to_brldge the heterobinuclear

- complex Cp(CQ)Fe( -CO)ZCo(CO)3, 14, 15 3t was decided

that _the complex Co,(CO)g woguld be a good candidate

since the. e%ectron count{for the antic1pated product

"(Fig. 8) was favorabig/with regard to the. eighteen-

: ' . A \ .
electron Eonfiguration. Crystallographic details pertain-

ing tow the .attempted structure solution are given in

(Fig.9)

" While no oatalytic testlng of the products eyntheeized-l

'fin the course oi this work has been done, the products may

‘eerve either to- inepire further preparative work in this

area !ﬂ572r”to provide the catalytic chemlst with eome new .

complexes ‘to evaluate.,

{

3
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‘2.‘IRTRODUCTION TO_PREPARATIVE’TE&HNIQUES

Work with‘metal'carbonyls, phosphine ligands and

organometallics in general requires reaction conditions’

which are~essentially‘oxygen—fregl The methods utilized to

keep reactions oxygen-free in the course of  the following

experiments will be briefly explained. C e

There are many ways 1n wh1ch anaerobilc conddtions may
¢
be obta1ned 16 Some _less- effectlve methods are encountered

v

in undergraduate tran31tlon;element chemistry'courses.17 .

‘

In‘dost cases, these methods provide adequate

B

condltions'for experiments which have been tried and. tested

op'numerquS'occas;onsv However, in dealing_with.previously

.
v AN »

" untried reactions, to ensure maximum.pnoduct/formation and
minimum side-reactions, more rigorous precautions should be.

pembloyed For reasons ofﬂversatility and convenience the

Schlenk technique is the obvious ch01ee of most- preparative

w
3

organometa111c chemists The! technlque makes use’ of .8

double-manifold vacuum/nltrogen 11ne (F1g 2.1a) with which

)
a vessel referred to as a Schlenk- tubé“(Flg 2. 1b) is em-

ployed Thls vessel is. used for reactions and solution

"transferral. Transferral and/or filtration may be aocom-

"plished oxygen—free by~ use of rubber septa and double--

W

’ tipped flexx-needles (Fig 2.¢). Reactions may be carried

‘ v

out under aﬁmospherlc pressure by connectlng the reaction K
‘flask to - a Mercury bubbler or. under approximately 7 1)9 i.-'
. \ .
of Nzl (Flg 2.14). Solvents may be rigorously W_

ated by exposure to alternate cycles of vacu /dingtrogen

. f
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~ . . - .
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'kFig"?'ié) Mome'complete degasqifieﬁtion'of solvents is
.aohieved by'simultaneoua ultrasonication and eVacuation.

Filtratid; of solvents through highly activated silica gel

" way serve to remove traces of moisture and in the. same
Ca ~”$ashidn solutions maey be filtered through Celite~filterr
ald (Fig. 2.1£). , o s '
' This technique affords the preparative chemist the
I
? convenience of-working in the open with the beneflt that
- \.
no compound or solution need be exposed .to .the external
atmosphere. "The poss;bility of poisonlng through skin con-
. c ' EN e
o a’ .
o v .Nz"
e ~ ~
v » e
o o ’ W
. : needle ’
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. 3. PREPARATIVE ,' L
3.1, GERERAL

S ' M c - ) : s0 N\
All‘reécﬁions were carried out‘usipg standard Schlenk

» L]

‘techniques.. All materlals and solvents~were‘reagentgradeu

Solvents were rlgorously deoxygenated by multiple alternate‘

exposure to vacuum/dlnitnogen unle8s otherwise, specified
A1l 31p NMR spectra were‘éJeorded on a Brukér WP-80 FT NMR
;spectrometer at jOOC. Samples were dissolved n CDCl, (MSD
lsofopes)°fbr deuterium lock 10 mm. Wildad NMR sample

N

tubesrwere élployed /ﬁll sample manipulat}ons were

Aperformed usid\ an a'apted Schlenk teehnique under an

,atmos here o dinltrogen. Samples were filtered through‘

Cel te fllter aid dlreotly “into dlnitrogen purged sample
tubes and sealed Infrared spectra of the carbonyl region

were obtadned on a Perkin- Elmer 599B grating infrared

. spectrophotometer using’ solution-injectable infrared cells '

‘w;th NaCl windows and - dichforomethane as solVent
'3.2. EXPERIMENTAL: . -~ = -

3:2.1; PREPARATION QF HC(PPh2)3Ho(CO)4

t
\

Mo(CO)6 ( 465 g.- 1.76 mmol ) and 1 O 8. (1 76 mmol ):

HC(PPh2)3 were dissolved in 20 ml f 2-dimethoxyethane and

refluxed 24 hrs. under N, while being magneticallyeszlrred{

b . "l

~The solution turned pale yellow within the first hour\pf

"’0-
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reflux.'(Refer to'Fig. 2.1d of Chapter-Z for preparative
»setup) The solvent was removed from"the ‘repulting .

solution in-vacuo and redissolved in a minimum of dichlore<‘\_’_kq
" methéne. - .Cyclohexane was added until turbid and the mixture '
: was: refrigerated overnight. A} white solid composed of
unreacted starting material crystallized out and the yellow
product solution was filtered from the solid and hexanes‘
:.were added to further precipitate out any unreacted start-‘
ing reagents The solvent was stripped from the remaining
solution ylelding “0.85. g HC(PPh2)3Mo(CO)4 (1.09- mmol)'
' (62% based on Mo.) ° o . S

f ' Crystallographically suitable crystals were grOWn from‘
- a saturated acetone solution of the product:by evaporation.
The. 31P{1H} NMRsspectrum of the. product revealed a :‘ i
:‘doublet centred _at 130;1ppm and a triplet centred atjl
85.1 ppm'relative 3o trimethylphbsphite(JP_f = 23,222 Hz)l
_with, relative -intensities- being 2: 1, respectively )
Comparison of the. spectrum with those of HC PPh2)3Fe(CO)3
and HC(PPh2)3Fe§CO)4 indicated the product to be cheIated
by two of the three, phosphino functions of TRIPOD. (Figf;

3.2 1 -next page).. | Elemental.analyses yielded the

.’
LY

' "following results- | o .,/ BRI . ,'-:;”:A
Calculated; c(63.32%),-H(3_£99%)",. (11 97%), Mo(12 36%) |
. Analyzed; C(60.24%), H(3=9Q¥),' (11 06%), Mo(173. 88%)

5
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'

‘Fig. 3.2.4. 1, Comparison of 31p NMR',speptrafof p‘roducf
‘with Iron dnalogues. Scales are. in ppm relative to TMP.
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"3.2.2. PREPARATION OF [RnC1{HC(PPhy)5}]> i
: p g RN

[RhC1(C0),], 0.35 g&.OSBJmoiJ) and 1.00g. (1.76 mmol.)
HC(PP52)3 were dgppgited as so}id\'into 2 clean Schlenk
vessel. Twenty ml. of wet, ﬁSn—dégSZébd reagent grade THF
was quickly added to the éolid mixture with magnetic

stirring. The vessel was qujickly stoppered and a viéorous

\

evolution of gas ensued—preéumably CO, and hence?tq drive’

‘ the reaction, the vessel was.evacuated. A hot air gun was

used to wafm the reaction miiture and the vessel was inter-

’

mittently evacuated to remové'any more evolved gases. The

process was stopped when the solution no 1ongér evolved gas -

bubbles. A solid product began to precipitate out of solu-
tion almost immediately after the addition of the THPF. .
The product is poorly soluble in THF, methanpl,‘an&
dichloromethane but somewhat more éoluble in chloroforn.
This was convenient for'the washing step since the:starting

materials are very soluble in THF and dichloromethane.

Yield is 88% (1.61 mmol.) tentatively based on the'assumedf

" formulation. Elemental analysis yielded the results:

Calculated;C(62.84%), H(4.39%), P(12.58%), 01(5.10%);
Rh(14.58%) |

1}

A&ﬂwzed; C(61.58%), H(4.65%), P(12.58%), C1(4.67%),

Rh(13.70%)

The infrared spectrum showed no carbonyl bands in the

H

region from 2500 to 1500 cm.-1. J'p{1H}. NMR spéc%r? were

) very difficult to interpret on an 80 :MHz spectrometer.

‘4
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. What was interpretable sas'a quertet centred'at

146.3 ppin relative'to trimethyl phospﬁite, (Jp_p = 452 Hz.;

" Jpr-p = 129 Hz.) and what' seemed to be a very scrambled

triplet in which the centre was not accuratefy defined'l

" The quarted: triplet intensity was approximately 2:t. _The

spectrum is- shown in Fig. 3 2. 21

LY » LY
. .

U}t

) 165 . . T-ppm- ) ; X -

. Fig. 3.2.2.1. 3'P NMR spectrum of Rhodium-TRIPOD complex.

This evidence wculd'support the basic structural deduction

' (Fig. 3.2.2.2.) that each Rhodium is chelated by two :phos-

phino groups with ‘the third phophino group uncoordinated.
The possibility exists‘thet the product is polymeric

in nature. This point is discussed in Chapter 6

Suitable . crystals for single-crystal X-ray structure

-analysis were not successfully grown. Techniques. to induce

crystallization included 1) refrigeration frca,a cold,

s 4
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————

.o ’ saturated solution; 2) elevated temperature growth in an

4’

L . eVacuated, sealéd vessel, '3) yapor diffusion in chloroform/

- 4 . . , .

- . heptame.- - . . / -

[}

Thefthird,method yielded iarge blocks which lost

solvent upon drying-.and formed rosettes'( multi y-twinned

‘aggregates).
. ‘,'

S ~

~'

- . ) . . .
' Fig. 3.2.2.2. Proposed coordination sphere for Rhodium.

3.2.3. PREPARATION OF RhCox(CO)gHC(PPhp)3 -

"[RnC1{HC(PPh 2¥3}]2 (0.5 8. ; 0.035. mmoi ) ana 0.5 g?
"-(0146 mmol) Co,(CO)g were edch dissolved in CHCl3 while’
being magnetically stirred. A 002(00)8 solution was addedg
:j . %o the [RhGl{HC(pPh2)3}]2 s6lution rapidly through a. double
; o ended syring needle under 7 .p.s.i. dinitrogen at 25°C'
Gentle gas e§:§ution was observed for aboutna half houru

" The temperature was raised to 60°C and the solution was

\ : R _ L




: -120'7 . —- \\\“""\\\\_/)'
stirfed for approximefely 2 hours at which point fhe deep .
_brown color of the Coz(bo)s, uoon carefulﬁinapeotion. ex-
. hibitedla pdrple,tdnge. Heeting nas etoﬁpedf The brown
‘nother liquor was fiitered off 1ea;ing a very'dark nurple
'microcnystalline solid which had caused the ‘filter to clog.
This substano& was. found to be poorly soluble in
. chiorocarbon.solvents and.veny poorly soluble in~arom9tiqg.
_The compound wags ;ompletely dnsoluble ‘in aliphatic hydro—‘
carbons.| It was, however, appreciably soluble in IHE—in
yhich it'wasvdissolved and filtered. The THF was stripped
. in-vacua to dryness eince itieeemed to be cansiné decomﬁo-‘
.eifion:-a.green color was obserﬁédlin’soldtion towards the
: end’of.the:filtration step.‘Yield O.54g.;.70%lbased on Rh.l'
. Elemental analyses yielded the following results: i ;
.:’Calculated;‘ (5018%), H(2.82%), P( 8.45%,).’C0(16.10%)';u -
Lo .m(9.ze®) oo
Analyzed; = °C(42.92%), H(3.03%), P( T.44%); Co(15.03%),
U Ru(s.7e®) S -

. : . L4

The .nffared specfrum of . the carbonyl“region showed termi- '
nal

nd bridging carbonyls. (Fig. 3.2. 3 1 y : L T~
'31P{1H} NMR spe tre,/e?e poor due to poor solubiliﬁf and
p0391b1e paraégineiic contamination. This was concluded
‘from the extremely ‘broad signal obtaineﬁ in the'NMR experi- -
ment.. . ’ , ‘

The complex was dissolved in 1 2-dichloroethane and

the solvent was, removed until ‘fine, 80lid particles ap-
- ‘ ' '

re
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peared. Refrigeration afforded very fine hultiply—twinnea
block-like crystals. These being too small for single

crystal studies Werer;94¥a§elved in the Bame solvent and

s

sealed under vacuum/in a glass tube. The solution was -
held at 709C. for several days yielding & crop of larger

erys%als which were,.ﬁowever, 8till twinned but not so-

severely.. These crystals were large enough to observe the

twin plane. The crystals cleaved easily along this 11ne to

yield eamples suitable for single crystal analysis which

.was performed to overcome difficulties encountered in spec-

tral—characterization. (Ch. 5). ' - .
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Fig. 3.2.3.1. Infrared spectrum of'the carbonyl region.

3
]

3f2-4; REACTION OF Co,(C0)g and HC(PPhp)s b

Cop(CO)g (0.5 g. - 1.46 mmol) in 10 ml. CH»Cl, was
(filtered through celite filter—aid directly into ‘a vigon- '



&

N, Ar. ousiy stirred SOlufipn of HC(PPh2)3 (0.9 g.-f1;5§ mnol.)
in 10 ml. CH;Cl at ‘20°C. .under 2 p.s.i. of dinitrogen.
Gentle eVoldt;on of CO wasfdbserved‘for approximately one

’hosr. During this time the deeb—brown colored seiqtibn
underwent a color changébto deep,chsrry red. dhis soiution
exhibited an opabiry within thirty-sidutes. Stirriég vas
continued for fifteen hours (overnight)\sfterwhich stirring
was discontinued allowing the product, a dark, red-orange,
mlcrocrystalline s0lid to settle. The mother -liquor was
decanted and the solid was wﬁshed with a 25 ml. aliquot of

.CHyC1, followed by two 25'ml. aliquots of pentane. Yield

‘ ; was 1.08 é.(1~32 mmol.); 90% based on do assuming the pro- .
. “duct ‘formulation 002 €0)5 [ BC(PPhy) 3 ]. | '
Elemental analysis yielded the following results :
Calculated' (60 94%), (3 75%), P(11. 244), Co(14.27%) R
. ~Analyzed- .c(58.58%), H(3. 63%), P(10.76%), Co(1é'96%) |
The infrared spectrum showed several types of carbonyl

RN

' ‘)absorptlon. (Fig. 3.2.4.1. )
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- noﬁ well resolved but has been estimated to be 6.19 Hz.

The triplet is centred at

centred at =~153.868ppm relative t6 trimethyl phosphite.

P | 70 ppm

between 002(C0)8 and HC(PPhg)}

Comparison of thie spectrum with those on page 16

would indicate the: ligand to be singly-coordinated to the

‘Cobait, however, this is unlikely due to the apparent non-

. existence of bridging carbonyls in the infrared epectrum.'

'”Crystalloéraphically suitable crystals were grown from

a saturated chloroform eolution under N, at 25° C.

\The 1o;$%esoiution 31P-NMR spectrum eihibize'what
~appears to be & triptet: doublet pattern in’ wﬁ!ch Jp_ p ig

-80.12 ppm and the doublet_is

' Fig. 3 24»2. 31P-§ﬂR spectrum of the product from reaction. ’

‘o
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4 .CRYSTALLOGRAPHIC® . = ' L

’

°4.1.IRTRODUCTION‘

<
’
.

The process of crystal. structure:. determination is. one :

' which relates the diffracted 1ntensities from scattering

—2 centres . 1nside the crysta& to the spatial eleetron

1

dengity of the basic three-dimensional repeat” unit of the
crystal the unit cell ?he method incorporates. x-rays as
a source for the diffracted radiation while the crystal
acts as a three-dimensional diffraction’.grating. 4 The dif-
fraction patterr obtained cohtains all the. information
,necessary to charactemize the sﬁatiei'éeometriclarrangepent
of the atoms or molecules contained in the rvstal., This
phenomenon occurs gince the’ wavelength of x- diation is.
of the order -of interatomic distances. diation in-
,terapts with electrons surroundi/git e nuclei The net
effect is that jaffraction of x-rayhs by a three-dimeneional
crystal lattiée gives rise “to- constructive and destructive
'interference so as to produce a three-dimensional. periodic
Ainterferogram more commonly referred to as the reciprocal.
lattice. % L .

AV . . .
‘The“intéheitiee of the diffracted rays may. be recorded

” in' a spatial refenence corresponding Ko the indices of the
re01proca1 lattice (h,k, 1) The sigogficance of. these
indices .will be elaborated on,in the appropriate section of
the text. The informatioﬁ obtained by the collection of

these intensities is the observed etructure factor for the,

e
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unit cellj These intens; 1es, summed over all reciprocal

space, hkl, ET;‘ represeﬁted by--a Fourier series »The
)

Fourier transf of .the series is the electyon.de951ty of

L)

the basic three dimensional repeat unit -~ again the unit -’

cell. This represents a grq%s oqen—simplification of the -

centfal'problem in crystallogiaphy. For the sake of devel-
opment; however, the pfcblem will be deferred to the apﬁﬁp—
priate section of the text. (4.2. 4j

N Reflnemebt of the experlmentally obtained electron

-

deneity by a combination of least egnﬁ?ee and Fourier

N . - , v
methods causes the constfuction to converge quite accurdte-

ly to t@e;interatomic distances and angles between bonded

and noﬁ;bcnded atoms Hence the molecular geometry may be

¢

very precisely determined. The degree of accuracy. depends"

‘uggr how closely an observed structure matches that of a

oretically calculated model o e -

,The~next two sectionS'wlll deal with the main theore-’
- tical -aspects of single crystal X-ray analysis. The

, follow1ng one will deei/xgthutﬁe practical aspects of

collecting geometrlc an? intensity data and the subsequent

4 5

)pnccessing of the. information to determine crystal struc-

&

&

.tures.

Fa
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4.2.THEORETICAYL -

IR =

4.2.1.THR RECIPROCAL LATTICE 18-26 .

+

The. concept of the reciprocal lattice is oﬁe which. is

of prlmary 1mportance in the understanding pf the collec—" )

tion. of X-ray diffraction data.

From a one-dipensional periodic array of scattering’
\

centres \the phen menon of x-=ray diffrnction can be

\

developed.: Suppose the array is:a row of equiepaced atoms
w1th interatomic spacing a and-that an x-ray wavefront de-
fined by AC 1mpinges upon the rovw at’ some engle ¢o This

" is demonstrated 1n ‘Fig. 4. 2 1.1.

3

&

F1804:2o1-'1'- ." e

- . 'S - . ) ' A
The resultant.wavefront DB le¢aves the rew at some -

angile 1[/‘ . Then line seg,m’ept’. GD is defined in physical
. terms'as g._cbs‘{lo , and line segmerit AB ig- defined 'by term .o
gcos\[/. . The difference in length of the tw,ollgh'e‘segments' = .
o .

is an integral number of wavelengths 'n)\ '« The analytical
. ‘ ) ) .'

’. ' a, ‘ i N ’ ’ “

,.
Y
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-.expression being

' -diff'racted cone. .

k)

. =

[

v ®
i AN

‘au‘(' co.e'ﬁdzo -~ 'cos¢‘ ) = h\ S T C(4.2.1.10)

-

~
\

- Act&ally, this represents the generating surface of a’.

diffracted done. coaxial with the array. Generally there

exists a f ily of cones for which h takes on values of
O 1"2,.'.. n. The value of h ‘ie referred to the order of the
Pré'%u-ession to the two dimeneional array yields two

conditione. That of equation 4.2.1.1. and the following.

Bt

3

b cos¢o..:—-'“cos¢b ) = kX : R . (4.2.1.2:;)

. - .o ¢ , - ‘ . . . .
in which the array with, interatob\ spacing b also

generates a fami'ly of cones in which equation 4 2.1.2.° re-‘

presents the b.onical surfaces. The intersection® of cones '

eoaxial:t‘\the a and b arraye are_depicted -in Fig. 4.2\.4.‘\2'.\

v
o
N

U

'bFi . -20102-,
‘Fig.d -

~

»
-n

\
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_fThese intersections are possible dipéctione of a diffracted
beam. Therefofe; regarding a pa}tdcular direc%ion of the
incidenf‘beam, diffracted rays are discretely produced de~
pending on the angle the incident beam makes with the" two- ’
dimen81onal array. - B

Hence, in. the two- d1mensiona1 case, only when both

equations, 4.2.1. 1. and 4 2.1.2. are satisfied is the dif-“wlf o

fraction phenomgnon obser%ed since all other points in
space'correspond to regions in, whicn destructive inter—
ference - occurs. The gdgniflcant point is'than tne
spatterlng in directions OP and OQ are in-phase. |
In the three dimen31ona1 case, ‘three non—coolanan
‘garrays h,k and 1 of atoms with‘;nteratomic,apaodngs a,b and
c, reepecnively, intersept. ihe c-drray éives rise to a
third condition ,.'. S

. ) - .;‘ ; . ,"_ ‘:  :.},

¢ { cosy - cosn,&c )= 1\ A - o (4.2..i.3".)
which defines the generatinghsuffacee;of'a third fanf;y of -
® conee‘coaxial_wﬂfh the c-direction. Here, the three cones
‘ % may simultanecusly intens'ecd:" only in oné line and hepce
thls point satisfies. the condition that 'all three. equations

" are satisfied or are dcattering in-phase. The situation 15

shown in Fig. 4.2.1., 3
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) Fig.4.2.1.3.
Equations 4.2.1. 1., 4.2.1. 2. and 4.2.1.3. hre referred

to as the Laue condltion524 from which the reciprocal lat—

tice concept is evolved. = qf‘

T W,L. Bn&ggzs published an account An wh1ch dlffractlon

. of x—rays.ﬁy crystals could be treated by analogy with
”,reflectioms by p}anee runn;ng through the lattice. The
.°p1aneé are defined by’their indices, hkl. (Fyg.4;23.4.) '

Fig.4.2.1.4.

1
3

PN
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C =302

In a three-dimensionally periodic repeating structure,

many planes are found at' varying angles and directione with

respect to- the coordinate system. _In the figure above, the

three. axial planes defining the unit cell are: the hkO or

xyhplane, the hOl or xz-plane and the Okl or yz—plane.
Plane 1_in the diagram corresponds to indices hkl

equal to111. Plane 2 is defined by indices 221 and plane

3 by indices 112. Therefore by inspection the indices hkl

represent .the intercepts expressed .in fractionai

 coordinates on axés 8, b and ¢, respectively. Multiples of

the above indices are actually members of a stack.of planes

runnlng pardllel to the general plane hkl:

X—rays "reflected" from such stacks of planes are- con—'

} '

”sidered in diagram 4. 2. 1 5..

ﬂl ‘




Incident ray AC impinges on planes hkl at angle 0.°Diffrao—
ted ray CP makes angle 20 .with the incident ray. If the

1nterplanar spacing normal %o the planes in.the figure are

equal to dhkl then diffracted ray CP defines the reciprocal

"lattice spacing 1/dhk1 This‘condition relates the wave-
length A , the diffraction angle @ and the interplanar'

spacing in what is known as Bragg's Law. \

?

2/)\ sin;oi=‘-n/'dhk'1 or n\ = 2dhk1‘sin0 ‘ (4.2‘-1.4.)

A

o WP

Diffraction is observed when a reciprocal lattice point is
brought into coincidencé with the sphere‘surrounding the

construction by varying the angle 6, . This corresbonds'to

an integral number of wavelengths in travelllng path ACP.

.The sphere of radlus 1/N is referred to as the sphere of

t

- reflection or Ewald sphere.2T .

The reciprocal lattice’ is tne'three—dimensional con—
sfrudtion of the reciprocal of the real or direct cell in

wnfeh dirept unit cell dimensions a, b and c correspond to

" reciprocal cell dimensions 1/a, 1/b and 1/c or a*, b* and

c*,. respectively The reciprocal lattice, the g&tension of

the reciprocal cell, moves in unison with the real cell and
%herefore any reflection may be observed once the, orienta—:

'tion of the crystal is known. The informatlon/obtalned by

measuring the intensity Tk of the diffracted ray is
related to the observed structure amplitude IPak1! -

i
1

k=Y
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. L
; C . , ]
The volume of the reciprocal unit cell for the most
L R S

~

general case is given by
e

A\

1/V = a*b*c*[ 1 - coszcx * _ cos® B * ~c052 Y o* o+

- 2cos Q *cos 6 *cos'Y * ]1/2 (4. 2 1. 5 )

in which a*, b* and c¥ are feciprécal cell dimensions and
B *and Y * are ré iprocai cell interaxial angles.

o * is defined by the angle made by the intersection of
reciprocaliaxes b* and c¥*. The two remaining angles are
defined in the same manner. ’

"‘_‘ \ 3 ] ' ' -

" 4.2.2.THE STRUCTURE FACTOR '9,21,23,28' o L

" As was mentioned'earlier, the crystal acts as a three— :
dlmen81onai gratlng transforming the actual cryatall
electron density in dlrect space | into an interferogram in.
re01proca1 space., Thls constructlon can be recorded as wiil
be seen in- the following section. Each point (h, k 1) in
repiprocal space corfespOnds to -the diffraction from a sefﬁ
of'plahes defined by the indices,-n(h,k;l); n=1,2,3.. . By
performing tﬁe inverse Foufiéf transfopm of the summation.
of (theoretically) all points it is possible to obtain the
electron aehsity distiibution qf the'unit cell..To aid 1n
the explanation of the’structure factor it is desirable to
ponsider the scattering due to a point atom. For a point
atom, the scattering factor is aefined as the quantity,

)

fpoint' The scattering factor of a real atom is a function

{ . . \




" expression =~ - ..
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’

of the number of electrons Z2, the angle the dlffracted ray

makes with the plane (h,k 1), the 1rrad1at1ng wavelength '

1

X . and the therma]. parameter B 27 29

The isotropic thermal parameter is given by

.

B=87r 2u2 . T ' : ‘ . l I ' ‘(402.201 .) X '

&t

where u2 is the mean squared amplltude of vibration. :ln'/
view of. equations 4.2.1.4. and,4.2J.5. the 1sotropic'
‘thermal parameter is expressed infthe/éxperlmental form as
. ' o .
exp [ —BM{(Zs:mohkl/)\ )2}] = exp [ -B/4 (1/dhk1)2] |
o | (4.2, 2.3, )
in which

¥ . . N - ;o

/gy = [ h2a*2 4+ k26%2 4 126#2 4 phkarbrcosY ¥ +

» ( ‘ B N N : .
2hla*c*cos B * + 2klb*c*cos a * 11/2 (4.2.2.3:) -
the scattering factor for a real atom -in terms of a point ‘
atom can be expressed as follows, assuning 2 equals 1.

4

freal = fpoint -0xp[-B(sin?6)/)\ 2] T L (4e2.2.40)

V\.

On an absolute scale the average 1ntensities may be

expressed in terms of _ag

ngc scatterlng factors by - the

b4
4
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!

Iabs = fzpoint exp[-ZB(sin20 )'/)\. 21 = - 1Pgpg ! 2 ,
Le L _ ‘ EA ) (4:.2.2.5.)

" However, in terms: of the indices '(h,l;,l), tﬁe right-

hand. side /of - equation 4.2.2.3. éives little préctical.
'1nformat10n relating to ‘the planes from which the
dlffracted rays Orlginats. ‘The general exponential- form

may be utilized to shov the structure fact()r - Faps" is',‘

related to the recoprocal lattice indices.

7 , " -

IFI = -ty explidy] © . . : 7 (4.2.2.6.)
-and o : v
1 Fhicy! = £ eXP[Z.Wi_(hXj + kyj + 1z5)] (4.2."2..7'.)

*
-~

wh'ere Ty is the scattermg factor of the: jth atom and the"

total phase dlfference betwee’n the origin and a point de-

fined by the re01proca1 lattiee point is 27ri(hxj + kyj +
lz-) Hence, from the Eulerlan relationship, equation |

4.2, 25 can be expressed as a Pourier sine and cosi'new

Ppcq | {[ f ‘coB 27r(1rx3 + kyj + 1z )12 + . “ ‘
: [ £y sin 27r(hxj + kyj +1zj)]2l1/2 (4.2.2.8.)

:-‘struct\;re factor. If the cosine and sine terms in ‘the
. b .

’E

The equation 4.2.2.8. r,epresents the‘magnitu@e of the

«
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as
I’
fehy o .

i tivaly, equation 4.2 2.9.. results.,

PPl = Bga® + Bue ,
' o ‘ - C o (4.2:2.90)

4.2-3.THE ELECTRON DENSITY EQUATION '9.21,23,28 N

:!~

=35 -,

‘square brackets are: abbreviated by - Ahkl and Bhklv respec-

¢

2912 5 Py = Anky + 1By -

[
3 t

‘and the phase anglén ¢ nii 1s'.given by

PN

Sniy = tan~! ( Bpa/Apa ) - - . (4:202.10.)

. v b v
.. 4 ’ L
* ‘

.
L]

. The expression for -the eleétron,denéity in tefﬁs,pf

&

(Jthé’scattering amplitudes can be written in the vector form .~

p(r) = ij(s exp[—ZW'l .8 r] dv' 'g' . (4;273.11)

N
*

-"Considering that the function F(s) is discontinuous -and is

defined only at reciprocal iattiee points, the discrete

form of - equation 4.2.3:1.is ,' . . B Coe

pir) = /% %:;2 thkllexp[ 271 8- r] o (4.2'.3%2.')

where V 1s the. unit cell volume and r and s are‘

.‘dimensional units in 'direct-and reciprocal space,'respeCQ

"

tively. ie: -

e |
n

xa + yb + ‘z'c : : | ! ) o (4.2.:3:3-’)

o

P i

'B ! ha*"‘ kb* ": lé* .. ' :’ :"‘\§f2.3.4.) .

N .
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Coéff1c1ents Xy ¥ and z are fractional coordinates of the-

. derCt cell dimensions and h,k and 1 are, reciprocal 1att1ce
~in_dié_es‘:"‘ﬁence, the last two equataons can be 1mplemented

- in a form of the electroﬁ.density equation which relates,

"the direct and reciprocal lattices by the discrete Fourier
o) B 3 . ~ ! . . .

transformation. ’ o . .

' p(xyz = 1/VCZ Z Zthkllexp[ 27i(hx + ky + lz)]

(4235)

4

‘Consideration of Section 4.2.2., spec¢ifically equations

4.2.2.6. and 4.2.2.7. allows us to write

+

Apkl = [Ppx1l cos @ niy | B .(4.2.3.6.) .

and © .

By = IFpgrl sin @y o . . (4.2.3.7%)

therefore '

Fpl =Pl exp(i dpa) o 0 (4.2.3.8.)
28

ExPahding equation 4.2.3.5. results in the-equation A
p(xyz) = 1/vc Z Z Z IFhkllcos [2 7 (hx + ky +12)‘-¢nk1]
‘ ' . (4.2.3.9.)

Y

where ® ni1 is the phase angle thkllmakee with the origin.'

'Fhkli may be measured for any value (h,k,1), however,

_phase determinatidi may'not be ,accompl{ished directly from

»

e
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exﬁerimenf. Hence; rhe "phase problem" as ifais referred to

in the literature (ie~ the problem determining the phases’

of the IFi'g)’ ~is  the main gifficuity associated with

solving crystal structures.

1 \ )

4.2.4rSTRUCTURE SOLUTION

. C Although many techniques are available to the
crystallographer for solving the phase problem depending
Aupon the type of structure under 1nvestigation, two
‘techniques definitely predominate in the structural rﬁ—

solution of molecular crystals. ‘These are'1) the Patterson

. o synthesis and 2) statistical phasing

~4.2'.5.rmmson STNTHESIS . L ;

PR
‘ . . In section 4 2.3. the general form of the electron

'
.n

| density equation was given as the inverse Fourier transform
: of the“structure factor expression. However, in 1935, Pat-
.} ' ,:' terson?9 published a paper in whrich was pointed out that
instead of using the measured structure factor magnitudes"
as input to the 'electron density equation a quantity
IFhkllz could be. subject to the transfor;;:ion giving rise
'po what is n6w referred to as’ the Patterson function. Just
'ss a three-dimensional‘elebtron densi}y map’esn.be eon_
siructed by_transforming the srructure fector eigression,.a
bhreeédimeusional Pattersou fungﬁiou can be ootained bj

",transforming the sdugre,of the structure factor‘expressiong

v

] . .
. . . g
‘ 3
-




P(xyz) = 1/VCZZ‘ZIFhk1|,2 exp['~7--21ri h.r J (4.2,5.1.-)

?

-~

From equations 4.2.3.6. and 4.2.3.7. it is apparent that’

the '‘coefficients 'F’h‘k'l|2 are real and phaseless quantif;ies.

The Patterson is thus expre_s'sed as & cosine series. . ¢

)

P(xfz) = 1/V, ZZZ’Fhkl|2 cos 2112[ hx + ky + 1z ] o

o /-//\ L (h2s.20)
Regions of large P(xy%) calculated wh an expragsion
"are referred to, as P ttersoh peaks and ‘re°pret.sent the iypter-
atomic vectors between 'all atoms or regions of electron
density in.the cell Inacell containing N atoms there éx-— o,
ists N2 vectors in the Patterson cell. N vectors out of th\
N2 will be ‘of zero length and correspond to intraatomic . .
vectors (ie:those frc&m each atom Ni anto i}:self) These N

veéctors are concentr }ted at the originoof the Patterson‘
cell and define the m:%nitude of the origfn. The remaining

Nz_lvaectors will be diétrlbuted throughout the rest of the
, ce‘(ll.,' The net result is tHat Patterson peaks are. severe~
ly crowqeh' into the cell volume. They are also broader

than the electron density peaks. This, is d‘ue’ to the

o %

diffuse nature °of:_th_e' I 2 coeff;c:{ent and the c'dntinuou_s‘

.~ nature of the e}éctron 'déns’ity' in -reai ‘spa,,c_e‘ which follows

."from the fact that qrea.l atonis are nc;t point scattererg.'
* The relatively feature‘lelsp\Patterson ce’ll,. the produgt' of .

5 ¢
s
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overlapping peeks, may be modified, however, by a two-step
process called origin,’emoval and sharpening. While treat-
ments for these processes will not be described in this

snmmarx a good explanation can be found in the litera- -
tnre.21"3o '
The PatterSon synthesis is in fact the vector space -
equivaient of the electron dens1ty in which 'the orlgln of
‘the Patterson map translates as the origin of vector space '
) f;rnthe correspondlng electron density.o0 | ’
v Some prenerties‘of the Patterson function are-
1), A1l Patterson functions are centrosymmetrlewﬂf'
) Thelr lagllce type is the same as that of the orlglnal
space- grqup (ie P, C F,I) C .
:3) Their lSpace group . is determined by r.eplacling all trans-

lationablsymmetry elements (screw axes and glide planes)

by their non- translational equivalents (rotatlon axes and

m}rror planes) respectlvely,go and by adding an - . h'

."'

.invsrsion cenﬁre if one is not already present 3
Now tha¢ the Patterson functlon has been summarized
.itS'ut;lity as a means for determining the phases sor-a

structure is stated. . .

0

4

Providlhg a molecule contains a- heavy atom the
Patterson synthesis will yield 8 peak cohsiderably greater

in magnitude for the 'Fneavy 12 than peaks resulting from

.I‘Fheavy'lplight' or 'Fiightlz Thus location of the heavy

-atom is determined by considering the differences between

- the equivalent positions31 defining the space group. These

[ 4

.
1 ' u
L
) g . .
. .
. ‘

@

L)
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-dlfferences may be solved for X, ¥ and,z by comparison with
”the Patte&son peak coordinates and verlfied by\comparison

\

with ether Patterson vectors. Th.ie procedure will be

detailed in the sectlon on practlcal aspects of crystallo-

graphy (4.3).

(xo,yo,zo) in the’ unlt cell, a structure factor calculation

Once the heavy atom is placed in position

is performed w1th the heavy atom deflned by type and number
i thus contalned in the cell. Since the phases o? the lighter

‘ atoms are essentlally domimated by that of the heavy/atom,

" the phases of a large number of Frkl! 8 beconme foed. Sub~

o . . T - . .
sequently, the Fourier map an be "calculated possfbly

'reveallng the posltions of” the lighter atoms relative to

the heavy atom. By a combination of dlfferenoe Fourier syn-

.
thesesﬂand least—squares refinements, the complete struc-
. [ 33 -

\ , . W, .« N
« ture may be-determined (vide-infra). g

~

—

' 4.2.6.STATISTICAL PBASING 3734 i
4‘ . » N .t ‘ ) o -
This méthoa of structure. solutioh,

\

more, general hspding of "dlrect methodw'

PR

is uséd to

defermine the phases of a set of data strlctly/by

mathqpatioal methodd. ~

-

| To developenthe topte, if we assume arbitrary ¢ hkl g
,,for a real set of 'Fhkl' data anq\generate p (xyz) from the
electron density equation (4223 9.§,:the resulting synthe-,

sis would probab}y yleld a . three-

P

o

of random density.Thls dlstribution may aLgo contain re-

LY

falling ander the :

ensional distribution'

o]

b4
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‘gions of negative density, a condition defying expectation

for-a real structure. Hence a suitable ceriterion for in-
creasing the probability of obtaining the carrect set of

I;hases for the I'Pyhky ! data is to constrain the qShkl's such

'that the compiuted P (xyz) > 0. This requirement is met by

.the Karle—Hauptman determlnants .35

For dir(ect xﬁethod calculations it has bgen found
useful to redefine the IFyyl's in terms of normalized struc-

ture factors‘lEhkll'.' Thce normalized' struc&f/ure factor expres-

sion is related tolFyp,!by the expression . .
K2 IFOhkl ' 2 . S R . .
IBypq ! 2 = ' (4.2.6.1,)
hkl ' 2 , . ,

€8 o
e . s * . "

t

K represents a scaling factor cbtained by subjecting the

'Ehkl’ data ‘to ' Wilson statistlcs;’ lFohkllrepresents the

experimentally determined structure factors and 83 is the
BN . ? ,

.thermally attenuated scatterlng factor. The 6 term 'is “an

\
integer which accounts for special sets of raflectlons de—

-yt ""’

pending upon the space group symmetry.37 .

.The reason for using Eyxy's as oppose'd to other sti;u.c’—' ‘
ture factor'expreesions is to allow normal.ization ‘of ali
classes of reflect‘,ions t6- & common basis which in turn lsim-
plifiee‘probability calculatione. Expression 4.2.6.1. ?fso

causes the diffraction data t0 more closely resemble that

2

of a ppint-atom struct_ui'e and therefore are less sensitive
(3 : : .

o
-



‘strain%s, any Fyyy could be determined by the products of

or in abbreviated'form

to tne fall-off of scattering,pbwer associated with wide-
angle scattering.33 This results in increased resoiring"

power over conventional 'Fhkll data. As‘ﬁhe name implies,

.the normalized structure factor posesses the roperty tha&

< 'E."hkl'Z > = 1

(4.2.6.2.)

[y
-

High-power direct methods of $Structure solution rely
heavily. upon probabilistic“ftecnniques for the centro-
symmetric case. Sayre38 showed that under certain con-

[

all struCuure factors whose indices add to give hkl. That
is | ' - ‘

‘. . v \ / . ., . ’ '
Fhkl = C Z Z P h‘}("l' . F h;h',k—k',l—l' . (4-2.6.‘3.)

]

P(h) CZ Z;-F h') F(k) . - - ‘ (4*»2;.6.4.)

Since the lEhkll's are formulated.from the 'E°hkl' s, the
same” may be said about the lEl's.‘ , .
. One constraint increasing the probability that
equation 4.2.6.4. be useful is that F(h) Ye large.*When
F(h) 1s large, the s1gns of the series of pairs of F(h')
and F(k) tend to be strgnglx_pgsiiixﬁ,or negative.37 " When -
all three terms are very large thé previous equation may be

» ! ,
written as ‘ - Y
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'S F(h) 2 5 F(h') S*F(k) | : . (4.2.6.5.)

, where S reads "the sign of" and = reads "is probably equal

t0." The terminology S(h) can replace S F(h) 'and hence
~equation 4.2.6.5. can be written- ' '

s(h) ~ s(h') - s(k) ;' T (4.2.6.6.)

or for a number of stroﬁg relationships : ' .

'S(hkl) 2 s(h'k'1') - S(h-h'k-k'1-1") A (4.2.6:7.)

fox
'

These expressions are referred to as .triple-phase relations

and belong to the more generai set 'of expressions known as
‘ .

~ ' ‘

qn practice one tries to find as many {riple-phase re-.

lations as possible The development  will .He restricted to

]

.the primitlve centrosymmetric space grouﬁ for gimplicity.

For' more difficult cages (ie;{ non-primitive, aceptric,

ete,) . see references 33, 34 ‘

v

The first step is to determine the«orlgin. In centro-

]

symhetric space groups the origln must 001ncide wrth a

centre of inversion. There are eight distinct inversion

¢

centres in a primitive, centric unit cell. These are de-'.
fined by the positions: (0 00), (1/200), (Q1/20),
00 1/2), (1/2 1/2 0), (1/2 0 1/2), (0 1/2 1/2), and-

1 -~
(1/2 1/2 1?%) In addition each reflect1on falls into one

r:
.".



. phases arbitrarily to certain reflections the origin may be .

-84 -

N ’

of eight parity groups ( eee, oee, eoe, eeo, 0oe, oeo, €00,

and 000 ). The way a reflections" phase changes with

origin shifts is gummarized ianable 4.2 6.1\ By assigning )

defined. TFor example, by choosing a phase for the 542
reflection (oee), the origin 1s defined as being either one
of 1}3;4,7 or 2,5,6,8 and the phases of all other "opee"

reflections become fixed neiative to reflectioh‘542. Fix-

" .ing a phase for the 218 reflection (eoe) reduces the choice

\wt

g
OFigin’  Shift - ReflectionParity
o : "7+ - eee Oeese0e eeo0 008:0e0 €00 000
1(00 0) ' 0 - e T R S Y4
2°(1/200) . a/2. B
3.(0\1/2 0) b/2 +ﬁ + .. +. Z ‘+. ‘ - -
4 (001/2) c/2 T S
5 (1/21/20) . (ad)/2b  + 4= = 4 4o Z 4
6 (1/2 04/2) . (a+c)/2 e - - 4’,,‘; .
- 7(01/2 1/2) (b+c)/2' ‘+‘_ﬂ+‘ - = e - + o+
8(1/21/2 1/2) (asdee)/2 .+ = - = 4 4 @ -

to one .of origins 1,4 or 3 7 or 2, 6 or 5,8.. Now the
relative phases of oee, eoe and ooe reflections are fixed.

The third must be selected from one of -the remaining groups

(eeo, oeo, eoo and ooo, but not eee) to finally fix the -

p031t10n of the origin.

y

"y
'

Table 4.2.6.1. Origin - Parity Group Relationships 21

o




"(Fig £:2.6.1. ) for values of K .33

o
-85 - .o )
® M t

| |

-

iOnce the initial origin—defining et is-fixed it is neces-

- sary to generate’ phases of the remaining reflectione by the

triple-phase relations.

' The’ following consideration applies‘tﬁ’the general 4

.case and is not restricted to the primitive ‘céntric space"

groups. It is mérely & short developement of the’ tangenf

N,
'

formula.

¢

For a limited- vectar snmmation involving rlEl values,

equations 4.2.6. 5. to 4.2. 6 7. may-be written in the "¢"

symbolism ie:

PR EC O by > g V T . (4.2.6:8.)

-

~,

This" cén be\\illustrated using .an An%fnd diagram

.
v -~ DR
- . f
N .
Y
' ]
. f . s

IMAGINARY - -~

_,REAL.

i’
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g .

~

¢‘1 is the.estimated phase angle assbciated with vector Ry
. and each vector K . depends on ‘the product | Ex HEyp . k' which
' Ve

may be resolvmi 1nto real and imaginary cOmponents A and B.

' (4.2.6.9.),

Ah = 1Bx I'lEh_k I 0(58‘( ¢ X + ¢}‘i-k ) i
Boh = 'Ek]lEh_k' Sin ( ¢k+ ‘('b h"‘k ) _— l‘.‘_ T . :(4:206.10.)
e ‘ > h o
.and .. '
tan n-= th ‘By/ th Ah S (4.2.6.11.) s

1

'],‘hlS is the weighted tangent formula where, wh is a weight-
ing factor equal to unity or other values which will be
elaborated further on, Statistical phasing relies heavily

upon equation 4.2.6. 11.’ and the reliabllity of. ¢ h deter-‘

»

mlned this way may 'tﬁassessed according to a paramete_r ap-
@2 = [ K cos (By ¢ ¢ py )12 + ‘
[ K pcosin ( Py + 9 pey )]2 (4.2:6.12.)

\ : . ‘ '.‘4

in which - \
Kpg = 2 O3 ‘02-'3./2 B 1135 (1B | L (4.2.6.13.)
and o ‘ CL \ “'

= ~g.on 7. = . L)
‘o’n = { Zj ?. ZJ = f /ij ‘ (4-2-'6-14")
, - ? A ' 1
g is the atomie number of the ;jth atom in a unit cell

. . \ v

containing ‘N atoms. !




o= 4T - -
’ !
: S & .
. t Relating back to the centrosymmetric-case,the probabi-

\'lity asgociated with the triple-phase relations based on :

4

- large IEI's-is given by . .. N

P+(h) = 1/2 | T+ tanh [ 03 75 3/ ‘IEhllEkllEh k|]}

*

v ¢

MULTAN4C

The MQLTAN program for phasé determinationiis’a multi
solution merhod which statisticaf}y phases expér{mantai
infensify data acoordingtﬁne following outiiné:

1) Normaliéed'structure factors are selected from the Epi;

data which exhibit inten31t1es greater than some. minimum

\

pre ~defined intensity, Epine The program then finds all
triple~phase relationships with strong reflections suoh
that Eig Eng E3s are greater than a chosen value. Next, it

finds some very weak reflectlons and the associated triples

(42615)‘

E Es1 Es2 for use in calculatlng one of the three relia- _

bility indices. (PSI ZERO test - v1de infra). It.then

finda triple—pnase relationships' among the stronger

ref;ections for immedtate phasing (ie:—if k = h-k then
phase h is positive-according to Sayre's equation). '

é)' Orlgin and enantlomorph definition and starting set

choice. The starting set choice 1is obta1ned through

convergence mapping in which a subr.ou tlne called CONVERGE

is used to form an ordered 1list of the rw.{ctlons from the

first step. The phase of any reflectlonlin the - list can be.



. ric) in which the phase is limited to the range from O to .
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obtained from the phases of’ the reflections preceeding it.”

The strongest reflections from CONVERGE are used in the .

phase determination and. only those phases for which h is

greater than 5 are cons1dered (eq.4.2.6.12.). The re-—

flection W1th the poorest phase-relation i3 eliminated

w1th all associated triple phase relagionships and a new

value is calculated for & 4. This process . is repeated and

'every cycle 1ncreases the value of 12 N The process is.

continued until the calculated value of o changes by no

more than 2% or the origln ‘can- no longer be defined. TIf ‘

‘the latter is the case, then the last reé&ection is

reinserted 1nto the 1ist and becomeés one of the. origin-

defining reflections. Reflections whose phases cannot be

" "defined by the preV1ous refléctions may be selected for the

(A

starting set.

The starting set includes:

a) M origin-fixlng reflections assigned arbitrary phases on

R __,4 * .

the- basis of Table 4.2. 6 1. fm <.3)..

b) One enantlomorph-flxing reflection (1f non—centrosymmet-

180°.

\

c) If the structure is centrosymmetric, phases will be

‘restricted to O or 180°. L 5 ff?‘

d) N other reflections which cannot be phased by the other '

refledtions from CONVERGE. If the structure is centrosym- L

N

" metric the starting phases will be assigned all negative or

posittve combinations. If non-centrosymmetric, they are N
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'assigned all combinations of 45° 1350, 2‘250,‘ and 5150

The choice of N is made el‘cher automatically or at  the
discretion/of the invest;gator (usually < 4 for centrosyn-
gefric an& £ 2 if .non-centrosymm'etri-c) '

Phase reliability is assessed by eq. 4.2.6.15. fsr t}ze
centrosymmetric case whereas for the non-centrosymmetrlc
cas'e,‘ eq. ‘4.2.6.12. is wsed. N |

At the start of the phase determination « car}mt be
calculated due to the unavailability of phase information,
Hence an e‘)'_tpe’ctation value of o h?, o 92 'is calculated with

values of * py!

o, WK hk) I41{. K 'pg)
K + K K Z —
Z hk Z Z hk K To( K pk) Tol K'px) |

C- 0 . L (4.2.6.16.)

A
- .
€

where I and Iy are modified Bessel functions of order z“exl'o ‘

‘and one,’ respectively. ~These functions approximate the E

behavior of -équation eq. 4.2.6.12. in eq. 4.2.6.16.
' MULTAN utilizes a modlfied tangent formula to generate"

and refine the phases. , o )

. Qe sin ( @ +‘.¢_;') B C
t.an ¢h = hk h h k g = —}3'— ' ('40.206.171)
Quk co8 (P p + & py ) Ap
" where . . o !
Qi Wy Wpoye 1B By ! /(1= 17,12 ) D (4.2.6.18.)



e

oy =50 -

‘in‘which

"

Wy - Wk wh_k tan [ 0'3 023/2 1By b ( %2 + .Bh2,)1./2]

. . P ' .
’ ! i q ’ t (4.206-191.)
A~ |
end Uy is /‘(he unilary structure fpactor‘?”? defined as -
; o/ "Ponx ! S i
Mgt = , . (4.206.20.)

g ex‘p[.-l'lB(sil'l2 6 /x 2] Z Fi(p.oin't‘)ﬂ
, : i -

In the centrosymmetric case, for N starting sets, 2N 'ﬁ‘ .

__,‘solutlons are generate&. . Do %
N N - R Y

The criteria for accepting a particular solution are: . N

| ,1) The absolute figure of merit, ABS ‘FdM,

'2)". PSI-ZERO, S ‘

B RESID, and- . S '(-;

") the combined flgure of merit, COMBINED FOM. ‘g

o ABS -POM (2) is a measure of the internal consistency
among the triple—p@ase relations found in. the Ehkl data...
‘It is given by the equation ' o

Z(ah - aRh )/Z (ae - aRy) - (4'.‘2.\"6.-'20.")"‘

where ag Rh is the a-‘val ue?‘fnexb/écted from a ra‘mdom'l‘)hase -
‘'set and rs defined by ' - .

L]

( 2 &r )'1/? L ' | L (4.2.6.21.)

¢
~ \

P T



o

.yt ’ ' { '
i : U *
- .
f f \
.

B

e 7
T g comes from equation 4.2.6.16. The larger the value of

ABS FOM the greater the reliabilit‘y that the solution is

P

correct. o I

- \ The PSI<ZERO '( ¥,) criterien is defined by the

expression -~ . o

) -

. -

*i oo ‘¢o = Z ZlEkl'rEh_k I(SH SO Bl (.402-"6-22:)
N e . h kn ‘ . ‘. ‘>

- X4

:ln which the E 's are very close to zero or ar¢ zero. The
. . A
/} correct solution should ‘have a correspondlngly small value

of \&o‘ This criterion can help in choosing a solution set

- when ,ABS FQM from several solutions exhibit simllar values.

RESID (Rk) is calculated' from the ;formula . -
R = ). 1Bop!- [ KCIBl = 1By y!> ]/ §:|Eh| - (4.2.6.23.),.

e B

L
N e

A
pond to the correct phase set. Co o :

Usually thes correct phase set can be discerned on the
basis of 2 and Ry However, when the choice 18 still\
'dvifficult the COMBINED FOM \Q}‘) ‘can be useful. It is given

by the expression .

W:' ( ‘Z‘-Zmin ) +ow2 e wgqxax° V’o) + W3 ( Bkmax’Rk' )

-_C::'

.\)L Lo . R (Zmax‘zmin) (\l'omax‘ 'pomin) w.(kaax“Rkn;)@n) .

) (4.2‘-6024o)
] . ’ 5 ) . . - ) - N .. ,
in which Wy, W, and W3 are {veights often eqial ‘to unity.

2
~
b

in which K is a scale fac"bor. Thg 1owest Ry %hq%ld corres- - "

T«
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(m

» MULTAN will record the Solution sets as a Pourier pea}c
file in which ‘the coefficients are the Epy; .'s. This fiYe
is then used as input to the Fourier program to calculate

+ BE-maps. The correc’cl.yr phased solution is used -to generatewa
map from which a list of peaks in descending order of mag-

" nitude is produced From the-map it should be possible to
locate and 1dent1fy t’he most prominent atoms of the struc-

v

ture. The remainder of the structure can then obtained by

r43

performing a combination of least-squares refinements and

~difference-Fourier syntheses. These are how described.
' ‘ B

4

t

~& 4.2.7. THE DIFFERENCE FOURIER SYNTHESIS 21,32,41;42

°
o

Often with structures containing heav“y atoms loca'tion_

of the 1lghter atoms of —%he gtructure from an Fo-map is
not posswle. nThe electron density of the heavy atom tends
to 'swamp the electron dénsity of the rest of the structdze.
A particularly‘ useful tool in ocati light atoms ig\ the',

dlfferen}e Fourler synthesis.. Once the heavy atom of the

structure is located and placed in the cell position, a .

A < \

- structure factor calc!%atlon is performed and the result

of- this calculation, F, may be subtracted from the obser-
Fed strﬁctgi factor, F, givfng rise to a quantity, AF .

.. .In the 'enigrosynrmetric case AJ :.l,s',‘dei’ined by t{e oX~

" pression. ‘ . o :
i . . . . ’.’ . ”.,,\
- - ’ . . '9(:, ~ ——
. @ ,' . oy
Y. R



" 23 = . - - ¢ ‘4'

. _whereas_in she noncentrosymmetric case it .is defined as .

t . . N , -
v v « o

IAFPI exp(i ¢ A) ="IFy} exp(ia,y) - |Fo l.exp(ia,)

' - (4.2.7.2.)
- * - . : V4 o N
. in which '@ 5 and o« , are the observed and estimaked -
phases, respectlvely o s ' .
Assuming the phpsmg of IF data is correct at least for ¢
1K
‘the heavy atom, the electron dens;ty difference dorrespond- -
,lﬁ . ing to IAF'I is e
) ‘ LI AN
- & . P ¢
v Ap(xyz) = 1/VCZZZ(1F 1= IFe1) expliag, ] o
- explami( hx r iy + 1z )] ©(4,2,7.3.)
. R ' ' . K Y 1y .
since the caloulate& phase Otc approximately equals the . | ' Q
¢ observed phase ao. THE contrlbutlon to r’i"‘ol of the hedgvy
N atom is subtracted essentlally dmproving the resolution of
T “@h@ light atoms. In addit:ﬁgn,. since :
1] 4 . . - . ) ' ,/Q
’ ' ~ ’ . “
p(xyz),:%/chZZFOm{ll exp| - 27r1( hx ¥ ky + 1z )] T R . <
. | & o ‘
G - C o (4e2.7840).
‘ A - -
- A . s ‘
3 . ) «
o P (xyz). = 1/vc§:§:§j Fonk1! exp[=27i( hx + ky + 1z )] 4R’ Lo
. : o o , s — S
¥ ~ (4.2.7.5.) . < o
A ~° then L o ’

o7 - ¢ ‘ . S - S
o . sy, . N . LI .



Ap(xyz) = p(xyz) - - (xy")

‘/ch 2z ('Fohki'-'Fchki‘) exp[-27 1( hx ky4.1z )] :
> (4.2.7.6.) -

T T
e 1 ’ foe

< The R and K’in the two previous equations are remainders
representing the omitted informatiqg.from fhnitely limiti?ﬁfﬂ—\\;\

| “the data colleetion. This is referred~to as series termina- C o

tion error.19 Assuming the uagnitudes of R - and R' to be’ |

nearly %qual the differenee, R- R' is ne&rly zero.HenceJ

the dlfference synthe31s is essentially free of series ter-'

g

‘mination error and the R-terms are not included in equation~‘
51

- 4.2.7+6. leference Fourier syntheses mayfbe used to refine

’ the structure as well, however, the ted;nique of least-

Y

squares refinement has predominated in modern crystallogra-
phic computing., . ; o o - ‘ S ;
. . : L | . ‘ . .9 y‘ ‘ . | | .
. . [ 1 , , ) . o

4.2.8. LEAST—SQUARES REFINEHENT 21

\ o
Y

o The method of least-é uares is “one .im which variables
Xy ‘with corresponding COeffigeenté/pi define the function

f b‘—' Z Pi x.‘i . . ! s ) d \ ) - N \ .(-46208_’1 ._)z

T T R S .
The. coefficients are varied so as to minipize the sums of
- h the squares of the differences between the. observed and.the

" calculated values of the function for ‘all observatiﬁﬁb m.

The/ﬁhantity taabe qinimized in erystallograohic re-

o

~,
-




L ' N .
Logs .
AR .

%rb"'. .

-y ‘dnd z) and thermal (B) for\every '?hkl[

Y ‘=55 =
v » .

fiaement is the differedoe between the observed and

*calculated structure factors. In the isotropic case -the

variables whose coefflcients are reflned are p081tional (x,

-

Dhi1 = ‘E: thl (‘Fohkl' - 'Fchk17)2 SR (£T2¥8-2r)

. . - .
¥ './ o
~ 3 _

Differentiation of equation 4. 2‘8%&\ followed by settlng

.<the derivative equal to zero for ‘every observed reflection

‘ gives rise to m normal equations for n unknewns. This re-

sults in a series of equations represeﬁpe& by °
’ ' | ( . -
W1 [(1Fg 1 = 1KF (p1.pg.---,pn)ﬂ (p1,p2,...,Pn) =0
\ ' ‘ . % - -
s '; j - 1,2,.*-o,n':“ s (4.2.8:2-)%:

~ D oWt o . . ¢
[l . . *
. . . . . )

The function I'Fq | can be expressed as a Taylbr series and

truncated to. neglect nonplinear terms whereln S

PR .

S

t"'o . , N . ‘ . N . " ,\‘ I .Y ’
[kFc(p'1’p2’oon- ’pn)&lkFc(a1 ,az;o.-’an)l"‘}' _a-lkFcl p1‘ + o'oo.
" N o . . A X . ~ap , -
l ' .

" \ 3 'y

Ceen U QIKPG ! py - f (4,2:8.4.)

aP

T 1n which the pj's are positional and thermal parameters,for

Y

variables X, I z and B and the aJ 8 are approx1mate values

of pJ The \pj = pj—aj in the Taylor series approximationx‘

'xH,e_,r;.ce, subst.itution of 4.2.8.4. into 4.2.8.3. results in



- giving rise to a series of normal équations linear in the
[ 4 .

. =56 - , o | \S
‘ ‘

<

wl,{kl‘[ AT - QlkFcl Py = «o» - . 0 IKF,! APn ] dIKE,) = 0 ) . -
o Opy dp, do . ,
| » | | | "~ (4.2.8.5.)

~ . -

Pj‘s for whici‘f théy may < sol’veq. ‘
Th;‘reéidual difrference between the calculated and ob~ ° \

served structure factors, is measured -by ‘the residual index ,
' .- s ’ . . .
R défined as ’ L, ‘ : o Ce

R = _ZHFO | - %o D/YF = YA FI /Zlf‘ot | §4.2.8.6).)\

. The s'ma‘ller. t‘he R-value the better the agreegent betwger{

——

-

I‘F‘oll a'pd IFo | -and although R-is not axperfect guidefas to”

how correct a structure 'is, it is a useful .criterion to &

-

'm'onitor during‘the process 61" completion and refinement of

the -structure.- . s

U

. The isotropic thermal pe:rameter' B is usually'allowed -’

to vary anisotropically ance R ai:tains a valueleés than .

‘.0'20‘ From equations‘ 4.2.2.2. and 4.2.2.3. ‘the ' an-

~t0 éimpl.ify conputations. The method of'least squares is

jfsotr.opic' temperature factor'is .fe@mu_lated as - o .

i

exp[ -1/4(B11h2a*2 £ Bzzkzb*z +‘\B33120*2 + 2By hka*b*cos V¥

"+ 2Byshla*c*cos B* + 2Byzklb*c*cos ar*)] (4.2.8.7.)

-

where the By; are the diagonal coeffi‘cienj;é and the Bj y'are

L3

fhé cross or off-diagonal poefficien‘ts. I_r; order to solve p

' _equations in' n unknowns, matrix methods ha_vé been” devised

%
P

P

-
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S
1

eépecially suited for matrix manipulation{ For.thé follow-

4

ing n normal eguations

'8113(1 + 8.12)(2 + ‘.otcl..'.ll + a1‘nxn.= v1 '
8.21 x1 + '322‘x2 + e i ses + aznxn = ’ Vo
gn1"‘x1~+ an2x2 ';‘ Teeserasans + annxn = vn . (49.2/'.-8“.8.“;.-. - ,

/o

Y
where

s .

-~ i 843 =Z Wy QFcr.’QFgr‘ 3* 3‘3 = APj‘ ' ' ‘(4.2.8-‘.9'.) ‘
S dp. dp, ° : B

. . Ki J RS . -
S \E}? . ' R
Lt aVie 2 W (AF) AR .o - (4.2.8.10:)
<, r ) aP . ., . - P . .. .
: ! 3 e i. . . V4

L] s

then ‘in matrix‘noﬁqtion,:equétign 4.2.8.8. takes the form
o.. ’ : . * -

ai1 ‘ ”5\1-2 x.‘..‘C.,ll"l.‘l... \a1n ” ‘ .X1 : ‘V1

B
L\ \

‘ : . 8.12 . a22 ' -oo'o-c‘u‘-:-nuoo a.én ' x2 —. V2 . * o ;“
" . 8.1n . az;l .‘-o’ococ‘;coolo's . a.nn ' in 'Vn (402'8-114)
and in matrix shorthand
L} )’
CAx =V o ST T (4.2.80120)
. - .'If a solution exists for 4.2.8.8., a matrix A~! exists
) " such that R L n
N \ L . ' N ‘ )
. }. . " .
- | . (‘;
P - . ’ - > \,"’ ~'/
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L T O AR

v, -

where I is the identity matrix. The matrix A1 or\inverSe:

of A can be used to solve for x in the following .way.. From

‘equation 4.2.8.13.,.

AMax = At | . (4.2.8.14.)
< X = A"1V ’ : . ' o . . (4;208-15‘0)

Fall maprix-anisotrop{c leest‘squares include at least
eleven parapeteys té'be-refined.'Theee are one scale and
one overall thermal farameter,‘and three pOEitional‘aﬂd‘sii
thermal pereﬁeters per atom, This means that for a 50 atom,
structuribASZ parameters are refined for each cycle of

refinement. - : “ N N

"The A-matrix Qill be cemposed of: eone 2x2 block corre-

sponding to the fifet two parametere, one 3x3 bloek and one

6x6 block correspondlng to three poeltlonal and six thermal '

symmetrically along the main diagonal of the matrix and

hence the modification is terhed the "block-diagonal least-

squares” appréximation. This method‘seriously decreases the

demands of memory space and computation time The block)di-
P

agonalized A—matrlx can be pictorially represented as in

--Fig.4.2-8.1- ' . s A

parameters, respectively, per atom. These are seen to lie =

Lsad

1
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s ' Fig.4.2.8.1.

N
61.4'

A\Y

14.2.9.RETROSPEOTUS

From the last two sections it was showﬁ.that once the
bhasg problem has been overcome by either méthoq described,
a combination of difference-Fourier and least-squares
'techniques can be used to refine the structure’ down to
respectable limits of confidence. Aside-from the residual
index R,a.welghted residual index Rw is often calculated

" based upon the weightihg of -F.

-

Ry = [l Wil Foy - Foy )2/ Wy By 21IM/2 (4,2.9.1.)

Al
»

Iterative refineﬁent cyclés are terminated .once the varia;
tion “on R and 'Ry, is insignificant wvhen compared to the
‘etandard deviations computed from succe831ve least -squares..
refinements. A reasonably good structure will be character—
ized by R ™ Ry < o5 although under -optimum conditions'

of data collection it may be as low as 0.01 or 1ess.43



4.%.CRYSTALLOGRAPHIC TECHNIQUE

=

—

Thls C‘Epter deals w1th the. procedures used in this in-
vestigatlpn to collect geometrlc and intensity data and it
may be use\d as an outllne for the data collection of sn‘xgle i
crystals. Although more modern technlques are available in
«whlch almost,gll prellmlnary photography is eliminated from
the procedure Jecessary to collect geometric and symmetry
information, the follow1ng outllne ie ‘by far the more'
1nstruct1ve one)As a teachlng gxercise 1t is superior in
‘that the concepts Sf the re01procal lattice -and space grpup:
determination must Secesearily be familiar to the student

before,progfession to the intensity data collection .and

subsequent completion of a given structure.

4.3.1.GEOMETRIQ‘DATA-COLLECTION . 4
Geometric data Qollection includes detérmination of
the unit cell dimensionS'as‘mell ae the epace'groub.aThe
'steps used to car}y out these determinations will now be
described. | | |
. Choosing a Cr&stal.‘ '

Using a low power stereo microscope,.se%emal crystals
are/initielly,selected from a sample with the cr{feria that "
they be:. 1) Observable to the naked\eie but small enough

that their shape be refatively undiscernible. 2) Well
. formedfﬁgd'transparent under low’magnification and 3; Homoq\

geneous with respect to transmission and or absorption of

.
\

el




-

'visible light. If not the crystal may be twinned, a condi-

"tion whérein the apparent single crystal is acﬂually an,

4

aggregate of two or more~singlé crystals in which the order

“of molecdlar phcﬁing is not homogeneous throhghopt the

sample.
T If~{hesefcritefia are met, the best chbice is madé at

the discretion of the investigator -and thus the crystal is’

‘mounted on a fine lithium borate glass caplllary with "5-

minyte epoxy." The orientation of 'the crystal ‘is ‘not cru-

' cial, however, the alignment routiné“ﬁéy be facilitated by

"choosing at least one crystal edge to be mofe or less

parailel or perpendicular to the axis of the capillary.

The more axes‘%isually aligned orthogonal to the rotéfion

‘axis of ‘the goniometer head the g,r,eaterx&the ease in which

the crystal may be allgned
Alignment . , )
The glass capillary supporting the crystal iS'mounteJ-

. on the goniometer head using 5-minute epoxy . (Fig 4.3.1.1.)

'The goniometer head is attached to a Weissenberg.qameran44'

(Fig. 4.3.1.2.) @ - @ L

-

e
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© Fig. 4.3.1.1. Bucentric goniométer head with crystal.
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’ Fig; 4.%.1.2% Esséntial Weissenbérg camera{gebmétry depict-,.

‘ing zero-level zone being phqtoéraphed.
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The camera permits the goniometer to 'be rotated through the

20 —azimuth. Initially two oscillation photographs are

taken. These photographs provide' the invéetigatbr with the
orientatioo of .the reciprocal lattice relative to the came-

ra geometry. Each exposure is made for a fifteen minute;

.1nterva1 in which time the crystal is made to oscillate

_é°'through 20 . one exposure is céntred about 2 @ = 1800"

and the other at 2 0 = 270°. The developed exposures (Pig.
4. 31.3 ) are used to determine the angular correction to

- the goniometer.aroe in order to orient a’ reciprooal lattice

1

plane nornal to the direction of oscillation.

i

Fig;4.3.{.5; Oscillation photograph at 180° and'é7o°-

. ' W ' , \
Once this is accomplished, the goniometefﬁaro eettinge

'are reoorded A layer-line screen, a.tube coqcentric with

the rotation axis of the camera into which,& vertical 8lit

‘-13 cut, is set in place around the crystal allowing only

one'reciprocal latiice gzone to be photographed for a given

exposure.

EEY
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Weiasenberg Photography . ' o , ;‘~

) The film carriage of the Weiasenberg camera (aee -Pig.
4.3.1.2.) is also concentric yithrthe rotation axis of the
Camefa‘and fitse over the layer-liné screen. The film car-
j;iage.can translate in the direetion w . It ié static for
oscillation photogriyhy where it is manually set into the
desired position. For Weissenberg photography, a moving-
crystal moving-film method the film carriage iam engaged to
translate simultaneously. with the rotation of the crystal
through a right—haﬁd drive. Thé éameré is designed so tﬁat

a 2° rotation in the 2 0 -azimuth correeponde to a 1-mm
traﬁslat;on in w . In this fashion. the two dimensional
reciprocal lattice zone .can be mapped onto.a flet film
surface ;:hich_ is .loaded into the cylindrical film.carriage
prior to making the exposure. While the recordéd image of‘
the reciprocal lattice zone is a distorted map, it still

suppliesn oné.with dimensional and symmetry information.

(See Fig. 4.3.1.4.) T

-

Eig. 4.3.1.4. Zéro,l@vel'Véissenberg exposure of b*c* zone.
N . \

e |
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The zero-order photograph is shown being recorded in Fi'gf

4030’ 02. . e +
Rotation of the camera housing through pu allows the
upper level to be photographed. The equi-inclination angle

can be de_fermined by méasuring the horizontal spac“:ing on

\

. the oscillation photograph between/reciprocal lattice zones

perpendicular to the rotafion axis. The ﬁpper level is ex-

posed in the same way'as the zero level and both exposures
' ‘ >

are compared to reveal any breakdoyn' in symmetry or syste-

. . ,q
matic absences. See Fig. 4.3.1.5. for upper level.

et

Fig. 4.3.1.5. 'Upﬁer—lev'éi Weiaeenperg eipqsure (b*:c* gone) .

: Comlparison‘ of the last two figures ,sgxggéeta' systematic. ab-

sences on Okl for reflections in the b*-direction. Mirror .
symmetry is préeserved. -
Precession Photography 22-4'5 co

The Iprecession methdd‘ is also a moving—orya:hal moving- -

‘f£ilm .techniqfle. The same type of symmetry and dimensional

information cari' be obtained by this _ﬁethod ’a.e with the lat-

-
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5

ter. The advantage of this;ghi§:d 1§ that the record of

the reciprocal iattice iodé is un tstorted. The basic mac-

hinery and essenﬁial geometry of the precession camera are

depicted in Figs.4. 31 6. and 4J31 7.,respectively. .
-~ '

‘ -
) - ' l
[ A .
' (
v . o
R v, . ' ' s
Fig. 4.3.1.6. Precession. Camera. - ‘ . )
\ »
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4. 3 1.7 Essential precess1on geometry.

Fig
/ ‘ * -*/d.

,&s the name suggests, both the orystal and fllm pre-

cess relat1ve to the in01dent beam in order to bring the ,"Q'

. L

Krec1proeal la,ttlce pointse 1ntQ pos1t10n to satlsfy Bragg's
law. t C -7 :
. ®ao - - —

. In practloe one normally proceeds from the Welssenberg

®
step ~to “the precé‘ssmn step.a.From the..zero-level Weissen-

. berg photograph an ax1a1 line is selected and the angular
val;ue of 2 0 corre3pondmg to the 11ne is used to“'position
the‘ ¢ -azmuth on the precessum camera. With the gonlo- -

g/ i i
meter aupportmg thé sahe crystal mounted on the precess:.on

camera,* a fifteen minute allgnment photograph is taken

*The alignmen‘q photograph requlr'es a 10° precess.lon angle

and ay layer level screen\ to be placed between the orystal
]

And the film. The screen- radius .fow alignment is xo
m;u The crystal to- :t‘11m dlstance is 60 mn. and the crystal
-to-screen distance is 32 mm. The photograph is used to

]

, L . A
centre the reciprocal lattice zone on the film. Vsrtical
A ; , S

-

.

(
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\horrections are performed by aidusting ¢ eifher up or down

nd horizontal corrections are‘etfected by appropriately

djusting “tlrervgoniometer arcs. The procedure is repeated
nﬂl the alignment satisfactorily centrea  the gone. The
zbro level is then photographed using a precession angle of ‘(
éS a layer level séreen radius of 15 mm., and a crystal-
to-8creen | i‘s.tsnce of 3>\mm. A 24-hour exposure of the

zone is made revealing the result shown in Fig. 4. 3 1.8.

- _' .QI"'L. ‘.".’a'

e eeu-\\ “‘ l/-ean-

,,‘\ o.llo”’o
. X \‘-- i»lllo-,

'U;'!’ [ ]
-« .

;o e . R

Fig.4.3.1.8. Zerb-level Precession photograph of a*c* zone.
N - , .

Weissenbe;g photographs 'illust\'ated the b*c* zones or the
" Okl and 1kl zones. The precession photograph («Fig43 1.8)

revealﬁ ghe a*c* zone hOl. The, gﬁer level precession pho-

tograph is mdde on the basis‘,o:t
3

e distance between)zones

) normal to the film plane. ,» The’ spao’:l;g-*i;s determined by‘

o
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the 6hange in the crystal-to-film distance necessary for
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taking what is referred to as aézone-axis photograph.

'rhis photograph is taken on the preces,sion camera by moun--

. ting a flat film cassette on the layer-level screen support

and setting the precession angle and crystal-«-to—f\ilm dis-

tance to {0° and 32 mm., res‘pecti,vely.\ The 'exJposure time . .

is 'a’pproxima.tei"i’r two hours. The photograj)h is shown in
. : : <3

Fig. 4.3.1.9. and the rings evident ih th{e' photograph per-
Y

tain to the-c&)es of diffraction,in the direction normal to ) T4

the film plane. Measurement of the radius of the second
concentric ring ( corresponding to the first upper level
cone), ohce scaled for the camera geometry, is used to set

upper level precession photography.

1)

¥

Fig. 4.3.1.9. Cone-axis photograph of a*c* zone.

- [
3

The upper ‘level photograph is exposed in the same”\'\\/

1 o

manner#as the gzero level. The result, Fig. 4.3.1.10., is
displayed\hbelow. ¥t is observed' that every second reflec-
tion in the‘ c?—direc‘ti‘on in Fig. 4.3.1.8. is systematically -
absent wh'en‘ compared "‘to‘-Fig.4.3.1.10. Mirror symmetry, -

however, is preserved abéut both axes.

i

\
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Fig. 4.3.1.10. Upper—level Precession photograbh §£}a*c*.

In order to photograph the a*b* zonee, the crystal is

"rotated throlgh py the appropriate angle determined from

L

the Weissenberg photographs. In this. case ( orthofhombic )
ar&gle = 900, The hk0 and k1 zones é.re then photo-

. graphed using the sa.me procedure used for the two previous .

' on\:s. The results are similar to those of the h0l an h11 ,
©  zones exgept the sbsence conditions are in the a%-a1 ec-'

tion as. can, be obs,erved from Figs. 4.3.1.11. and 4.3.1.12.
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" Unit cell d1men31ons and space group determination can

now be accomplished by measuring re01proca1 lattice inter-
planar spacings and ingspecting the photographs for condi-
tions.limiting possible reflectiéns;3o respectively. Tge
space grou% is determined qumbiguous}& in this case as
Pbca and the unit\celi dimensions are: a = 13.41A, b =
23.19A, c= 11.41A; o= B = ¥ =,90°, V = 3549.67A3..

The ' camera adjusiments are made accbrding to the geo- ,

'metny of the camera and scales relating camera settings to =

reciprocal lattice constants are supplied by the %améra
manufécturer.46 o0

Once the unit cell barmeters and spﬁce group are de-
terminéd, the density measured by floatation in aqueous
Zn12‘ can be used to determine the number of formula '
unité in the unit cell 9roviding a reasonablgfestimate of_
the molecular. Jwelght‘r\lsl known. At this point, one 1is
prepared to bggin intensity data collection.
4-3;2.INTENSITY‘DAEA COLLECTION
Apparatus |

The apparatus used ;o collect intensity da%a.is a dif-
fractometer. An automated, éingle:crystal,'four-circle
diffractometer consists of four rotating circles to orient
tﬁe crystal'into any position so that any reflection (Fhkl)
caane brought into the diffracting condition. In tﬁiedyay
the .diffracted intensities may be measured.{The basic com-

ponents of ‘the device are displa&ed in Pig. 4.3.2.1.
" . 1

o~

%)




?"_\5 , l%@ig.‘z@é.z.i. Four-circle diffractometer (basic geometry).
- n\ / * . . 1 - - - &

\ q X-rays are generated end then '-monochromated hsing a

"crystal" of highly oriented graphite in order to obtain as

LL 'monochromatilc an incident beam as pogsible. The incident

' ~ l)eem bathes the sample crystal which is supported so its
orientation is cdaxial to the ¢ -circle (with which the
goniometer rotetian axis is coincident.) Diffracted beams
(1Ppy1!) are detect’ed b&‘ a scintillation counter whichis

' ‘b'.rlnounted on the 2 -circle. ‘ ‘

o, The ¢ r-circle is mdunted on the X &cirele and the

/
~~X'-circle ‘can -be- rotated through W . The ¢ and X -cir-
4

—~ * .
‘¥

- cles thus have unrestricted metlon in two independent ai-"

’

rectiona while w and 2 0 (eseentially equi- directional)‘

\hre limited depending upon the ins Irumental geometry. The

oo usual high-linit for 20 " is + 45° from the incident beam
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when empioyiné Mo X radiation. . ‘ - {

Hence from the diagram it may be visualized:ihatuany,

.y - "

reflection (‘Fhkl') may be caused to- diffract .oncethe-

-
PR

erstal orientation has beqn determined by reciprocal lat-

‘”t%cé.phctographyq Before the detected r?ciprocal lattice
point is recorded .it is passed fhrough a pulse-height ana-
lyzep and then subject to profile analysis (vidé—;nfraL
Practical ~

The goniometer is removed from the precession’ camera
’and the arcs readjusted to the Weissenberg settings. It 1is

then mounted on the diffractomeyer with all circles in the

then manually .centred such

J

t beam at any orientation.

zero position. The crystal i
that it remains in the incid

way that the two axes

5

in the zone photogréphed by the Weissenberg method 1ie in

Now the crystal. is oriented in such

theplanecircumscribedby'ﬂuaZO -circle ( upon which the
detector is mounted.) The 2@ -circle is set to intercept
one of the yeflections on either\exis defining the zone hOl
and a ¢ -scan 1is performed with the detector slits open
wide until the desired reflection is fqund. Once found;
all circles are manuélly_adjustedJtO‘maximize the intensity
of the detected signal with the slits 1eadir{g to the detec-
tor. narrowly 6pen. A 2@ -scan is then’performed in order
to check the aiis by cqmpafing a~strip chart recording of
the séan with the zero qrder precessigp photographs. When
the axis is identified, the same procedure is used to

locate the second axis in the plane. The third axis is
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found .. by rofatiﬁé tﬁenlx -circle through the appropriate
angle aﬁd repeating the procedurg outlined above. After all
axes are identified, thrééfnon—ddlingar reflections are
chosen and automatically centred. The indices and angular
orientations of the three reflections are used to calculate
an>initia1 or{gntation matrix, and fhe unit cell parameters.'
Next, about fifteen well-spaced reflections tﬁroughout

3

reciprocal space are Seieéfed and, automatically aligned.
The indices and diffractometer angles are used as input %9'
a least-squares refinement of the orientation matrix which
provides a more reproduéiblg set of lattice constants with
correspond{ng estimated standgrd deviations. Line profiles
are then measured on some strong reflections to gselegt

three.referepce reflections which Wre to be monitored at a

frequencg of once every fifty reflections to ensure instru-

.mental and crystal stability during the data collection. .

* Once all data collection parameters are decided, the space

group is entered into the data collection program.and data

lcollection may commence. The length of the data collection

depends upon fKE;?ymmetry of the crystal. For an inorganic

mplecular crystal with monoclinic symmetry approximately

5000 reflections are collected over a period of four to
five days( { ,
4.3.3. DATA REDUCTIOR . .

Data reduction'is the process whereby 511 Frky ! data

are analyzed and brought to a common basis. The data are

sc¢aled based upon the variatiqy.of the three reference re-

3



varigtion in the IFy,q | data.

L

I=x-[B ' tg/2ty - . (4.3.3.1.)
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flections from which a scale correcuion is calculated. The

" scale correction is applied to attempt to linearize the

During data collpection the data are -subject to profile

analysis.48 This method , of méasuring‘ intensity data’

differs from “the bdnventiopal method: in thaf; rather than

.directly' measuring the background contribution to +the .

Fy

intensity, the background is estimated from the shape of

the peak profilé. This method is advantageous in 1its

ability to’ -reduce the time necessary to record intensity.

information by a factor of up to 60%. The collected

Y

intensities were processed acdording to equat}dn 4.3.3.1.

'

o

. Where N is the peak count for the scan time tg. By and B,

ane~the'background counts on either side of the peak each
Af #hich are measared for time ty. I-values of magnitude
less thén 3 0 (I) are cf;;§de§ed unqbser;?d. o (I) s
calculated qsing equation 4.3.5:2. g ‘ )
. ’ . '
(1) = [ N+ {(By +Bp)/2] (tg/3)2 + (DN2) 1172
. S (#3578

in which_ the bbin the equation is referred to as the "igno-

rance factor." , L

]
i

“Léfeptz and polari?ation corrections are then applied.

L

. PR
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In order to compensate for the "diffraction-angle-velocity

‘of reciprocal lattice.'polints as they pass through. the
epﬁere o:f reflection during observation ‘and thé.
polarization of the incident and diffracted beams by .both

monochronator ™ and sample crystals, the combined expression

correcting for the.two effects "which is speciﬂ; to the

diffractometer de81gn, is éiven by equatlon 4.3. 3 3.

) ’ ‘.

" Ip = (cos?2 6 m + 00822 0 s)/[sinz 6 s( cos 22 9, + 1))

(4333)

where 6 ; and 0 g are the diffraction angles at the
* i . '8

- monochromator and ~sample crystals ‘respectively. The maé-

nitude of the ;\elative structure factor 'Frh'klsl is "then

calculated from equation 4.3.3.4.

-

¢

. 71
' o

Fep1 ! = [ Tpa/Tp 1172 o T (4.3.3.4.)

\

‘The diffractometér data is then subject to a statis'ti—

‘cal analysis whereby an spproximate overall thermal para-

. meter and an absolute scale factor are ‘calculated. These

relate the relative struciture factors I Fppky! to the’

'aBSOIute structure factors IFgpy}!. The procedure is to

_perform # Wilson plot. 36 Pron equation 4.2.2.3., an

-expressibn relating the absolute intensity to the mean

atomic scattering. factor of a point atom,- it can be infer-"
4 y ! .

red that.




:Iabs'=, . fojz ?XP[ -?ﬁ(sina 0‘/,X~2)]H

‘\all data 'Fhkl" Generally, a peak listing in order of

decreasing P(xyz) is produced as output from the program

(4.3.3.5.) -

1 v . -

e T
LN
., '. r

in which foJ is the mean atomic’ scattering factor«of the.

i aton. Plotting 1n [ Y £042/1pe1 1 ve sin2 § /X
~ gives the 1inear equation 4 3.3.6. - L
. ) : . LT

~a

‘In [ Z fon/Irel-.] =‘2Bsin2‘ 6/ °2 + 1n C (4.3.3.6.) '

- .
. !

where B is obtained from the slope of the line and G the
scale factor 1s applied to bring the 'Frhkls to an ab-’
solute scale wherein ' v

|

L

ey | = 1 Prpi 1/¢1/2: S @336

At this point the phase problem is~ready to be tackled.

o ' . B T ) \ .
"4.3.4 .PATTERSON SOLUTION \ '

The remaining procedure to be outlined for structure’

, solution is solving the Patterson for the heavy atom.

Con31der a ‘Patterson map calculated from 'Fhkl'z for

-y

calculating the Patterson map.~ Table 4'34-1.' givee a,

-f.partial peak lieting for a- crystal of space group P 21/0.
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" Table 4.3.4.1. Partial Patterson Peak Listing

PEAK ' REL.HEIGHT xr -1 oz
| f_\‘916é.§2 7. 0.0000  0.0000 . 0.0000"
2 2829.85 - - 0.4604 0.5000 0.0363
3. 2718.85 - " 0.0000 0.0248 0.5000
4 1240.44  0.5%609, 0.4769  0.4644

.

-

' By preparing a table of the équivalen‘t positions'for this
space group from the-»Internétiona;o :ré‘bl‘eé for X-Ray Crys-

ta_]._ldgraphyﬁ.p’ne ‘can calculate the inper‘at;)mic'veetors be-

tween equivalent positions. (Table 4.3.4.2.)

Table. 4.3.4.2.Interatomic Vectors Prom Equivalent Positions

VECTOR COMPONENTS | MULTIPLICITY

4 . 00,0, e 4
2 s2x, 1/2, 1/2+ 22 . - 2
; o e ag e b
4 +2x, +2y s 422 SEPUR S .
5 , *¥2x, -2y, +2z - g T '
. _' ) - .

'

* Vector 2 has components' on a plane ‘réfer:ed to as a

" . ‘Harker section. Vector 3 has components on a line and is .

8-

: refé]rred toas a 'Ha..rker'line“.49 ',,]Le-etorso 4'and 5 are called

o f

satellite peaks.

pom——

y ’ “Reférring to Table 4.3.4m1. we note thé.t peak 3 cor-
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responds to vector 3 in Table 4.3.4.2. One solves for the °

y—val"ue. Once obtained, one proceeds to —the vector 2 which.a

. can be seen from the tables As corresponding to peak 2.

[}

( The fact that the vector- and peak numbers mateh is purely

"'coincidental.) One then solves for x and z. The values

obtained are: Xx O 2302, y = -0. 2376 and z = -0. 2319

Verlfication by the satellites corresponds to peak 4 in the

first table. That. 2x = O. 4604is inconsequential Qsincel

”\‘)

this is slmply the symmetry-—related value of 1 - 2x =

0. 5496 It 1s~observed by inspection that the coordinates

of the satellite peaks correspond quite well with the xyz-
}

values'calculated from the vectors of the sepond table. The.-

posltion of the ‘heavy atom is then inser‘bed into the unit..

~ :
cell and a structurp factor calculation is performed As

P
o=

previously stated {4.2. 5) the phases of the structure: are

essentially dominated by the heavy atom and tnglna\lication ”

is that, once’.this step is completed, tfhe phases of many ,

t ‘i)'l
IFpy1! become fixed. Completion and refinement’ of thé.

structure ought to be more or less a” straight forward
process of least<squares refinements and difference Fourier

Syntheses..
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| \ 5.EXPERIMENTAL CRYSTALLOGRAPHY

. ° * . . . . i
. \; , ' -\ 4 .
. .

K 5.1.GENERAL - |

) . ‘ Q

Geometric data coTYection by reciprocal - lattitce

| cameras~manufactured by the Charles Supper Co.46 Both came-

o]

"ras were mounted upon é Picker Nuclear.moqkl 809B x<ray

generator. X-rays were ﬁre&uced by a common 4-port beryl--

n

lium-windowvwed Dunlee model DZ-1B fine-focus Molybdenum x-
ray tube with cameras in a 180° configuration. Kodak "No
Screen" x-ray film was used for Weissenberg photography

. ﬁhilé Polaroid "type 57" high-speed casette fiim was used

\ . for precession photograph&. Photographic chemicals were

P Kod@k GBX Developer wnd Kodak Rapid Fixer. Unit cell
measurements were calculated- from precession photographs

using a Charles Supper filﬁ measuring device.

° Single crystal intensity data were collected using a -

Picker. Nuclear Facs-1 fully automated four-circle diffrac-
tometer coupled with a Picker Nuclegr 2861 radiation analy-
T - zer. Radiation was produced’ by a MarcoqE.Avionics TX8
fine-focus Molybdenum x-ray tube powered by a Pickér

Ndclear‘ model 62%8E x-ray generator. Intensity data’ were

detected using a_Tl-ddped‘NaIfcrystal_scin@illation'counter“
' operated at 1kV with radiation analyzer set to receiye 100%.
2 z .

/

,' inserted for peaks of intensity greater than 1O4cps.

The ingtrument was interfaced to a dedicated Digital

L

/ :@:. -

. bhotography was performed using Weissenberé and ‘precession

Mo K radiation. Ni-foil attenuators were autdmaticalﬁy
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. PDP 8/a-minidomputer: Prograﬁs controlling data‘éollec*gz
- and all eubaequent data processing wer% the NRC of Canada
,Single Crystal Data Collectlon Paekage47 Ali data')
collections were performed using the aforementioned,
hardwan\, Data»processing for the x-ray crystal strd3¥ure .
of ,RhCo-5 CO)g[HC(PPh2)3] was accomodated at NRC Ottawa, -
Montreal "Road Facility (Chéhistry Division) using a Digital
Vax “minicomputer under‘supervision of Dr. E. J. Gabe.47
© Structure faqxor calculations and least squares re-~ -
'finemente were accomplisheg using the\pnogram‘pSTSQ47 and
211 Fourier symtheses vere performed using the progran
‘FQURR. 47 L~ T
Moleeular structure graphics were produced by ORTEP?2 -

using the Concordia University Cyber 8351§acility and
Nicolet Zeta plotter chept for RhCos( CO)g[HC(Pth ] whicn

.« was plotted using PLTMOLA7 and a Tectronix plotter. , . .

N
[E SR
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5.2.1.CRYSTAL AND NOLECULAR STRUCTURE OF Mo(CO) [ HC(PPhy)s]
A pale y'elléw crystal §f the comple;('was: mounted 1;1 an
arbit'rary or)ientation a goniometer head. Weissenberg angd
precess‘ion photographs revealed the’ space group to be un-
equ,lvocally P2 /c. The crystal was then mounted upon the
d¢iffractometer after'reaﬁijustir}g the goniometer arcs to -
Weisse’anrg éettings.' Thirteén non:axﬁl refleﬁ‘ctiqns, well
spaced a,through reciprocafl‘ space,-were automatical ly alignead,
'along with their Friedel equivalents and were us'edf to cal-

culate a reflned orientation matrix. Unit cell di/énsions

thus determlned are llsted in Table. 5.2.1.1.

. .. v
2

Table 5.2<1.1. Unit Cell Di;{ensions (A,"f?(”) wvith e.s8.d.'s

N <
. . o
/

_a = 11.00983 b

= 19.64966 c = 21.34026
0 (a) ='0.0095034 @ (b) = 0.0160173 .o (c) = 0.0185952
C o a=90.0 B = 119.097 Y ='90.0
- = 0.067 . 0(Y) =0.058

o(a)

0.058 '0(63)

- Data colleétion .was driven By the progranm D_IFFRAC46'47 :
Three reference reflections { 0120, 01 10, 6 0 6 | were
checked every' fifty reflections during the data collection.
Out of 5254 reflections collected for 3.5 0 <20< 45%,in
segments hkl énd hkl, 4244 reflections were considered to
be obse;'ved. Data reduction waé‘perflormed be the, prblgrani'
DATRD2 47 Lorent‘Z'ahd polarization correctioris were ap-

plied but no absorption corrections were performed. Data

vere scaled, grouped and normalized. Structure solution

X , . Z;




Molybdenum atom using the program DISPOW’47 These

- 84 -
v o i
was accomplished by a Patterson synthesis using the programf

FOUﬁR47. The Mo atom-was easily located and three cycles

l}

0T "isotrabpic leagggsquares refinement using the program

-LSTSQ47 were performed in which the thermal parameters were

-
not refined. The residwal index was 0.6299. Three more

cycles in which B was permltted to réfine yielded an R-
factor of 0. 6335 A difference Fourier synthesis was calcu-
lated. Three peaks o} signlflcantly greater magnltude than
the‘rest were assigned~ae phosphorus atoms. A geometry
calculation was performed to verify their proximity to the

oy

seemed

‘plausible and were edited into the cell as P1, P2 and P3

using fme program CDEDIT4Z. Three more cycles of isotropic
refinement brought the R-factor to 0.4860. Another differ-
ence Pourier synthesis was performed followed by a geometry
calculation inclpding Fourier peak data whfch permimted
identificatmon of the complete Molybdenum coordfn%fion
sphere including all carbpnyl-oxygene”and all phenyl.carf
bons. These emoms wereuedited‘into the cell and six cycles
of isotrepic refinement were performed dmiving_the R-factor
down te 0.1820. Two more cycles of isotropic refinement
afforded an R-factor of 0.1691 and R, of 0.2524 with a
G.0.F. egqual to 1.4648. *mnothe% difference Fourier reveal-
ed still more atoms. These were attributed to a-molecmle of
eolyent. Aigeometry calculation showed no bonding contacts

between this fragment and the Molybdenum complex and per-

it to be identified as am”acetone molecule. It was edited -
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into the cell and refined as such. Nine a‘niaot{’opic
réfinexﬂent.cyc'les using the bl oé’k-;diagbnal_;pp'roxi’mation o

. ‘gave the final indices R = 0.0662, Rw =0.1060 and a good-

x
T

"ness—of-fit'(G.‘O.I;’.) = 1.8604. Hydrogen atqm.'s were net
placed in idealized'positiong on the phenyl carbons or the
central TRIPOD méthgne'carbon. A fipalhdifference map was
featui'elessg. Mol'eocule.xr drawing's were made using ORT"EP.‘52
(Figs. 5.2.1.1% = 5.2.1.3.). aP‘osi‘ti.ona"l and’ thermal
pa;.rameters are listed in Tables 5.2.1.2. and\‘5'.2.1.3.,”1je-
.spec.tively. Selected inter‘afaomi'c dis'i:‘ar:lces +and angles are

—  listed in Tables 5.2.1.4. and 5.2.1.5. - o

2 * . - ] .
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HC(PPhy)3]

i

al

—

a

Pig. 5

A
e

jllustrating near-mirror symmetry.

.2.1.1. < ORTEP_52 plot of Mo(CO)
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Mo(C0)4[BC(PPhy) 4]

Table 5.2.1.3. Thermal Parameters for
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rable 5.

Mo ; Pt
Mo - P2
Mo - P3
M6 - C1.
Mo - C272

Mp - C3

Mo - C4

P o- 5
oy
R

C11

v

- £.8.D.'s

.
]
.

[N v

c121 1.805(6)

‘ ' 4 ‘ : .
C= 91 - . .
| _ L .
2.1.4. Selected Interatomic Distances for
Mo(CO),4[HC(PPhy)5) :
R : - /
2.486(2) ° A;' P2 -5
o 2.507(2) DU -2
4.332(2) . e PZ/C c221

1.946(7) S B S cs

1.942(7) 5 L B T
ot ) o /

2.018(7) - / “P3 .~ C321
2.025(7) . ///'Qi = 01

1.891(6)} - coc2 - 02

a1t

-
3

1 1.804(6) . - | R ~c5'f'03,

( . Tt -o0g

Weror & Eoy u

(") fefgr to the last digit printed.

*

[l » .
. * ’ . M ) ~
5 . .
. H . { , . N .
. . .
! i
. / .
» N - .
. - . v

1.874(6),
1.817(6)
'f.sté(s)‘
. 1.852(6)
c311

1.836(6)

1.818(6) °

1..163(9)

1.121(8)

'1.1f7§s)‘

’4/



‘Mo’
’Mo

Mo
Mo
Mo

ﬁo
P
.M

P1
P2
P1

- P

P1.

Pl

P2
P2

P2

P2

-92'- .

’

~

v

‘BE.S.D.'s ( ) refer to the last digit

Table 5.2.1.5. Selected Internal Angles for -

Mo(€0)4[HC(PPh,)5] ..
P - 05 97.20(.19) C1 - Mo - €2
P2.- C5  96.96(.19) 1 - Mo - €3 .
Ct - 01 176.89(.68) ° C1 - Mo.- C4
T2 - 02 177.89(.72) C2 < Mo - C3
C3 - 03 172.83(.61) °C2 - Mo - C4
C4 - 04 174.28(.63) 03, - Mo - C4
Mo - ;2. 67.06( .08) . C5 - Pf - C111
05 - P2 94.23(.26) 5 -.P1 2 c12f
o5 - p5 113.28(.30) . C5 - P2 - C211
€5 —= P3 111.90(.30)" c5 - P2 6:022j
Mo - C1_ 186.46(.22) C5.< P3 - 0311
Mo-- C2 ' 96.53(.24) *  C5.- P3 - C321
Mo - €3  90.51(.20) C111 =Pt~ C121
Mo - C4  94.10(.20) 211 -p2- C221
Mo ~ C1  101.55(.22) o311 ~P3- 0331
Mo - €277 163.55(.24)
Mo'- C5  91.68(.19)
Mo - C4  94.07(.21)

printed.

o

94.82(.32)
87.95(.30) -
88.37(.29)
87.30(.29).
87.90(.30)
173.70(.27)
112.68(.27)
104.72(.27)
105.95(.29)
109.83(.26)
100.85(.27)
104.49(.27)
101.35(.28)

101.51’.28)

(
100.37( . 28)
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5.2.2. CRYSTAL AN mmn STRUCTURBOF
Mo(C0),C1( '-a11y1)[nc(pph2)3] 5 .

1 >

“

AWrilliant orange crystal was mounted on the

‘ L]
»goniometer in a preferred orientation to facilitate align-
ment of the reciprocal lattice.ZOnes. Preliminary Weissen-

berg and preée,ssioh photography allo.wed une{mbiguods

’a831gnment of the space group as P 21/0. Goniometer arcs

were reset to Welssenberg positlons and the assembly was
mounted on the diffractometer. Automatic alignxn/ent of nin-

teen well;speced rTeflections throuéhout reciprocal space

permitted calculation of ra least-squares refined

orientation matrix from which unit ce™ dimensions were

calculated. (Table 5.2.2.1.)
¥

C : — , S
Table 5.2.2.%. Unit Cell Dimensions' (A,"°") with e.s.d.'s.

-~ v . ¢
i
1)

15.47242

a = 13.93862 - b.= 18.19383 . ¢ =
(a) - 0.010558 o(b) = 0.01"12'862 o(c) = 0.0092620
= 90.207 B =106.689-  _ v = 90.022
a(a)_qosz ~a(B) &£ 0.055 o(7Y) = 0.058
: .

‘Intensity data collection was driven 'by the program’

" DIFFRAC.47 Three reference reflections { 6 00, 0 7 1,

00 6\} were monitored every 50 reflections which varted
less than + 5% over the acquisftion period. 4879 reflec-

—

tions were measured in the order hkl and hkl of which 3612 .

were considered observed The data were, reduced using the

-1

[}

Cen
s
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program DATRD24mand the "Molybdenum atom was located by
L » 0 N

A

861lving the Patterson. I? was edited into the.cell usging

"the program dDEDPL47 A structure factor calculation and

three isotropic refinement cycles in ‘which the thermal

pﬁrametere were not refined were performed using the

"progranm LS75Q.4T Three more isotropic refinement cycles

were performed with refinement of thy thermal parametgr.
¢ o - '
This yielded an R-factor of. 0.5954. This was followed by a

'difference Fourier synthesis*from which four peaks were

I

identified as Cl, P1, P2, and P3. These were edited into“
xhe‘oey; and threé more isotropic refinements were
performed. The. R-factor decreased to Cﬁ§3é7. Another
differenoe Fourier follomed by a geometry calculation per-
mitted locg&ion of all remaining non-hydrogen atoms. These
were edited into the/oell and six %eotropic cycles of least
squeres refinement redudbd the R- factor to 0.1488. The
phenyl carbon Cf23 seemed an ‘erroreous peak assignment and
heﬁce a etructure factor calculation without this atom was

performed. "A-difference Fourier at this point revealed the

. ‘ & .
true position of the incorrectly aesigned C123 and it was

©  edited into tﬁe cell. Six more isotropic refinemente ‘were

then performed bringing the R-factor down to O 1130 The

b
coordination spher¢ was then permitted to ‘refine

anisotropicslly for three cyclee bringing the R-factor down
to 0.1957. The whole structure was then permitted to refine
anisotropically for three block-diagonaiized least-squares

cycles dropping.the R-factor down to 0.0937%fA final diffe-

s
.~ a

.
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L ] . ) Jo.
rence Fourier exhibited no significant residual electron

Aensity. Nine ktn‘ore cy_cies Qf refinement yielded. the final

residual indices: R = 0.0578 and R, = 0.0969. The G.0.F."
Wwas 1.7025. Hydrogen atoms were not edited into idealized

}

- . .

MoleculAr  structare diagrams were performed using
ORTEP2 (Pigd. 5.2.2.1. - 5.2.2.3) Positional and ther-

mal parameters are listed in Tables 5.2.2.2. and _5.2.2.3

respectivély.‘ Selected interstomic 'dis'tance‘s and ‘bond an-

glés are Iisted in Tables 5.2.2.4. and 5.2.2.5'.
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Pig. 5.2.2.1. Perspective v;{w of the chloro-allyl

complex.
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Table 5.2.2.2.

»

Positional ﬁiraletei-s, for

Mo(CO)pC1(m-allyl)[H
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Thermal Parameters for

Table 5.2.2.3.

" Mo(C0),C1( 7 -a11y1)[HC(PPhy)s]
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a

Pt - C121 1.801(9)
' 1.832( 9) -

1.845( 9)
1.822(10)
1.855(11)
1.831(13)
1.815(‘8)
1.391(14)
1.416(15)
1.156(12).
iy?;ié 9»

/ . . .
s ' . v
Table 5.2.2.4. _Selected Interatomic Distances for
B Mo(C0)»C1( 7-a11yl)[HC(PPh,)5]
- R o
- C1  2.574( 8) .
-~ ' ‘/. " R . .
- Pt 2:503(11) - /o ©-P2 - C1
) "c. ’ . 3 1
- P2 2.593(19) [ | . P2 - C211
-p3 - 5.083(27) - . P2 - C221.
' /o ) S
- C2  2.218(13) . . -P3 - C1
. p~ . .
- C3  2.301(11) . _e' 0 P3 - C311
/ R . o " . g X “ i
- C4  2.358(13) I & A -
. : U S o L.
Mo - C5° 1.965(16) . . c2-103
4 Lo ' . // . . - ’.v .
Mo - C6& 1.942( 9) . . ;02 -c4
T s N
P1 - C1 - 1.872(15) | ~ C5 = 0C5:
P . AN
L P - c11y/y2845($1® A C6 ~\0C6
,E.S.D.'j/(‘ ) refer to thé:lasﬁ digit printed
‘ / [ B
Ay * :‘ / ——
SN T .
\ . / ., o -~ .
// . ~3 ¢ .
/ " ‘ \
o . s 4 : e
L .
’ ]
» RO
’ . -y
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Iab:lle. 5.2.2.5. Selected Internal Angles for - e ‘v?zém@
. Mo(C0),C1( -allyl)[BC(PPhy)3] | A
Mo - P1 - C1 94.56(.37) - 'Cl - Mo = C3  120.52(.36)
*" o Mo ~ P2 - ¢’ 92.63(.23) 701 - Mo - C4 E 79,66 (.44)
Mo - c2 - 63} 75 .36( .59) Cl - Mo - C5  -.89.89(.36)
Mo - céi- C4  T7.46(.49) Cl - Mo - c6 166.26(.21)
Mo - C5 < 0C5 174.65(.70) €2 - Mo - C3  35.37(.39)
\.© Mo'- 6~ pC6 173.83(.62) 02 - Mo - G4 . 35.89(.40)
- P -0C1-P2 93.47(.31) 02 - Mo - €5 ~ 105.31(.47) '
¢ TP -C1'- P3 122.21(.52) . 02 - Mo'- C6  105.10(.47)
o ?é - C1 - péw 128.09(.39)  C5°- Mo~ c6 80.45( .43)
S - Mo - B2 "63.90(.16)5 3 -c2-0C4  116.37(.80)
P{f - Mo - C1’ 85.22(.39) oCl - Pl - C111 \111.89(:31)
P2 - Mo --Cl +87.75(.29) Gl - P1 - C121 107.92(.31)
. Pl - Mo - C2° 154.04(.31.) G111 —P1= C121  100.97(.43) o
P2 - Mo - C2 97.74(.28) - '61 - P2 - c211 107.66(.42)
Pl - Mo - C5° 97.75(.36) ° Of - P2 - G221 109.01(.39)
P2 - Mo - C5 161 .64(.27) 0211‘—P2;‘C221‘ 105.93(.46) .
Pl - MoO'- C6 90.18(.45) . C1 - P3 - 031} 103.50(.60)"
) PQ'T.MO - C6 §8.3ﬁ(-40)’ ¢t - P3 - C321 1@1,97(.59)
Y261 = Mo - P3  71.87(.30) €311 -P3- c321 97.23(.38)
‘ 0l -Mo-C2 86.74(.45) o
N E.S.D.'s " ( ) re'if‘er to th'eNJ.as,t digit printed. | ’
. : R
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‘Weissenberg.positions.

ﬁ

' fsition.

the crystal.

5 3 i. CRYSTAL ARD HOLECULAR STRUCTURE
RhCo3(CO)9[BC(PPh2)3]

A dark purple crystal of the c

wlthln a fine lithium borate capillary

XY

ry.reciprocal lattice

absences for six reciprocal lattice zo
was assigned tentatively as P1.

t C
on the diffractometer after resetting

least ~-squares refinement

reflections and the1r Friedel equivale

e

a = 14.58287
g (a) = 0.008670
" & = 90.348
o{a) = 0.064

Data collection was. driven by progrem-DIFFRAc47.

sured every 47 reflections for the duration of data acqui-‘

‘the range 3.5° < 2 §

[}

.
Ml

photography reve

b
o (b)

B

" a(B)

.~ 103 -

The crystal was oriented such th
ran-parallel  to. the capll
“Initial orie

parameters tabulated in Table 5.3.1.1.

Table 5¢5.1.1.‘ﬁn1t Cell Dimensiona (A,

H [N

The go

OF °

omplex was mounted
uslng "5 minnte-epo-
at'the long edge of
lary axie:
aled
nes. The spéce.group
niometerAwas mounted

nﬁation matrix and

from alignment of fifteen axial

nts gaveérunlt cell

0.049

"On)yith e.s.d.'s.

121.50459 - = 17.25984

0.016129 . @ (c) = 0.011665

114:701 Y = 103.351
0.057

o (v)

"reference reflections,{'9 0, O-O 0,10; 0, 8 0}, were meaal

Out of 8840 independent reflections measured over

< 40°, 5529 were found to be greater

Prelimi-
‘ngj s&etematic

the'heed arcs to the’

Three

?
[ 4

L
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oy At = . )
than 3 1. Four”segments were collected in the order: hkl,.
hkl, hkl and hkl. - . .
Although a relatively large data collection .wag per-

formed the low: 26 -1limit (3.5°) may thave not permitted’

some strong,.structarally significant'reflections,to have
béen recorded. Also, a relatiwve dec}eese.id.fh@
intensities of the standard reerctdone of up to 50% over
the period of data collevtion ( a%tribuﬁed' to sample

, decomposition) was observed.

. 2 1§;-=‘ .

;.

‘Data-redhetion was accemplished using the progranm
DATRDé47 Lorentz and polarization corrections were ap-
plied but no correctlon vas applied for abserptlon. The
data were scaled in linear segments grouped reduced and
normalized | *

The data were statistically phased using MULTAﬁ.4O
Trial solution of the strdc%ure by a three dimeneioﬁel
Patterson synthesis yielded no simple assignmehts of the
heavy atoms. The best solution set from MULTAN by the
criteria outlined in Sec. 4.2.6. ylelded an E-map which
duplicated. the Patterson, differing only in therchoice of
origin. '

The next best MUiTAN sdlution set produced'an E-map
witb the first six peake possessing significantly highgr
intensities than_the rest,nthat‘the first two peaks
were assigned to Rhodium atoms and the next four were as-
signed as Cobalt atoms.. A structure factor calculation

followed editing these atoms into the cell. Three cycles

”
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of isotropic least squares followed by applying UNIMOL, 47 ‘
program used to find unique molgoular fragments in the-

asymmetric unit,,indicated two molecules to. be prasent in -

the asymmetric un1t.,$§LTMOL47 was used to plot the elec-'
~tron density in sterc&zp;ojection This revealed two for-
. mula ‘units which seemed at this point to be quite eimilar.

Although the presence ;f false peaks obscured tue plot .
© "each formula unit appeared to contain a tetfchedraguﬁgetal
' skeleton with the outline‘of the TRIPOD ligand capping one
triaugular fade containing a Rhodium atom.bA difference
Fourier followed by the plotting procedure gbove revealed
a cleaner view of the skeleton as well as the phosphino
functions, partial phenyl_rings and several carbonyl groups
in brldglng and ierminal positions. Identifieg atoms were

edited into the cell file and threnpmore_cycles‘of full-
matrix le?st équares_rcfinemcpt dro' ed the residual index
to about_Q.BO.‘Another difference Fourier éllowed mosp
noﬁ-hydrogen atoms to oe identified. These too. were eéited-
iuto the cell file at which point the-ésymmetric unit could'
be identified as two tetranuclear mixed-metal carbonyl
“ clusters with a Rhodium—containing triangular face triply
coordinated by the TRIPOﬁ ligand. Three more 1easf'squaree
cycles of full matrix refinement were perfopmed_whilexper-
mitting ihe metal okeleton to cefine anisotropically. This
'bnought.the residual index down to Jjust above 0.20.

Inspection ofqthe metal thermal parameters incicated

anomalous behavior. The occupancies of these atoms were
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perﬁitted to refine inthe * three subsequent completely
anisotropic full-matrix least squares cycles, bringing the

R-factor to = O 17. A check of the" océupancies indicated

57

there were ~indeed three Cobalt atoms and one Rhodium
atom . contained in the Skeleton, howéver, their
locations from one cell to the nekt-were not unigue. The
'Rhodium atom is always in one of the three basal positions
of thé- Tripod capped tstrahedron and the apical metal is
always Cobalt. A final difference synthesis permitted
1ocation cf all atoms except.for two terminal carbonyl

carbons in Molecule 1. These are the carbons 1abelled Ct3

" and Cté in rig.5312.‘ ~ , | _ _‘!

W"'“ ..' The final residual index was calculated to be O 1559.
. A stereo projection is proyided in Fig._s.jJ.1. and the
I labélled formula unit.is“shown in Fig. §.3J.2.w Positional h
- and ' thermal parameters are tabulated in tables 5.3.1.2.
: and 5. 313 respectively. Table 5. 31 4 contains_selected-
. interatomic distances  and Table 5 31 5 contains selected

' bond angles-obtained from the program DISPOW:¢7
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Pig. 5.3.1.1. Stereo viev of the asymmetric unit,
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‘ Q Pig. 5.3.1.2; Labelleq asymmetric unit.’
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rTable 5.3.1.2. Positional Parameters for -

TABLE

0000000000000 00000000000000000PPO0O0DOOO00D00

. 1867
. 2849
. 3725
. 2094
. 2587
. 3533
. 4663
. 388

. 176

. 094

o8

. 0bs"

159

. 216

295

. 368
386 *

321

. 249
. 230
. 269

196
135
1463

. 233
. 292
. 470
. 513
. 606
. 646
. 602
. 527
. 586
. 623
.727
. 779
. 735
. 640
. 519
. 588
. 630
. 598
. 524
. 477

L%

RhCo3(C0)g[ HC(PPhy)s]

>

ATOMIC PARAMETERS X,Y,Z AND BEQ.
.5.D5. REFER TO THE LAST DIGIT PRINTED.

*

(35)72

¥ z 'BEQ
¢ 4) 0.66255(24) 0.4339 ( 3) 3.0 ¢ 3)
( 4) 0.57174(23) 0.4920 ( 3) 4.3 ( 3)
( 3) 0:67129(22) 0.4352 (. 3) 4.3 (-3)
( 6) 0.5863 (3) 03299 ¢4) 7.01( % .
(10)., 0.723%9 ( 6) 0.5%630 ( B8) 4.8 ( B8)'
(10)  0.6152 ( 6) 0.6292 ¢ 8) 5.0'( 8)
€ 9) 0.7241 ( g) $0.5685 (7)) 4.6 (' 8),
€ 3 0.7097 (20)  0.631% (23) 3.7 (27)
(4)  0.712 (3) 0.620 ( 3) 4.9 (34)
€ 4)  0.664 (3> 0.598 (3) 7.0 (3"
( 4) 0.656 (3) 0.638 (3y 7.5 (44)
€5 0703 (3) 0718 (3) 7.6 (48)
(.% 0.785 ( 3) . 0.734 (4) 7.5 (43)
(4) 0.763 W3) 0691 (.484) 7.3 (46)
(. 4) 0.B125 (20) 0.55 ( 3) 3.8 (31)
( 4) 0.853 ("3) 0636 (3) 4.7 (35
( 4): 0.916 ( 3) 0.638 (4) 7.1 (45)
( 5) 0.9437 (25) 0.559 ( 4) b&.4 (44)
(4) ©0.900 (3) ,0.487 ( 3) 5.6 (39)
( 3) 0.8361 (25) .0.487 ( 3) 5.5 (35)
( 3) 0.600 ¢ 3) ,0.682 (3) 6.5 (37)
(4) 0.529 3y 0660 (4) 6.1 (45)
( 5) ©:510 ( 4) 0.702 ( 4) 12:4 (55)
t4) 0.552 (3) 0.777 ( 4) 6.4 (38)
(4) 0.616 (3) 0807 (4) 7.0 ¢(48)
( 4) 0.6382 (23) 0.762 ( 3) 5 6 (36)
( 3) . 0.5911 (19) ~ 0.702 ( 3) 4.8 (29)
( 4) . 0.6064 (21) 0.792 ( 3) 5.9 (3b6)
{4) . 0.5891 (22) . 0.857 ( 3» 7.4 (38)
( 3) 0.5519 (24) 0.814 ( 4) 7.9% (40)
( 4) 0.5331 (24) * 0.724 ( 3) « &.4 (37)
( 4) 70,5578 (22) 0.670 ( 3) 5.9 (33) -
(¢ 3) 0.7055 (20) 0.635 ( 3) 1,9 (29)
( 3) -0.7146 (20) . 0.724 ( 3). ' 5.8 (32)
("4) 0.7043 (19)  0.7673 (25) 5.9 (35) -
(-4) 0.680 (3) .0.719 ( 5) '10.5 (58)
( 5) ©0.675 ( 3) 0.630 ( 4) '8.3 (44) .
( 4) /0.6831 (23) 0.589 ( 4) 6.8 (37)
¢ 3) ,0.B8159 (200 0.574 ( 4) * 4.7 (32)
t 4)  0.8862 (22) 0.638 ( 3) 5.7 (3&)
(4) 0.911 (3) 0662 (3 5.64Q7)
( 4) 0.9406 (21)' 0,586 ( 4) 5.5 (36
( 4) .0.9100 (22) 0.5%06 ( 3) 5.2
( 4) 0.8402 (24) 0.497 ( 3) 4.8 (35)
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cbl -
Ob1

- b2 -

0b2
Cb3
0b3
ctl
otl
Ct2
0t2
Ct3 .
0t3
Ctd

. 0t4
" Ct5
- 0t5
‘Ct6

0t6 -
Rh2
Co4

"Co5

Cob

tee, P4

P&

P6

C2
€411
c412 -

- C413-

C414
C415
C416
C421

- C422
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C424
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- ¢51a
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- 110>

(24)
(16)
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(15)

«3)
(19)
( 4)
(24)
( 3)
(21)

(13)
(22)

(17

(23
(20)

(15)

(eont'd) -
0.15.. ¢ 4) 0.5709
.0.074- ¢ 3) 0.%42
0.399 (¢ 4) 0.5788
0. 4632 (24) 0. 523
0.256 ( %) 0.72%1.
0.248 (¢ 3) 0.7622
0.0B2 (7) 0.472
-=~0,018 ( 4)-' 0.6847"
0.278° ( 4) 0. 482
0.265 ( 4) 0.4340
0.4929 (23) 0.7187
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0.0%1: ( 4) , 0.%989
0.011 ( 3) ' 0.4037
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0. 36437 0. 94952
0. 39186 . 0. 905648
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. 0. 83939 0.94518
0. 86617 0. 99362
0. 80634 v Q. 96357
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0, 51663 0. 65758
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0. 34376 0.57973
0. 39403 0. 465522
Q. 39922- - 0.79727
0.3%869 0.’82218
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611
€612
€613 .
614
€615
616

. €621
€622
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624
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€626
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0bs
Cbé.
0bé
Ct7
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. 00044
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. 68202
. 65835
.'59005

. 57643
. 64351
. 78199
. 73003
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. Batha!

. 92167

. 77440
. 73406
. 91643
. 94433
. 01045
. 06201
. 79159
. 77717

. 81624 .

. 79658

. 03962

. 87605 °

. 87822

.0, 89049 -
0.BB169." |

. 55386

. 93883 .

. 98314 .

-

0. 30778

© 0. 18070 -

- 0. 18596
0. 18879

" 0.21985

0. 22837
0.34548

0. 39029 -

*0. 48806
0. 51511

0. 46675

0. 38305
0. 02854

.=0. 01949

0. 04062
. 0. 00232

" Q,20933

0. 26484
0. 16905
0..18154

» =0.05770

-0. 15124
0. 18633

‘0. 22059
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0. 043455

-0.13344 .
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Table 5.3.1.3. Thermal Parameters for RhC03(CO)9[HC(PPhé)3]'Z

B
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o

TAB
€. 6.DB.
T UL 22
3.1 (&) %1 ¢4&
=8 (4) S.6&6 (&)
5.7 (&) 59.(4&
9.4 (73 9.0 (7
7.0 (10) &.0 (10)
%9 (.6) 6.7 (10)
5.6 () 7.2 €10)
2.5 (25) 9.4 (38)
2.4 (21) 13.2 (53"
1.8 (32) 11.4. (%%
S. 6 (39) 20.5 (&%)
14 B (56) 19.7 (69)
5.9 (64) 10.7 (5S4)
10.7 (50) 16 0 (&60)
5.5 (33) 5.2 (35
7.1 (38) — %.2 (38)
11.2 (51) 6 6 (51)-
8.0 (84) 8.6 (47
10.0 (46) 5.9 (40)
6.2 (37) 7.3 (48 .
4.4 (32) 17.7 (58)
"6.% (45) 10.8 (51)
10.1 153) 2B.7 (93)
4.5 (38) 11.5 (31)
9.1 (50) 11.'1.(58)
‘8.9 (46) B 3 (&4)
6.7 (38)  S.1 (33)
11.6 (46)" 7.3 (38)
8. & (37) 6.0°(38)
5.5 (37) 9.5 (46)
11.3 (47) 11.6 (47)
7.0 {(38) B.1 (A0)’
4.9 (32). 7.8 (37)
6.0 (36) 6.6 (37)
11.4 (47) . 2.3 (30)
6.9 (47) 11.3 (S7)
1.2 (36) 11.8 (51)
$.3 (37) %7 (38
2.1 (27) 4.8 (348)
8.0 (39) 1.4 (31)
9.1 (A2) 9.3 (49
7% (80) 5.2 (38®)
10.1 (43) 2.9 (348)
6.7 (380 8.8
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Tablé 5.3.1.3. (cont'd)
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611 . m g5 5. 05 s.

. C612 é. 37 6. 37 6.
€613 6. 38 6.58 ° 4.5
C614 -6.87" 6. 87 6.8
c615 - 8,79 - . %37 5.7
C616 S, 93 5. 95 5.4
621 4 27 4.27 -
€622 7.97 7,97 7.9
C623 8. 48 - B, 48 8.4
€624 6. 92 6.92 6.9
€625 7. 04 7.04 7.0
€626 4. 42 4 62 4.4
Cbe 10. 13 10.13 " 10. 13
0b4. 9. .73 9.75% 9. 75
Cb5 11. 06 11. 06 11.06
0b5 8. &4 B. &4 . 44
,Cb6 11,18 11.18 11, 18
0bs 10. 93 10. 93 10. 93
Ct7 10, 47 10, 47 10. 47
0t? 12. 40 12 a0 12. 40
Ct8, 17. 23 17.23 17.23
0t8 12.91 -- 1291 -- 4093
Ct9 15. 49 15. 49 15. 49

- 0t9 14,931 . 14. 31 14. 5

gt:g 9.49 - 9. 49" 9. 49

t ~83-13 “e - 3313

0t 18, 94 135. 94 18, 94

0t12 16.13 - 16. 13 16.13

Ct12 10.00 10. 00 10.00
Ct1 4. 00

4

wo
u.a.!dlnﬂﬂmoquu

1.30

1. 68
1. 49

1. 78

T 1. 49

i.53

2.18

T 2.9

1,10
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2. 05

1112



&

D B 1 D o o Cm S o R 1%
oL i ' N ~ - . * - g
. . ¥

»r . >
. .
. . '
> - M L)
.

3 s o , r
Table 5.3.1.4. Bond Distances - RhCos3(C0)g[HC(PPhy)3]
MOLECULE 1 Bond Distance(A) - s1d(A)
ifing1sg51 2.64232 . 0.00651 - f
~Co2 2.66332 0,00690. —
~Co3_ . 2.5063Q" | 0.00773
~P1 227477 " 0.01224
—Cb1; . 'ié702485 ' 0.04825 'zk'
~Cb3 2.01034 . 0.08919
—CtH 1.45570 - 0.10429" !
- | 10q1-éoé 2.64254 0.00773
Wl .‘ ~Go3 2.59490 6.00773
| _ ~B2 - 2.24632 ° 0;9{217;
| —~cbi 1.72046  0,05580 .
‘_;V_'.‘ C “Cb2. 1.83319  0.05236
R —Ct2 1.94728 Fossss |
o . C02-Co3 2.57731 0.00832 )
- P 2.25375  0.01197
» 8 ) ~Cb2 2.15726 0403391
Y’ *_co3 2.13276 ©  '0.03853
~Ct3 mmmmmmm Semeee-
.CoS;Cté 1.61683 0.04618
R 2 1 ‘1.658Ta 0.04895
-Ct5 i | -__.:;-_
S - C1-Pt 1.86565-  0.03602 o
,’ T .—fg' ' 1.97377 0.04317
. s - _P3. 1.85968  ©0.03596
* | ‘ | | e 0
ot -
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MOLECULE 1

~

e

. Table 5.3.1.4..(cont'd)’

4

‘Bond .’

o . TP1-C111

P3-C311 -

-c121.
P2-C211

" -C221

-C321
Cba -Obf
Cb2-0b2

" Cb3-0b3

| Ct1-0%1

Ct2-0t2
Ct3-013.
Ct4-0t4

Ct5-0t5

Ct6-0t6

- 116 -

" Distance(A) ‘éﬁd(A)
'1?5572; " 0.04409
7984994+ .0.04459"
1.79001 . © 0.04271
1.83616 _0.059§§'
1.77509° .. 0.03976

1.9%165 | . 0.04454
1.47755 | 0.04454
1.36274 ' 0,05676
1.17486 0.08036
141705 0.11698
1.08418 _ 0.57321
15198 rw 0.05654
1.17049 . 0.05971




- 117 -

Table 5.3.1.4:‘(coht'd),“,f

MOLECULE 2 Bond
'Rh2-Co4
o -1005’

% .Cob

-

e v

Ly, =Cb4

' 0b5

Lo~ =ct8

© i Co5-Cob

S ~Cb5
- -Cb6

C-ct9

' Co6-Ct10
~Ct11
‘,iCt12
IR
B . . Y _PS'

f‘: -P6 : .
. - .' l\

2.63150
2.64701

12.60322
2.29263

: 2.16292‘

. Distance(A)

1.87986 -

1.89982

1,82048

2.63453

'12.59003

.o

C.2.31150°

7 0.05102:

. 1.99555"
' 1.49954
2.57187

2.24395

1.98029

'1-95425

1.54663
1.64801

1.47937,
1,54374’

..1.98893
1.89694-

<

1.91516

}.

¥

" 0.05693.
0,05127

 std (A}

0,04§03_

0.04448

0.04410

.0.05495

. 0.04502

0.05438

605425

1 0.04702 -
0.04424 -
! 0.03071

0.06099
‘0.0569}
0.04662

. 0.04263 3

0.04776

0.04954 -

O{O42§2

0.05286 3
. 0.04724
- 0:05456

'0.04487



-2 e
il T 0
;géé'

4

" Pable 5.3.1.4.

MOLECULE 2

- 118 -
(cont%d)
. -
Bond . " Distance(A) sta(a)
P4-CA11 1.88991 - 0.04290
-C421 . 1.80890 .  0.05370
" p5=C511 1.73114 '0.04648
-c521 ' 1.90057 0.04520
P6-CE11T - 1.841%4 'o.o4§§3‘
| Zce21  1.80709 ' 0.05538
Cba-OV4 1.29827 . 0.05302
. Cb5-0b5 | j.16396' 0.03695
Cb6-0D6 - 1.21971 . 0.05009
QCtv-Ot%- ii14372 : 1 9;04316;
- (18-018 1.46219  0.05344
© Ct9-0t9 132822 . 0.04938 |
‘-llCt10-0th,. ':1;¥77§9: 004939 S
119218 |

’

L Ct11-0t11

- A cyig-otte

i~

j1}d194f

0.05431.
‘ _o.ou554

-
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. Tablé 5.3.1,5. Bond

e

=

 Moledule 1

T

- 149 -

-Atoms
¢1 -P1 R
C1 -P2 .-Col " 4
c1’ -P3.'-C02‘
LGl =P1 —C111
.1 =Pt ~Cl21,
C L C11-P1 —6J211
1 -P2 -C211
‘el -p2 _c2z1 .
€211-P2 '~ '=C221
1 -P3 -C311
C1 -p3 --C321
- C311-P3  -C321
- ) -C1, Qfé,
P1';;¢i5f?-é3
P2 —c1 ;53'
'P1° =Rh1 —=Col
Pt ZRn1 -Co2 o
“P1. -Rn1 -Co3 -
P2. -Col -Rn!
P2 . ~Co1 =Co2 |
P2 -Cot =Co3
_P3 -Co2 ~Rht
P3 -Co2 -Cof
P3 - -Co2 -Co3

: Angle
10983
108.18 -
110.53
110.36

1{0.76

102.30
103,36
C108.94
’{94.441
 104.61

108.14
98.65

y

101.87,

106.66

’:.102'08'6 h ]

95.36

. 92.50
147,94
.7 92.95.

96.76

'149.10

1 95.53

. 92.11.
148.48'

Angles -~ RhCoz(CO)g{HC(PPhy)5] .

1.99

0.35

0.38

0.39

0.37
0,41

of};

0.40
oan”
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‘Molebuie’i .
T

“Rh1

Rh1

* Rh1

“Co1.

. - Rm
e Cof

Po

. o3
. Co3
‘RE1

©Cbi

Cb2

Cb3

.
.
P
.
‘ 4

- Molecule 2 -

c2
. €2

e
P
P 2 WL L T S

o
Rhi.

.Co2
Co3

Rh1.
Cot

Cc2 -

‘.—COE.
TCOB

f003
-Co1

-Co2

-Rh1
-Ct1
-Ct2

-Ct3

-Ct4

-Ct5

-Ct6
~Ch1

-Cb3

-Cb2
=Co}
;éoé.
-Rht

/ SR - 120 -
’ Table 5.3.1.5. (cont'd)

"Atoms
a »

=Co1.

-Co2

1001'
-Co2.

-Co1

-Co2 -
~0t1
~0t2 :
-0t3 "
—0t4

-0t5
~0t6

-Cot .

-C02
~Co2
_Cb2
~Cb3
i

Angle
61.22
61.97
61.45
"66.51_
59.76

.

59.73.
.. 175.00" .

T167.10
" 166.64
‘ 165 0.28’ ‘“

" 0109066 -
11001-7

111.739

0.19

y6u§§

175,
2.14
2.46
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, Table 5.3.1.5. (cont'd) ) e S

L ‘Molecule 2 ' Atoms . Angle 8td .

C2 -P4 -C411 | 106.75 2.53' -
: ¢2 -P5° -C421 - . 107.20° " 2l65
C411-26  -Ca21 «101.67 -1.99
C2 -P5 =C511° . - 110.72  2.85
€2 -P5 —€521 ° 105.25 . . 1.96
C511-P5 .=C521 95.48 2.24
02 -P6 'ecs4j' . 100.94 C 2.20 q
C2 -P6 -C621 107.43 2.09 - :
CH11-P6 ~c621 102.05 . 2.68
x ;. . m4=c2 -P5 103.00 ~ 254 -
v | P4 —C2 -PE 100019 2.12
P -C2 -P6 - 103.68  -2.00
P4 <RR2 =Cot " . ' 96.35 1.T1 :
: ' P4 -Rh2 -Co5 . 92.03 ' 4.81. |
s 1 P4 -Rn2-Co6 . 148.0f 1.86
‘ 5 - =Co4 -Rh2 g 1H1ﬁ58¢
~ . "B =Co4 =Co5 | L 912 1.9
| PS5 -Cok —Cos - 150.33 - 1.95 .
; - :>i P6 -Co5 -Rh2- -~ 96.61 .53 . -
| 96 -C05 ~Co4 * ' *'93.87. . 1.76 .
P6 =<Co5 -Cob  150.39 1.95 - -
| " Rn2 -Coé -Co4 ° . 60.89°  -1.26 |
| _ " Rh2 -Co6 ~Co5 - 61.52 ;‘1f}8 :
N L . Cod <Toky-Co5  , B1.38° . f.520 .,
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Tab;g‘5§3.1.5; (cont'a)

.

L
R
T KA
IR

‘l\ o
Atons

Rh2 -Co4 -CoS5™ "~

Rh2 -Cod
Co4d

Rh2

fCOS

-Rh? -Cob5

-Ct7 -0t7

Co4 -Ct8 =018

Co5 -Ct9 -0t9

© Cob -stloioi1o '

Co6 ~Ct11-0t11

- Co6 -Ct12-0%12

Rh2 -Cb4 -Co4
Cod- -CE5 ~Co5

Co5 -Cb6 -Rh2-

wf

' Cb4 -Co4 —Cb5- .

 Cb5 -Co5 -Cb6 -

" Cb6 -Rh2 -Cb4

b

S

Angle

60.35 .

59.77
'§9¢§a*
167.13
151.74
176.01
154.67
169.54

82.50

83.00

86.74 ..

13741

“144.14

. 140.56

n

L

e

b

2.31 o
2.93

 2.23
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5.4, ATTEMPTED CRYSTAL STRUCTURE Dxrmnmumu OF rnonucr OFP
REACTION BETWEEN 002(00)3 AFD HC(PPhp)s °

¢ - -

An orange crystal of the resultant complex.fron ;hé'f;
preparaiion deé?%ibed in Section 3. 237. was mounted on a '_
glass capillary\using 5 minute epoxy with a well- developed
'crystal face perpendicular "to the capillary axis. The‘
crystal was then mounted on a goniometer and aligned by
os01llation photography The two orthogonsl exposures ‘each -
:revealed a rectangular cell projection Preliminary reci-
prooaL.lattice photography displayedeortnorhombic symmetry
Weissenberg photography of the Okl and 1kl zones displayed
systematic absences: corresponding to ‘no conditions for hkl
and k = 2n for: Okl. \Mirror symmetry vas retained in the.
upper 1evel Precession photography on the zones hkO and
h0l exhibited absence conditions h=2nand 1-= 2n;respee-
tively'q The upper levels showed no conditions. Lineg hQO,
0kO and 001 gave conditions h = 2p, k= 2n and " = 2n-also
respectively. This uniqaely deterpined the gspace group as}
Pbca. WUnit cell" dimensions were determined from preces—-
.8ion photographs %sing a Charles)Swpper film measuring de-
vice, (These photograpns have been used as ®xamples in
Section:b4n3.1. on geomettic data collection)

Twelve axial reflections were‘automaticall& aligned
along with their Friedel equivalents to create an'initial

least squares refined orientation matrix from which unit

cell dimensions were oalculated along with their respective

-
M ’
° .
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standard deviations. (Table 5.4.1.)

Table 5.4.1:-Unit Cell Dimensions {A,"%") with e.s.d's

-, L a={13.41202 - b ="23.18790 ¢ = 11.41308
f@,z ’U,'d(a)'= 0.0234084 jo(b) = 0.0195639° o (c) = 0.0190998

a =[89.998 8 = 89.939 Y = 90.141

Ibc'q) 0.109 . o(B) = 0.140 "o (Y) = 0.120

S

. . r “ ) .
Reference.refleotions 202, 302 and. 0 6 0 varied less

» ( . . . . .
.than +5% over the duration of the data collection. 2299,

reflections weré collected for 2.5° 5 2 60 < 45° of which

- o 1976 were considered observed ( >3 o I) Data reduction was
performed to scale, reduce andgnormai\ﬁi\fhe data..

Trial solution by Patterson synthesis resulted in. a

i map in which the strongest peaks d1d not correspond to any

positionﬂ\from solving ‘the Patterson vectors for: x,y and z.

' ) An,atteppt*to gcale the'peak heights relative to “the origin’

L]

,ponding to a Co-Co distance: however, positions ¢alculated

very well as observed by the reluctance of the'residual
index to decrease past ©.60. |

\ow ' q .

The next trial ‘solution was performed using MULTAN in
which two of the eight solutions determined all the phases

. of the starting set. The criteria for choosing g.correct

Jelution indicated all solutions to be reliable. E-@aps of

kS
.

ar \
L8 ¢ \ - ‘
'

Intensify data were collected for the octant hkl.

resulted in the possible identification of aﬂwector corres-

from the Patterson vettors did" not seem to phase the dafa

N



o ":' ' . \ .
~the two best solutions sets-'indicated that the solutions

‘lowed by three cycles of isotropic-least squares did not

L3

a

¥

- 1:25 -

were probabiy the "same but corresoonded to~different

origins. Editing the twollergest'peaks«lnxo:thé cell fol: :

bring about an encouraging drop in. resiooal index; Asuoi
sequent difference synthe%%s failed to resolve recognizable
llght atoms in any logically expected geometry All

attempts to edit remotely feagible atoms into the cell pro-

duced no gonvincing changes N terms of agreement between

ooserve& and calculated etructure facfore. "
‘(}'

It is the belief of this inveetigator that the

solutiow‘is possible, however, the’ combination of - az

non-apparent solution and non-green-fingered crystallogra-

phy prevented the solujlon of the ‘structure. .
L

R
PRy
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6. DISCUSSION

o .

o _ : . . ‘ ‘ . - .
" 6.1. DISCUSSION OF RESULTS FROM Mo(CO),[HC(PPhy)z] AND

ﬁé(co)zc1( 7-allyl)[HC(PPhy)s]

- The" two crystal structure determlnations were

performed to explore the feasibillty of using mononuclear

\ "molybdenum-TRIPOD carbonyls in the step-wise synthesis of

mixed—metal TRIPOD supported cl»usters and to explore 'the .

dg’ferences in’ the M-P3 dlstances between substltuted and

Qon—sxxbstituted TRIPOD carbonyls. i

In the non—substltuted carbonyl, a pseudo m1rror-plane

.18 defined by Mo, c3, 03, C4, 04, C5 and=P3. This feature

is obvious from Fig.. 5.2.1.1. The dangling phosphino func-

tion is observed~ té lie b,elow‘ the equatorial plane of the

'coordination sphere of molybdenun. The cﬁelating bite-angle

.+ of P! and P2 to molybdenum is _roughly GQO and the ring

| defirled by Mo, P1, C5 and P2 is‘observed form four planar

surfaces with vertices defined by vectors -P1-to-P2 and

Mo-to-C5 (Fig. 5.2.1.2.). The dihedral angle bet;ﬂeen the
.planes "intersecting at edge Pl-to-P2 is 21.476° while.

‘the dihedral angle between planes intersect‘ing— at edge Mo-
to-C5 is 24.1610. The four carbonyl_ groups ben.d“ away

g . from the: ligand ©probably due, to crowc’lihg’from t-ﬁe phenyl',_

groups ‘al*}}ough the pr'ox‘imity.'of the phenyl groups is not

*appérent i’ri:;m Fig. 5.2.1.3. since the protons are 'omitteﬁ.

The chloro-allyl TRIPOD complex of Section 5.2.2. was

' ' > ¥y o,
prepared by Dr. Ali ‘Bahsoun’3'4'5'8'30 and although the-

t



v,

+ 127 -

predicted formulation was correct 1t was deemed that the x-

may structure would complement the structure of that in

~Section 5.2.1. 'The structure conforms to the expected

geometry for complexes with theageneral fOrmula, [MoX(CO)Z—
Ly 73-211y1)159 in which L is a bridging diphosphene 1i-
gand such as dppm-or dppe QFig.6.1J.). In sélution, comf

plexes with this generic formula have been observed to be.

fluxional wherein the allyl may shift to the position

trans to. the halide52 (Fig. 6.1.2.).

Hp MeT Sy HA
\ HD . th
e /
- He n P;lz/ - co
‘Figao 6.10.1- ST, . :Figc 6-1-2-
e ‘ . . A

¥

The coordination sphere of this substituted Tripod

complex is qulte unsymme4;1031 by comparison.with the non-'

substituted one. Taking the Mo-Cl vector as the vertical
) [

'referenée, ft is observed that the equatoria1<bonds are all

less than 90° to Cl and that the carbonyl‘carbon, Cé6 is
%

closest to being trans to Cl Furthermore thewbite angle of

"“the chelating phosphino functions of the TRIPOD ligand is}.

about 3%° less.than in the former structure. This {8

probably due to the allyl.ligand in which two of the allyl

carbons, C2 and C4, are observed‘to form similer angifs

with- C1 and almost lie in the.equatoriel "plane." The

L . -

v
r
e

1
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four-membered metailocycle comprised of Mo, P1, Ct and P2
forms four planes with vertices defined by vectors P1-P2
and Mo-C1. The dihedral angle between planes intersecting
.at vertex P1-P2 is 39. 605° while the dihedral angle between
planes intersecting at vertéx Mo-C1 is 43.617°. The allyl
C% lies below this pseudoip;ane, however, the distances
from Mo to the allyl carbons would indiqate it is indeed
m-allyl. The. net effecf on theiupcoordinateﬁ phosphino
function is td'impose a strain on the ligand foreing ghé4P3
"function tdabe 0.8 A further away from Mo +than in the
.non-substituted TRIPOD carbonyl. The P3 function is ob-
served to 1ie on the same side of the equatorial plane as
Cl. The dihedral spgle between the plane defined by Mo,
C5, C1 and the plane defined by allyl carbons,CZ{ C3 and C4
18 17.11209. The allyl plane also forms'a dihedral angle
with the‘least—squares plane defined by atoms MQ: c5, C6,”
P?, and Cl which is calculated to be 17.5180. _

In the case of the tetracarbonyl TRIPOD compiex the

J

]

Mo to carbonyl carbon dlstances are approx1matsly 0.05A

shorter for carbonyls trans to the chelating phOSphan
o

groups than for‘the two axial carbonyls. Alternatively in

the chloro-allyl TRIPOD complex the difference in bond

lengths between Mo and each carbonyl carbon is only 0.023A.

The analogy between,both complexes in terms of trans-influ-

‘ences is not easily made due to the degree of distortion

from octahedral symmetry observed in the latter case. How-

ever, 1t is interesting to note that the longer of the two

\

AN
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bond distances for the latter case is that for which the

carbonyl is transoid to the chloride.;'.\

e
The disparity between experimentally determined and

calpulated results for the-elemental analysie for the

©

.complex MoKCO)A[HC(Pfhé)3]'must be due to the presence of

impurities in the form of tarting reagents and/or solvent -

.molecules. ThlS may be"’ stated with confidence since the
crystal structure has been reliably determined. It should
be noted that the solubility of both Mo(CO)6.and the TRIPOD
derivative are 31m11ar maklng purification by standard
teohniques difficult The sample sent. for analysis was not
purified by crystallization. | |

K]

6.2. [RhC1{HC(PPhy);],

- Considering the difficulty ih obtaining.satisfactory
spectra'for this complei'and the'uneucoessful isolation of
suitable sxngle crystals for diffraction studies it is dif-
ficult at this p01nt to unambiguously assign a definite

comp051tion to this compound. Both the rate' of product

formation and also the reaction yield (88%) are quite high
prov1ding the. tentative formulation is correct. As pointed
put in Section 3 2 4., the succeesful approach to immediate

product recovery 1nvolved pouring wet, non- deoxygenated THF

directly over a solid mixture of reactants in a 2:1 molar'

ratio of HC(PPhp)x and .[RhC1( 00)2]2 followed by rapid

evacuation of the system. Rigourously deoxgenated sovlent

~
]
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produced a color change when added o the solid ‘reagent
ﬁiiture, however, product recovery was not immediate. The
actual product geemetry depends upon whether or3noﬁ_the Cl-

bridges were cleaved or not. The absence of CO absorption

"in the IR, indicated at least 4 CO molecules were displaced

'per molecule of the starting complex.

In excess PPhsz, the chlorocarbonyl trans bis-(tri-

L4

. phenylphosphine) Rh(I) species is produced;fnom-the chloro-
‘dicarbenyl dimer.24 Due to the consfraint'imposed by the

TRIPOD ligand the ‘ trans ﬁroduct is ruled out. Providing

the product is mondnuclear,the’chloro - bridges would have

.to be cleaved by solvent (Fig. 6.2.1.).

NS
o / gc' \ § _,‘~Fig.‘6“.’2.1..-

Alternatively the product may be polymeric since the

third phosphino function could cqordinatelto a second Rho-
dium atom. The hypothesized polymeric stfuctureeis depicted

in Pig. 6.2.2._on'the followingcpage.




Qg

- served to appear as in Fig. 6 2.4

et - I

.

e Y A . Fig. 6.2.2.

P LG——
:

?

In a personal communication from the Oeborn group.'

-

] workere there report having isolated a complex they believe.

can be repreeented as that in Fig. 6.2.3, -The room-

¢ a

temperature and low-temperature 31.’?(“?4!1 spectra are ob-
his euggeste that the

possibility that two iaomers are interconvérting at room

te,mperature. It may be -poseible that the complex prepared‘
in this study 18 related to that of Osborn's group where
: the.chloride would bridges ~two Rhodium-centres and the ,:

]

counteranion would be simply chloride.

»
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3

Fig. 6.2.4.

, The profosed'dlﬁericfformulation‘would' however; sug-n
~ gest the best fit to the observed behavior of the molecule
"in terms of its reaction product with ccz(co)a- The com-
plex is insoluble in THF hence it is not likely that it.
conteins‘THF. The proposed polymer would probably exhibit'

a similar 31P{1H} NMR spectrum to the one observed In the

chlorodicarbonyl dimer. the chloride bridges define the

vertex of. two 1ntersecting plsnes. These planes are

defined by the square planar coordination sphere of each

Rhodium atom. The TRIPOD ligand can displace two CO

- molecules on each‘metsl centre However, the possibility

Y

of ‘a number of isomers interconverting at room temperetureﬁ

exists. II the enerty barrier to interconversion betveed

these isomers is low, iqterpretation of the NMR spéctrum
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could be difficult. Two poagiblé‘iaomera'age depicted 1in

R Fig’o 6'02050

.P,//” \\\\\T:i::::j“I\\\\‘\fbFig. 6.2. ;

In addition, considering that the planes defined by the two

Rhodium coordination spheres are not parallel in the parent

carbonyl 66,67 then a similar type of fluxionality may

exist for the analogous poatulated TRIPOD dimer.

The reaction ig analogous to that used +to. prepare
a compound for which a 1P NMR study’ of phoaphine ex-—
cnange was performed. [RhC1(PF3)2)254 was prepared by di-
rect reaction of PF; and onlorodicarbonyl Rhodium(1)\dimer.
Hence, TRIPOD was substituted for PFy in making this cod-
plex. The trifluorophosphine complex has been found to’

| undergo'phoaphorus exchange and Yacile interconvereion to
- the PPh3, co and 0234 derivatives. As well, in excess PPh3
high yields of of tris—-PPhsy chloro Rhodium(I), also known

as ?ilkinson 8 cata1y§f53 ‘'was ‘obtained. This may well

P -
'\ vy

4
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support the mononuclear and polymeric foFﬁulations of the =
TRIPOD derivative prepared in this study. In any ‘case, the
peesibility exists that the TRIPOD derivative could display
. interesting catalytic properties. ., - ,

The results of the elemental analyses are well within

‘the limitg of experimental error. The similarity of this

reaction by comparison with the Teaction of PF3 and chloro-
dicarbdnx}rhodium(1) dimer coupled with the ebsencenof

cerbonyl absorption in the infrared spectrum infér; that

“the chiofo-brldged dimeric'formulafioh is' the coyrect one.

The disparity between the calculated and observed values of
the elemental analyses may ‘be due to cgptamination from'.
Btarting reagents and /or the presence of eolvent. Dif-
fi:ultiee with the solubility of this complex pre-empted
purification'by chrometegrephy.’ cﬁystaliine product 1eo-

lation was not successful, o
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6:3. DISCUSSION OF RESULTS POR RhCos(CO)q[HG( PPI;Z),3]

v 4

o

6.3.1. X-RAY STRUCTURE ’ | | bﬁ\\\;

The structure exhibits_ two TRiPOD-capned tet?&nuclear
carﬁonyl clusters. The’ RhCo3 core demonstrates that the. -
Rhodium atom is always contained in ‘the basal plane apd one
unique, apical Position is alwaye held by a Cohalt atonm.
The formula unit adopts a somewhat helicepter—likeﬂ

appearance. . \\&

&

The esjmmetric unit (Pig. 5.3.1.2.) should be referred
to. fhe point group of t 'idealized molecular geometry Ef
the'formulavunit is ps' The‘observeQ symmemry‘@f:the crys;
tal line material is C4. The occupancies of the three metal
atone .in the'plane defined'by cooﬂainatgpn to the TRIPOD
ligand should cause the idealized: symmetry to correspond to
Czy prov;ding ghe statistical distribution of the site
symmetry for these atoms-were completely random.

Molecule 2 is considered since all atoms were refined
using correctly identified atomic scattering factors. Cloee
inspection reveals the geometry of the plane defined by the
phosphorus atoms is observed to. be almost isosceles. The
angles made biiadjacent phoephorus etome with the central
methane carbon show the unique angle~not to be epposite_to
Rh2. but opnoeiée to Co5. Thid, hewever, may be- the re-.
sult of distortion inducea by the packing of- the molecules
in the asymmetric unit. The metallic triangle defined by

atomsg coordinated by TRIPOD is almost isosceles as yell but .

{
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aprroximates equilateral ‘geometry more closely than the
phosphorus triangle. gte angle which deviates most from the
equilateral configuration. is that which has Co4 as vertex.
The three angles from Co6 .to the adjacent pairs of metal
atoms 1n_mhe Plane coordinated by TRIPOD are closq¢ to being
equal bowever,yrhe bond distance from Co6 to Co4<:;i;2ser-
ved to be significantly'shorter than the other two. ‘%ridg-
1ng chrbonyls Cb4, Cb5 and Cb6 form bond angles to adj\Cent

. mefals in which the angle Rh2—Cb6-005 is notably larger

than the other two. Thege carbonyls lie below the metal
plane to which they are bound but a projection of the
molecuL@ along the line of 81ght from 006 to the c2 carbon
of ih e TRIPOD ligand reveals the edges from metal to carbo-
nyl carbon to metal approximaﬁé 180°. Unfortunately plots

exhibiting this" feature are. unavailable. It is readonable

-

tb gxpect carbonyls to be more susceptible to distortion a

than the metallic skeleton but it should be pointed out
that the layge discrepancy between the observed and calcu-

lated strucﬁuré factors make these observations somewhat

" leds than reliable. The major sources of molecular asym-

s ' (
metry must be ascribed to distortions from ideal{;ed symme-—
k ‘ < ' ) . -
try caused by molecular packing in the asymmetric unit as
N +

5we11 as the fact that the structure is not optimal due to

\

P

the questionable integrity of the intensity data.

un
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6.3.2. RgLArﬁD CHEMISTRY - oy .
2 v

v I
'Although'compouﬁds with the same .relative geometry
have been previodely prcepeu"ed’)'j8 this comp}ex is unique 1in
the sense that the three—Cobalt, one Rhodium tetrahedral
metal skeleton was not prepared in the same geshion. '}he

N
latter were prepared by direct .action of the TRIPOD ligand

on the corresponding tetrgnuclear carbonyl cluster.

The‘ERIPOD complex di
. ~ ' -3
as one’of'the precursors in preparing the TR?POD-capped

sed in Section 6.2.. was use

-
tetranuclear complex of this section. " The reaction
strategy was analogous to that using the trifluoro-

.phosphine complex, Rh2002(00)8(PF3)411 and Gobalt carbonyl
.

‘to prepare the dicobalt- dirhodium (PF3)4 octacarbonyl com-,

plex.11 55 . - e

_The parent carbonyl of the product in<this study was

found to be’ easily»prepared from reaction of Rhcl3 and the
anion [Co(CO)i] by equatlon 1.12

“ L)

-

3[Co(C0)41- + Rifls —— RnCos(C0)yp + 302-. o)

4

. . A

‘Reaction of [(PF3),C1Rh], and Co,(CO)g affords a mixed

AU}

metal tetranuclear.complex containing.four)P?3 ligands.

. ’The reaction leading to Tripod-capped‘proddct with
the Rhco3 oore was inspired by this reaction in an attempt
to cap two triangular@ faces ofthe tetrahedral metal

¢
skeleton. Whether +the bi- c&pped diRhodium diCobalt spe-

°



-,

. ' - 138 -

_cies was first formed and subsequently disproportionated to

the product or the chloro-TRIPOD Rhodium(I) species was

fragmented to a monometallic speciés throu}h attack of

Cozuxns remains undetermlned The reaction stoichiometry
baeed on epeculation regarding the 70% product yield cen be

-\

formqlated as }
. . ﬂ

[RhCllHC(PPh2)3}]2 + 7/2002(00)8 - 2Rh CO)9[HC(PPh2)3]
| ‘ T /::oc:Lz +19¢0  (2)
since the starting regent ratio dﬂ_gq;Rh complexes was 4:1.
Filper;ng and washing may have .removed unreacted
starting material, howevér, CoCl, could have remained.-
Regardless of the difficultfes encountered characteriz-
ing the product the crystal structure pregented a chal-
lenging problem in which the results are rather. novel.:

Consideration of the unusual asymmetric unit, consisting of

two disordered formula units as we¥®l as the space groun :

'syﬁmetry'P1 accounts for the exceptional unit cell sige. ,

- 13¢c ana 319 NMR" studies indicatée the parent carbonyl

and the complex Rh2002(CO)8(PF3)4 undergo exchange. 11’55

The carbonyl groups in the parent RhCo3 carbonyl exchange

terminal and bridging positions in what has been reported
as two distinct procesaes56 vhile carbonyl exchange in the

homonuclear cluster analogues occurs by a single processg57

,Vhile exchange has been investigated in some TRIPOD-capped

tetranuclear clusters it is to e expected that the rigid

’naturg of the ligand yould’tend to supress this mobility.

r
- .
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The carbonjl exchange in the TPIPOD-éapped derivafive of
Co4(CO)12 exhibits only that the apical terminal carbonyls -
'undergo exchange. - While .exchange studies ind&cate that
13¢0 is 1ncerporeted statistically onto all CO sites of ‘the
molecule, intramolecular exchange (although slow) occurs
more readily than intermolecular exchange'3 Intramolecular

exchange is impeded with increasing phosphine aubstitution

of  the cluster.3 This has been ascribed to steric hin-

drance by phenyl groups in the case where the phosphine is
the,TRIPOD ligand, hewever, when tbe phosphines are less
bulky'thelgﬁfect is still observed.l! Perhaps the strong
X-accepting qual;ty of phosphines causes 1ess electron
density to be presemt in the tetrahedral metal skeleton
This may stabilize the system sufficiently to inhibit the

exchange process from occuring.

-///) When complexes RhZCoz(QO)12 and Rh2002UKD8(PF3y4 are
i

mixed 1:1 in solution at room temperathre.73 the PF3 unitse :‘

distribute themselves onto the ﬁhodium atoms forming two
diphosphine derivatives in which each Rhodium is
coordinated by one PFs unit. The dimer [RhC1(PF3),], also

exhibits phosphine exchange when reacted with 't1ts parent

ca;benyl and ethylene precureors.55 Due to the two indi-

viduai processes found for carbonyl exchange by the.paren}

.carbohyl cluster®7 the TRIPOD product may display enhanced

_ catalytic reactivity over ite enalogues while maintaining

Its structural integrity. -

¢

Differences between results of elemental analyses and-

+
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-

the calculated elemental composition can'be partially -
retionialized by the possibility that a solvent molecale 1is
pres’ent. This makes the fit for Rh, Co-and P almost exact -
providing a molecule of 1,2- dichloroethane is present as a
solvate. However, the results for carbon and hydrogen are
‘still’dieparete. The resulting crystal etructure;'elthough
‘not an excellent determination, refutes .the elementel
'.analyees in terms of carbon and hydrogen content. The
.-ratios of the heavier elements present, however, are- —
.constant with respect to -one another and hence disparity in |
' the results for' the 1ighter atoms may be explained by the
presence of some decomposition product formed during the .

reaction. Soldbility and crystillization difficulties were
encountered with this product which did not facilitate

purifioation. ' ~ oo -
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6.4. Elemental Analyéia for froduct of R;action Between

'Cop(C0)g and HC(PPhy)s

The fit between the calculated and experiméntal values

* for the elemental analysis of this complex is improved if

. the compléx is considered to be coordinated symmetrically

by two of the three phosphing fuﬁctions. This leaves one
TRIPOD funcfibn dangling and the modei now contains six CO
ligands instead of fivé. Even though the agreement between
observed and calculated results is improved the fit is not
gneat.. Gné‘confirming’fig;re, however, i8 that the ratio
of Co to P is a constant 2:3. Tﬁe only way this can - be
forﬁula%ed is by either of the two geometries which have

been postulated in this study. Spectral evidence supports

" either structure and both are schematized in Fig. 6.4.1.
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7. IMPLICATIONS POR FURTHER STUDY

¢

“ 1

Consideration of the complex RhCl(PPh3)3'(Wflkinspnsu

catalyst) is instructive in the design of homogeneous

catalysts used for’hydrogenatioh‘and polymerization. It

has been observed that substitution of tertiary alkyl phbs-

phines for triphenylphosphine deactivates the catalyst.

Trielkylphosphines are stronger nucleophiles than aryl_iﬁ

species and prébably reduce thﬁ/ability gf the Rhodium
céﬁtré to beﬁave as a ‘good ‘1r—agce§tor‘for.substrate
attacﬁment (i.e., oxidative addition). -

. Catalysts are 'required to release boung substrate once
cqnverted'to product as well as having the ability to

. <3
reform for the next catalytic cycle. 1If a ligand causes a

" substrate.to bind too'stfongly; the catalyst becomes poi-

eoned.:

This impoee; éevere_restrictidng on the choice ofﬁ
1igand to be u?ed in'homogéneous catalyst design. A very
delicate balance hinging on the 1ligand field strength ana_
the.centpél metal ﬁust'be struck in order that a catalyst
performs the desired function. . |

One idea 18 to modify the ligand so as to subtly

. adjust the {igand field strength For the TRIPOD case this
| could include modéfication of the groups adjacent to the

coordinating function and/or changing the coordinating

‘v



.
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function itd@lf. In doing this the functionaiimy of the

-resulting catalyst may be_optimiigd.

;n TRIPOD-suppoyting carbonyl complexes, fluxionality
‘of the carbonyl g}oups is inhibited by comparisén to the
papent'carbénfl complex. The éttractive feature of cluster
complei sgpporting‘TR%?OD\is'their resistance to degrada-
tion uander relatively vigorous cqnditioné;3 o

It woul& present gomevchalleng;ng chem;strfhto observe

the effects of varying the nucleophilicity of the

'archetypal TRIPDD,'HC(PPh2)3. This could be achieved by

introducing eieétron-withdrawing groups onto the aromatic
rings. A second approach is to vary the steric.effect of
the ligandvby preparing the analogous diéyglopgnthdiene
compound. Furthermore, preparation of a chiral TRIPOD
could lead to enantioselecfive catalysts. Finally changing
the coordinating atom to/ As 3 6r)SB should a}so alfgr

the resulting cpmplexes'“behavior.

7.2. STBRyISE‘SYHTHEBIS OF HETEROPOLYMETALLIC COMPLEXES
. t .

. ) ’

" ®he nickel trimer desoribed in the general
introduction is an example of the steﬁwise'synthesis of
hombpolymétallic,clustgr formation-using the TRIPOD ligand.
The Fe-Rh.comﬂlex in the séme section gxeﬁplifies stepwise
‘heteropolymatallic cluster synthesis.

In the case of mononuclear molybdenum-TRIPOD chelatea

such as those for which crystal structures have‘beep
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\
performed in this study, coupling these to Rh(1) complexes
as guitialiy attempted, this 1nvestigation{wae not success-
ful. - \ N . h

Results for the two structures indicate positivély

that room exists for “the complexation of a second metal

centre. The difference in the molecular geometry between'

the two complexee infers, however, "that the chloro-~-allyl

derivative may not form a metal-to-metal bond quite so

easily as the plain carbonyl due to the configuration of
the third phoephino function relative to the chloride.

This geometry may undergo rearrangement to a more favorable

configuration in the presence of a suitable metallic frag-

' ;ueﬁt. .This may be possible through a trigonal twist mecha-

" nism.61,62,63 - '

Molybdenum(0) tends not to form metal-metdl bonds un- -

~der mild conditions. The cyclopentadienyl carbonyl anion,

however, may be dimerized in the presenc'e of a'suitable ox-
idizing agent “(i.e., Fe(NO)3).64‘ This method may be
employed 1in the prepanatioh of heteropolynuclear Mo(0)
complexee supported by the TRIPOD ligand. The tetracarbon-

¥yl TRIPOD derivative could be converted to a sodium salt.

uain& Na/Hg amalgam. This could be mixed with ath(1)
complex in the presence of ferric nfhggte possibly. coupling
' the two species. This route might be émgloyed to couple
the'moiybdenum complexes to other.fragments such as
tungsten and iron cyclopcntadienyl carbonyl anione.58'59f65

Another possibility for preparing TRIPOD clusters in a
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stepwise fashion comes from the reaction leading fo the
RhCo3 complex for which the crystal etructure appears in
'Section 5.3.1. {The Rhodium precursor of thie complex may
serve as\a,etarting point for reaotiogs witﬁga number of
:fom;xed-metel clusters. ) | ‘

T3 OTHER HERTEROMETALLIC TRIPOD .COMPLEXES ’ ot

Isoletioh of the TRIPODioapped-derivative‘of the com-
plex (CO)Cpfe(JL—00)200(06)314’15 wvas not satisfactory.
Preparation of the TRIPOD-free complex s eimple15'65'
however, reactlon with TRIPOD results in the formation of a
product which thwarted attemps at its characterization both
by epectroscopic and crystallographic techniques. Other
methods to atiempt to isolate the desired product imcluded
reacting the anion [¥pFe(CO),]~ >B(with TRIPOD ol lowed by
réactioﬁ with COZ(CO)B‘ Failure by this route led to the
preparatlon of the cation [CpFe(CO 3}*59 Thie cation was
‘then reacted with TRIPOD in a 1:1 molar ratio. The re-
'sulting product. was reacted with Co0,(CO)g yielding a green
solﬁtion‘which was more brilliant -than the olive color
) obtained by direct reaction of the preformed hetero-complex
with TRIPOD. Isolation of product however, v;p not euc-n
cegsful. A third attempt was. to try reacting the TRIPOD
ligand with CpFe(CO)ZI This complex in the presence of
excess PPh3 affords a mixture of* 38% CpFe(CO)PPh3I and
' 50% [CpFe( CO)ZPPh3]*I 60  The reaction did not give an

\
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- A

- easily -1dpnt1ﬂ”a'b‘1e product. Due to time limitations and |
the qucceas_?ul isolation of the product which has‘been for- -

mulated as .'COZ(CO)S[HC(PPhg‘.)j] (Sec. 3.2.4.) work on the
CobaIt—IrOn target was terminated temporarily. The target

molecule is given 1n Fig. 7.3.1. ) '
B . , . ‘ N \\ .

[N ’ ‘ —__-c [ . ' |
Io\ co / .
o ¢2 ¢2
¢z \Ll/%z ° ¢/
. C
Figi 7 03‘01 &
,'C'onsidering*the ease in which tl_xe'TRI'POD ligand reacts
wi‘th' 002(00)8,‘fu;'ther za.t'l:empté~ to prepare this complex may g

‘be -successful by reactién of +the Cobalt-—TRIPOD complex
prepared in this atudy (a8 outlined in. Section 3.2.4.)

1
a

g o with one of the above-named cyclopentadienyl iron species.’
W
i
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