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A brlef chemlcal lntroductlon is glven whlch

1ncludes short diacu551ons of the pr1n¢1ples of oxldatlve

: addlt;oh, the hlstory of the solutlon studles performed

on tris- trlphenylphosphlnechlororhodlum(I) - known as

= Wllklnson s catalyst, and- types of dloxygen coordlnatlon.

_'The dloxygen derlvatlves of the above complex -

- and 1ts 1odo analogue were synthe81zed The crystal and

Iy

&nmlecular structures of the red ‘and orange modlflcatrbns a

"with 1 molecule per unit cell (D

‘brldglng the,rhodlum atoms in a novel manner.

C1.411; o

1ment“converged'at'R = 0.049. The molecule contalns a

.,t

of the catalyst and its bzs and trzs trlphenylphosphlne

dloxygen derlvatlves were determlned

[T

st

Q{ The bzs-phosphlne dloxygen complex crystalllzes;r

e
N

in the space group‘PT {a, 13 889(7),‘“, 13. 678(6),*c,}{j?

‘11 433(5), A; o, 105.73(4); B, 115 72(3); ¥ ;\;oo 97(4) y

1.470; p' | 1 469

bs' calc’

5.g—cm_351 ‘The model converged to a flnal R factor. of 0 044r

.

_The complex 1s a dimeric spe01es w1th dloxygen molecules

} A
The trzs—phosphlne complex crystalllzes in the .

Space group Pbca w1th 8 molecules per unlt cell (p b;,
cem3y) 1 oA .
calc’ 1.416 g-cm ™). - The axial Paramegers.are.

: . o o .
a, 24.817(4); b, 18.359(2); c, 23. 200(4) A, ’The refine~
N ) ' :

[S
v

’ -bonded dloxygen ligand with add1t10na1 hydrogen bondlng

‘belng ev1dent A dlscuss1on of the dloxygen bondlng in

Giv
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both derlvatlves is included. .
The orange allotrope of RhCQ(P(C H ) ); crys;

(a, 19. 470(3),

2y I

'talllges in the space: group Pna2l

with 4 molecules per unlt cell
-3

12.689(2); ¢, 18

| (pobs 1.363; Pca ) e Thefreflnement con-

"verged at'a’conventional R facto of 0. 047 " The complex

has a square planar central .geometry w1th a small approx-

1mately tetrahedral dlstortxon. >

The red’ modlflcatlon £ RhCRLP(C6H5)3)3‘crys—;

talllzes in the space group Pna2l (a, 32. 96(1),‘b;r:_;

NS P 71(2), c, 11.013 g-cm” ) w1th 4 molecules per unlt
. A \\ '
1

. . ) N : -3, .
(Pops 1.382; pcalc’ 1.379 g-cm “). The reflnement

converged at R = 0.042, NThe complex has a more dlstorted
central geometry than the orange form. Varlatlons in the

.

rhodlum-phosphorus and phpsphorus ca&bon bond lengths o
w1th1n the ‘same spec1es are dlscussed and comparlsons
drawn between the "two forms of the catalyst and the two"
dLoxygen derlvatlves. .

_ \-. Two very brle} appendlces are 1ncluded and give
fexplanatlons of computer programmes used and symbols not '

deflned rn the text.




* . . . . .
’ o R - . .
. )
. ! Lt .:

f‘\

ACKNOWLEDGEMENT

Y

The author wishes to express hls thanks and
ﬁappre01atlon ‘to: )
| Dg. M. J. Bennett for his guldance and help L
through many 1nformat1ve dlscu531ons : ';;

The crystallography grduﬁ fOr thelr help and4
frlendshlp ' ’
‘Ms. Lavine;Straub ferﬁher preparatien df thie
: manuscrlpt - _‘ . l . ? ‘ T
| My w1fe and parents for much‘eﬁ/ﬁort and.
patlence durlng my unlver51ty studles
| The Unlverslty of}A;berta fOr fiﬂaﬁcial Support.

-




‘CHAPTER

. S

g

III THE CRYSTAL _AND MOLECULAR.STRUCTU?ES; o
OF [(C: )Rhcz(P(Ceﬁ*s)ﬁz CH2C1212-------.-"&-"34'“
v ) | Expérlmental.......;...,....;;.;....; .34v
v . . Structure Solutlon and,Reflnement.... 38
A ‘ Results............................;.v 45
7 :Dlscu551on....................L;..... 66
IV‘ .THE CRYSTAL AND MOLECULAR STRUCKyRES
7 OF [(0,)RhCE ((C, n5)3) $2CH,C1. 1 74
Experlmental.;. Sl ."74
. Struétu;e‘SQf“ . 77
\ . 83
T . 107
v ) |
Y, OF Tﬁﬁ OR
’ . . 112
S uparlaigiaBs L L2
e Cur i . 115
~ . 122

| o
\

TABLE ;D CONTENTS

b
o L Lo e !
CHEMICAL INTRODUCTION--{--*~~7' ﬁ;
? Principles of Oxidative Addltlon.;j.;oiﬁ
Solution Studles on RhCl(P(C 5)3)3,;¢i58
'Z Dloxygen Complexes...........ie..,,f.?f;;fl2
SYNTHETIC STUDIES _ ST o

"""‘?""""P"'3J"

'-A‘Q-IO‘.\oooooo.o-’-....o. 144

AN
% ,"’
b
".
/
i
L
Z’
-



TABLE OF CONTENTS
CHAPTER = . . . . . 7. page

VI THE CRYSTAL AND ‘MOLECULAR

' STRUCTURES OF THE RED EORM OF \ "
[RACR(P(CeHL) 3) 3l e ennninfii il 148

EERN

Experimental........... .,l;}......;.'L48

' Structure Solution and Rdfinement.... 150

RESULES .« evutvnnnnenninnneenananisl . 156

DiSCUSSIiON. . it tevenerannneeenanenenas 180

R
- e Ny

<

:fff (kEFERENcEs.......?.....Q.;.,.t........:.,...{(>u. 193"
o ' S

% U APPENDIX '1....;.........;?fffix,.t.....;.,.,.;. 203

A

oy

o

. APPENDIX

i . -

2u...l.ﬁ....;.}.;...;.....:....:.....; 206

. . , : ‘ . . -
© . . - 1}
Sy
o . .
e . \
i ¢ . 3
c 17 i o 1
St . \)
O ST .
i | N
SN . !
PN
. s - ( A
. - : § o
BT v Ve
[ T
- . [
T L .
o B
- ) RN - .
oL s .
AR viii .
."-.‘) ! \ i . -
77 . t
. v /
- T : &




w0

. v N -
R ST OF TAELTES 5\ :
.‘\% .‘v::
Table - Desc '~ticon _ Page
Chemical Irtrou o gﬁ
1 Dioxygen Mole‘u, v Orkital e
Confi ~ » s ... . T 17
2 © Simple uxyy. = Spor \5..;.;.;...,...;.... 19
3 - T-Bonu.< Dioxwger Complexes
. AClass (1))........ Ce et tien e seeeas 20
.,;‘/(' . :
47 vclass (11) Dloxygen Complexes.....;.. .. 21
Chapter III S . . -
5 Assigﬁhent of Patterson Peaks........... 42
6 Sttuctufelsolution.Refinement Sequence;. 43
7 Rcfine@ent Seqiience for Model.....:ue.... 44
8 | Observed and Calculated Structure - .
; Amplltudes.........uc.;_ ...... R <., 46
. 9 . Atomic Coordinates of : o :
- I (OZ)RhC,Q,(P(CGHS)3)2‘Y°CH2.CE.2]‘2.."....',.... ".50
.10 Anisotropic Temperature Factors......... g7
11 Interatomic Distances.............. “vee. 58
' 12 Interatomlc Angles e :;;,....;." 59
13 Intramolecular Non * Bonded Contacts ;.',51'
14 Intermolecular Non Bonded Contacts...... 62
Chapter IV
15 Assxgnment of. Patterson Peaks........... 79
16 _' ~Structure Solutlon Sequence............. 81
Cix



“Table -
17

18

19

21
22

23

'fChaEter \'%

25
26
27

28

29
30
31

32

. Amplitudes

- ¢
‘> List of faules .}' v '
(continued) i T
‘ _ ‘h.v gi_:“. %_.\u; ,_}.¢% }w
fbescription"' &‘} Page
Structure Refinement Sequencé.;.;...{e.-':ﬁz
Observed and Calculated Structure _
Amplltudes..................-i,....:L-., 84‘
Atomlc Coordlnates of : e -
[(03) RhCL (P (CgHg) 3) 32 2cm Ct, 'y ceseecenes 89
Anisotropic Tempereture Factors;.;...;.. 98
.Interétomic.Distances...-.,,;.-....;... : 59
interatoﬁic~Angle$ ..... el ...7 100
to ]

In:cermolécular Non-Bonded Contacts...... 102

Ihtramolecular'Non-Bonded‘Contaqgs..,g.. 103

'
‘. ‘<

C )
N . ) . e
N
. - . 1 N
. . . N . ’ ~

o

' ” ._ ' ) ; l' . .
. Assignment of‘gatterson Peaks...c.ceee.. 119

Structure Solution Sequence.............'120

Qay

‘Structure'Refi emeut Seduehce;........;. 121

Observed and. Calculated Structure ,

i eeeses cecencscesdennnaas 123
Y N
s...{.....ﬁ............ 126

Atomic<§oéf

Anlsotropl'r
¢'

Inﬁpratomlc Dl%tances..........;......C. 136

I!flteratomlC Angles. IR . .,"o e .‘.7. -o-- - .‘ 137 »

™)

33 \\\Entermolecularban-Bonded'Cbntacte.;;... 139

:al Parameters..;......., 135

i



L e N
Tgble

34

35

36
.37

38

39 -
40
41

42

.43

44

45
46
47

A

. , \

; ‘List of Tables L f ',1

.(continued) - '

Describtion?“ | o | Paoe 5
'Intramolecular Non-Bonded Contacts ...... 140
LA551gnment of Patterson/Peaksw..' ....... ’.: 153 ~
Structure’ Solutlon Sequence ....... SR iS4
Reflnement Sequence for Modellz..;....;n _15§f
"Observed and Calculated Structure . . '

‘ Amplltudes...,.......;....{.. ...... ,;.;i 1157‘
Atomic Coordinates......... PO R 161 )
Anlsotropic’Temperature Factors......... 170
Selecced Iﬁ#eratopic Die}ances..;...f.j.u 171
Selected InttamolecularvAngies ........ < ‘1727\
gelectedvlntramolecular Non- Bonded . e". ‘ .
ontactE;...T ..... SERREER f'°"'7wf ....... | 17{ N
Intermolecular Contacts:; ....... v..;...g.‘ 176-~ “
Best Planes forJD:z(p (c H5)3)3...'._. e 181
. Dlstances in %PC2P3 ?tIUCtUEFS‘i‘."';';’Al@é'fU f
‘Varlousfinteritom;c Dlstances..f..z" ..... ‘ ;89_"
Diokygen Complex Digtan@es.............. 190
' R : 3 _ag
/ G

s '-‘4’,.‘



LIST OF FIGURES c
Figure
ChaEter I
1 Dloxygen Molecular Orbbtal
) ‘ Geometries ;
Chapter II ' ’ﬁ{‘.i_‘ _ B
| 2 ///ﬁggzgaténce Spectra of V. :
,\. . . R_hCQ,(P (C6H5)3 3-.00-.0. . -‘o o‘. -.Tt- . c--_-; 27 . :S‘:
/. o / B e 7
3  - [to, )RhCSL(P(C Hg) 3),.CH, c%z]2 | o
. Qﬂhermal Welght Loss............... ...... 29
4'” - 41 frared Spectrg of Dioxygen : o
t’f ] ‘_uD lvatlves R s e e ‘:Q.)". CECEE I 31
' o= - { ' R S A
Chapter IIT . _ . '_F o ‘K”ﬂ? J’
. - ' A General View of ‘ - . °
ke [(92‘)RbC2.(P‘(C>6H )3)2.]2...4.....\......'.,~.. 63
6" Dioxygen Bridging Geometfy..f.;..s....;. 64
7. Subun1t~V;ewed down P102l DlIeCtl Geees GSAK
Chapter IV ‘ '
yJ '8 - = , A General View of " é_',
IR b - [(02)RhC2(P(C 5)3)3 2CH2C£ ]...........104 a
. : N - A L A .
.9 ‘ _‘ View ddwn Pl-Pq Dlrectlon.« veeeosse s e 105 e
10 -7 View down Rh-P2 Dir=ction..........i... 106..
: ‘ ‘ A . o .
Chapter V S - : ( '
. ' [ ’
11 KVlew of [Rhf‘Q,(P(C6 5)3)3] Central . R
A \Geometry.li.l".l.....‘..............-. 141
_ \\ ‘ _
12//—\j> Vlew down Pl-P3'Qirectibn...;..g....;,. 142
13 - . - A General View of tﬁé%@oiééule.....;;.. 143
N B - B / . » * : »
. | N ——y
xii

e



G

..

“. "ListﬂbﬁrFigures ST
' PR ' 4‘ v . ) ‘ ):: . v
~ (continued) v g e ,
o , S ;
. ‘ ,
N L ‘ ) . i‘!’ Page
‘ - . / A S ?.-‘:" S
H \-‘ R v ‘ o,
A G@heral View of RhCE(P(C

)0y !
(red) ........ - s

-/Q..Q.v...-.......‘-,....;n..
Vlew,dOWn Pl—P3 Direction..;......;;;..

g

Vlew Perpendlcular to Pl- P2 P3 Plane...

Q

re
- : T G
. n B : . - ’

. .
. g /“ X .\)' ."- . “ "’
- s N
, “' 5 % -
~ . .
.. ) .
- @ X
L
< Lo
» . ) ‘\ . i -~
. ' to . .
[ N 7
— LT E
< . v
. ! r S .
> B
? . . ;
r L B
» /Z}\ '
_ e o : ‘
e e . .
Al
bl -
»
hY
[\ -
e o, ,
. s
.y sgy
i - » . o *
Vo
.

17T

.
Iy

178

479

e

-/

#

5!




\’q.

o

CHAPTER I

Chemlcal Introd‘ ion Co o

Transition metal complexes are known to be.
very reactive in promotlng chemmcal reactlons,and play

Aan 1mportant role in the transport of molecular oxygen.

One such complex, RhCR(P(C 5)3) 2, acts as’ a homo—_

N

geneous cataLyst in' a ‘number of chemlcal reactlons

9

and blnds molecular oxygen. It ‘was exten51vely studied

when the research descrlbed in this the31s was 1n1t1ated

~.
The follow1ng points are 1mportant when cons1der1ng

fhomogeneous cata1y51s by this complex: (1) the general
);_ .
pr1nc1ples of oxrdatlve addltlon, (2) the hlstory of

e

the”solutlon studles Sf\ggﬂz(P(C6H5)3)3 and .(3) the
[ pes of. dloxygen coordlnatlon in tran51tlon metal

complexes. These tOplCS“ Ill be brlefly presented in

thlS chemlcal 1ntroductlon. - »
" A number of publiCations have appeared dealih@

}

‘w1th tran51tlon metal ,complexes that react 1n a catalytlc

maEnner and these have beeﬁ class1f1ed as proceedlng by

4,5,6 7

mechanlsms such’as- oxldatlve addltlon ' 1nsert1Qp
ligand exchange 8 and reactlons w1th Lewls ac1ds or -
baSes'g. AttemptS-have-also been made to butllne;the

fundamentals of catalySLS more gener ly ,.however

-no scheme has been presented ‘except perhapS'the'lG.and



';:‘Princ;ples-of Oxidative Addition

2
: 12 ‘Y
18 electron rule T whlch relates the dlfferent

reactlon types or permlts mechanlstlc predlctlons

The term oxidative addition has béen used to

describe a.large variety of reactions 4in ‘which an in- 4

crease in the 0x1datlon number of the metal lS ‘accom- o

.t uj

panled ) an 1ngrease in the metal coordlnatlon

The ox14atlon number is deSIgnated followxng
conventlon of aSSIgnlng to the ligands he conplex
,‘fthe shared electron palrs whlch constlsgiefthg’Petalﬁl‘
and o-bonds, %/A typlcal reactlon of this type is
the. hydrogenatroé of Vaska s compound 13 14 depicted ln.

4 equation 1.

(I) o CHN Y wn o (III) |
ir : (CO)cz(p(c6H5)3)2 +H, - (co)ci(p(c H5)3)2H2
S _ n , R

1)

Py

>

The occurrence of ox1dat1ve addltlon reactlons
hshows‘an inverse dependence of the preferredmcoordlnatlon
number w1th the d-electron populatlon of the trans1tlon
.metal. ThlS trend lllustrates the constralnts of the
18 electron (or noble gas) rule where stable conflg—
uratlons of complexes are restricted to those in whlch
;‘the total number of valence electrons (comprlslng the
dtran51tlon metal d electrons and the a-bondlng electron -
| palrs donated by the llgands) does not exceed 18. Other

PSR
e
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stable conff r>° :ns usually having‘lG electrons are

f .
known as coc~dinat’ vely unsaturated complexes. These . Cf
unsaturated S slexes undergo a large number of catalytlc

reactlons and coordlnatlve uﬂ%aturatlon is a prerequlslte ,

for cata1y51s and usually a prerequlslte for.a complex \
3
to be able to react by an ox1dat1ve addltlon mechanlsm.

The closed shell conflguratlons correspond&ng to 18

valence electrons tend to be partlcularly stable and , :
v o .¥

w1despread

Oxldat\ve adstlOn of Vaska's compound could

N2

be represented aS(

. , -2e Yoo : o
ML, + L < M ' ' (2)
4 2_" +2e IB L !
v o v ([
d8 (16‘electrons)‘, ‘d6 {18 elettrons) ' '(%
o . . 15,16 - : .
however Vaska eg?al., , have shown such a c%gss—
1f1cat10n proceeding by a two electron step, to be e
\ .
unreallstlc Aney.found that the concept of integral*

'ox1dation states for the metal did not agree]dith the -
gradual varlatlon in the. carbonyl stretchln/;\?equencres '

as” llgands of varylng electron acceptrng.abllltles~g“ , 1 7
(ac1d1t1es) were coordlnated Thesé frequenc1es varled

from 1967 cmvl in the parent d8 complex, with an

ox1dat10n number of 1 0 to a f1na1 value of 2075 cm 1“

for chlorlne addltlon,’lrldlum oxldatlon state 3 0 The _-5:‘

j\\‘r'ﬂ:f" N _1
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A'carbonyl stretChing frequencies were used to asslgn
relative oxidation‘states to the metal. It was found
that the addltlon of llgands was ea51ly reversible to
a relative oxidation state of 2,24, stable but still Q
reversible from 2. 46 to 2.85 and stable 1rrevers1b1e

S from 2. 85 to- 3.0. The complex RhCR(P(C 5)3) has no
such convenient spectroscoplc feature and structural

‘»

studies are requlred to furhish similar information.
; o . ;
0x1dat1ve addltlon reactionsof these complexes

should not be considered as 1ntegral donatlons of
electrons from the metal to the 1ncom1ng llgand the
‘Qcoordlnatlon number being increased s%rultaneously; but
rather as a gradual sharlng of charge dependlng upon the
electronegat1v1ty of the- new llgand ngands accepslng
only small amounts of charge would not be expected to
coordinate strongly or 1f dlatoml molecules they ‘would

not be partlcularly perturbed by such donation. Con?

versely llgands such as Clz acceptlng large amounts of:,

charge from the metal would be highly perturbed bv this

15

charge addltlon, strongly bound and the orlglnal dlatomlc

- structure destroyed Othér ev1dence to support ‘this
1ncludes the. structural d}

ta on dloxygen derivativeS-of \

Vaska s compound'17'18{1? and 1ts analogues 20, Yhere

it was found that the greater the perturbatlon of t

dloxygen molecule (as 1nd1cated by the 1ncrease 1n ‘the

oo

-
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oxygen—oxygen Jistance), the more irreversible was the

‘oxygenation. (O )Ir(co)cr(p(C H5)3)2 has: an oxygen—

- oxygen dlstance of 1.30(3) A compared to l 5&(3) A in

" the iodo analogue. The first complex can be deoxygenated

‘reactions of related,lrldlum and other deucompleXes

also ) flrst row. Vaska et al., found a react1v1ty

"l 63(2) A and agaln the oxygenatlon was 1rrever51b1e.

whereas the'second cannot.‘ This trend was also re- /Z/-
flected in the structure of the complex (O )Ir((C ) - e

)

PCHZCH P(C6H5)2)2 where the oxygen oxygen dlstance was
Vaska and a number of other authors have studled the

with gaseousimolecules. '%he‘various influences‘upon
react1v1ty have been separated and studled as follows.
Vaska et al., 2; studied the role of the metal
by substltutlng cobalt and rhodlum for 1r1d1um in the
complex Ir(2—phos) X, where 2= phOS‘\flS (C )2PCH=CHP -
4 6 5)4 . Although"a

number of studies 15 22-24 haVe been carried ¢ it, com-

(CGHS) and X : C2 I_,_ BF, ,” B(C.

pgrlsons had only been made between second and third
row tran51t10n metal complexes where the usual react1v1ty v

order was- thlrd row ) second- row and bv assumptlon

. order of Co) Ir> Rh. They also noticed that the -

enthalples of actlvatlon were proportlonal to the

electronlc exc1tat10n energy of the three complexes andv

p0551b1y 25 26 to thég;—llgano field stabilization | ' .w

2
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-.energles. The 1n1t1al structure of the complex was also
found to be 1mportant as CoCQ(P(C H5)3)3, reporteéiy tetra-
hedral 27, was relatively 1nact1ve to hydrogenation and
0xygenatlon, whereas the more planar rhodlum analogue 138

is reported to be reactlve 3. Ibers et al. 20 28 and

Amm ﬂagf 1., concluded from structural data on 51m11ar
“complexes thatgthe overlap betweéh~the ligand and'Sub-
"~ strate orbitalsluas less -in rhodium‘than.iridium com-
plexes, ouing to. the hlgher'energies'of'the'rhodium da
orbitals.v. | o | |

Vaska, Chen and Senoff 14 examlned the role -

)
of the hallde and found that the reactlon rate was
proportlonal to the ba51c1ty of the complex in the serles
(0 )IrA(Co)(P(C H, 5)3) 7 AtF, NCO, oczo3, Ci, I etc. In
addltlon the free energy of actlvatlon increased with
1ncrea51ng energy of the electronlc transition in four

k]
halo complexes. The calculated enthalpy changes for

oxygenatlon were also 51m11ar to that for oxymyoglobln 30.
| Vaska and Chen 3L compared the ratkes of :

.oxygenatlon of Ing(CO)(PR3)2 and found that the. rate of

.formatlon and stablllty was dlrectly proportlonal to the N

'basﬁk}ty.of the phosphlne llgand; Steric complications 32 .

" were also apparent ds ortho substituted groups dld/not

& -

kundergo oxygenatlon whllst Weta and para substltuted

analogues dld Other bulky llgands also appeared to

L2



inhibit the reaction. These effects have been illus-

Ty
e

trated st;pcturally as the more basic'complex

3 L
(O )Ir(CO)CQ((C6H5)2(C2H5)P)2 3 had a longer oxygen- y:4

. © e
oxygen bond length (1.46'(2)A) than its less basic

: analogue‘(02)Ir(CO)C2(P(C6H5)3)2:
15,16

(1.30(3)1).

)
and others 34-36 studled

oy Vaska et al., -
the effect caused by changlng the 1ncom1ng covalent
molecule and found 'that' the chlorlne-lrldlum—carbon
angle varied considerably.,”lhey prooosed that -in
keeping with the concept_of non—ihtegral metal oxidatioh
»séates, the geometries_could be interpreted as involving

fractional coordination nuﬁbers of the ﬁetal as some -
structures were clearly 1ntermed1ate between regular
<structural types.' When.the ‘acidity' of the incoming
molecule was 7aried 1t was found that  the greater the
*ac1d1ty, the less rever31ble and more rapld was the
‘resultlng reaction. | A
Perhaps a betterlmethod:of comparing these
compleXes_is as a series‘of compoundeeitherlhaving le6
or 18 electrons'dependihg'upon.whether the'complei is
s coordinatlvely.unsaturated or saturated. ‘These _ >
.electrons should not he’designated as heing‘gpecifically"
associated with either thevmetal or lfgand orbitals but_
tlrather as belng 1ocated in a series of metal- llgand

vorbltals, the nature of whlch depend upon the- ba31c1ty

of the 1n1t1al metal complex and. the ac1d1ty of the



incoming ligand. : .Y

Solution gzudiés of RhCR(P(C H

4§ ..

5)3)3 |

The initial publlcatlons of Wllklnson et al, 3
Y .

and Bennett and Longstaff 1 suggested that RhCE(P(C H5)3)3‘

underwent,an initial dlssoc1at10n step with loss of
trlphenvlphosphlne upon dlssolutlon. The research men-

tloned in thlS thesis was 1n1t1ated when this was'still

. the accepted viewooin ~-J£ suchidissociation-did take -

place'then/@he soidtZi:f;;ecies would eithér'have solvent
coordlnated to the metal or. be coordlnatlvely unsaturated
with a minimum of 14 electrons in degassed solutlons

In recent years a large'amount’of research has been

dlrected towards the understandlng of the nature of the

A

to the action of RhCP(P(C6H5)3)3 as a homogeneous

solutlon catalyst. In addltlonqlf ‘such solu%’on behaV1our»

-
was ‘correct then there appeared to be. 1ncon51stenc1es

between the osten51b1y 51m11ar compound Ir(CO)C%(P(C H5)3)2'

and RhCE(P(C 5)3)3 ard the rhodium complex would not

-

react by an analogous ox1dat1ve addltlon mechanlsm.

Eaton and Stuart sé%dled the 31P NMR‘of

-

RhCl(P(C dﬁ)3)3_in5CDC13 and’ found no peaks of significance,

assoc1ated w1th free. trlphenylphosphlne. They did however

flnd some evidence of trlphenylpﬁosphlne oxlde and when

_ the concentratlon of the complex was lowered to 1073 M,

A

&7



some small peaks p0531bly representlng free trlphenyl—
phosphlne were observed. They concluded that the degree
of trlphenylphosphine dissociation wasyleSS than 5% in
‘solutions with concentrations in excess of 10-2.M: In‘
addltlon there was no ev1dencefof hallde dlssoc1at10n.
The coordlnated trlphenylphosphlne czs f%ans spllttlng
was then studled and the actléatlon energy for ecis-trans
vlsomerlsatlon found tofbe ~6 kcal- mole l.J The rate of
thlS 1somerlsat10n was greater than the rate of llgand
exchange.v A 51mp1e dissocy tlve mechanlsmrwas thus
eliminated as the mechanism of isomerisationf They then
concluded that although the ;nternediate.COuld have been
a tetrahedral'isomér this was not confirmed and the

iy R <. .
intermolqcular mechanism probably involved' a strubture

 similar to an ion palr intermediate w1th one of the trl-
phenylphosphlne ligands less strongly bound than the
'other two. Their study dlrectly contradlcted the 51mple
dissbciative mechanlsm predlcted by Wllklnson et al., ln"
;solutions_bf concentratlon_greater than 10 Z,M. 'These
earlier conclusions were based uponlesmometrie stndies

'so Eaton and Stuart repeated this‘work and conflrmed

that the.mglecular weight of-the‘solution snecies;Was
approximately 600, thus 1nd1ciplng a bts-phosphlne complex.
The-inconSiste. 5% between the NMR and osmometric flndlngﬁ

thus remained. )

-
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Y

- been present causxng a lowerlng of the apparent molecular

10

. Augustine and Van,éeppen 38.fod%d that.the
dissqciation.of RHCI(?(C 5)3)3 occurred readily in ~
benzene but waS«completely 1nhibited by.even small -
amounts of ethanol:‘ their results agaln belng based upon -
OSmometric studies.. They also noticed that the amount
of oxygen reactlng ‘with the complerwas quite solvent
dependent and postulated the rather unusual speC1es
[(0 )RhCl(P(C6H5)3)2]20 as a prfduct However the .
analytlcal results leading to this formulation are far
from conv1ncrng; .The‘lsomerlsatlon of olef@ns by .

RhCL (P (C H5)3)3 was also found 39" to be most dependent
upon the: presence of oxygen and the solvent used.
— 40
- Lehman, Shrlver and Wharf . suggested that .

although the solutions used 1n/the osmometrlc studles

had alil been stated to be degassed, some oxygen may have

s

hS

Weight &hey rigorously excluded air from thelr experi-
ments and 1n1t1ally added BF3 to the solutlon.‘ If free - -

trlphenylphosphlne was present they should have obtalned

- the . complex (C ) PBF3, however no such species ‘was

:formed Freezing: p01nt studies were then ‘undertaken with

the solvents be;ng flrst dlStllled under nltrogen, degassed

at hlgh vacuum and transferred in a: hlgh vacuum llne 41 42

~ On four determlnatlons 1n bcnzene ranglng from 2. 39 x 10 -3

to 5.85 x 10 -3 M, they obtalned a molecular weight of



11

I

,~;950 f 40 cf. 925 for:the parent complex., Usigg -

.....

dichloroethane the value was ~920 for a 3.22 x 1072 M
solution. A trace'of oxygen-was then admitted and the

_ apparent molecular welght in both solutions dropped to

L)

ca. 600 (1n agreement w1th the prev1ous osmometrlc'
results) Iﬁ thus appeared that these earller results
§

were incorrect ‘and that the prese oxygen was' 1
;-
causing the lowerlng of the apparent molecular welght.Thls
\ .
'was supported by the appea;énce of trlphenvlnhosphlne oxide

peaks in the 31P NMR studles of Eaton .and Stuart as thls

complex has been shown 43 ‘to be a product from the reactlon

of 51m11ar homogeneous catalysts with oxygen. The 31P
NMR results were conflrmed at 51m11ar concentratlons by
,Shrlver et al. - f S - - | ¢
| Arai and Halpern 44 then determlned the equilib-
rium constant’ for dlssoc1at10n spectrophotometrlcally in
benzene (1.4(% .4) x 10 -4 M a?\25°C) and again suprrted
the amended conclu31ons that’;n more concentfated solutlor

(in excess of 10° -2

M), dlssoc1at10n was not exten51ve.
The nature of RhCl(P(C 5)3)3 Ih benzene and
-chlorlnated hydrocarbons under inert atmospheres thus
appeared to be settled As the hydrogenatlon reactlons
‘1nvolv1ng thls complex 1ncluded an {;1t1a1 1ﬁteract10n

with hydrogen it was necessary to flnd out whether thls

reactlon proceeded by a normal oxldatlve add1t10n

Y TR . : : - )
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- Moleculig Oxygen Complexes o o J
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'mechanlsm orllnvolved, as was apparently the case in the'
oxygenatlon reactlon, exp3151on of a trlphenylphosphlne

' upon coordlnatlon of the gaseous molecule.

Meakln, JessomfﬁﬁE"Tolman A5 undertook a uv

'-RhCl(P(C6H5)3)3 with hydrogen

:'.*;w ph

in methylen chlorlde and observed that as the concen—
Y

'tratlon of drogen was 1ncreased only One lsosbestlc

lp01nt was obtalned (360 mu).‘ Thls 1nd1cated the presence

of only two chromophorlc spec1es 1n solutlon. From\thelr

addltlonal 31P and lH NMR studles they concluded that

'these species’ ‘must correspond to the equ111br1um
- ~

-

H2 + RhC2 (P§C6H5)3)3,’ r HthCR (P(cC, H5)3)3 (3_)

This reactlon could then be con51dered as proceedlng by
an ox1dat1ve addltlon mechanlsm. Tolman 12 has proposed
a complete mechanlsm for the hydrogenatlon of a termlnal
‘olefln by RhCR(P(C 5)3)3 w1th two paths arlslng from the

poss1b111ty of coordlnatlng hydroge?7or olefin 1n1t1ally.

/

i Molecular orbltal theory has glven an - explanatlon

for che blradlcal nature of the dioxygen molecule in ltS

46 (3

ground state" 2) Table 1l shows the molecular orbltal

-

conflguratlons. varlous states of dloxygen. The exc1ted

: {state-le2 is dlamaqnetlc and is located at 23.4 %;\if

mole 1447 above the aroundstate. The other dlamagnetlc

r__// é

N



. . N
) . : . N
. | - o 13 -

B 3

The other diamagnetic state 12 w1th oppdsihg splns

.requlres even more energy (37 5 kcal—mo e l). The

&Lﬁ@ should be

superoxo ion (O2 ) ahd the peroxo

;

paramagnetlc and dlamagnetlc r pectlvely.

’ The geometries of th' dloxygen molecular

'orbltals 48,49 are shown in Fi
CA‘Q
3
Z),-@2 ‘an

1 ‘and the‘oxygen-oXygen

dlstanCes in 02 ( gr have been measured and

are llsted 1n Table 2. As a result coordlnated dloxygen .

has tended to be cla351f1ed on its oxygen—oxygen bond
length alone and riot by con51deratlon ‘0of the geometry
of the coordlnatlon between the metal and the dioxygen
molecule. Spec1es such as. (O )IrCQ(CO)(P(C H5)3)2 and
(O )IrI(CO)(P(C H5)3)2 w1th oxygen—oxygen dlstances of -
1. 30(3) and 1 51(2) A respe@?ively, have thus been-
T.cla551f1ed 1n1t1ally as contalnlng elther a superox1deh

or perox1de ‘ion. They should however (as, mentloned

earller) be v1ewed mnore reallstlcally as anolVlng dlf-

ferlng degrees of chcrge transfer from the ligand to the»

metal and vtce’versa nut not 1n an 1ntegral fashlon.

i

Unfortunately these bondlength cla551flcat10ns have ‘been

exten51vely used in the dlSCUSSlOH of the bondlng w1th1n7

a number of the followﬁgg dloxygen cobalt complexes (see
Table4) = R

- E Compounds undergozgg)oxygenatlon have .been of

1nterest for some tlme as oxygen transport ln blologlcal

S RS,
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™ L 4 - Ia

£, . .
43-58

and a number of autox1datlon reactions

Y Y

I

are thought to proceed by the formatlon of ‘an 1n1t1al

\ SYS ems

-
C vt
,

oxygenated complex. The first example of a synthetic

rever51ble dloxygen carrylng complex was prepared 1n o
1933 59, ‘whern it was found that red brown crystals of
bis- sallcylaldehyde ethylenedlrmlne cobalt(II) darkened
- on exposure to air. It was five years before this dark—
’enlng was attrrbuted to the reaction with molecular S
:oxygen 60. Much research 47, 61 63 has been d1rected 1nto
' understandlng the nature of this complex and- other dloxygen
species.. = - - B - T

Deflnltlve studles of the structures of dloxygen

: complexes suggest three major structural categorles-

)

o B N . —o0
M__/ M/ -\_o/ or M/ |
\O’ L »,

w (11).

some of whlch are represented in Table 3. Thelbondlng in
"these complexes was flrst proposed by Griffith 64¢&nd is
: dlscussed in later chapters. A number of cobalt complexes
‘with. class (ll) structures are known, thetmore 1mportant

»lmentloned in Table 4 These complexes have elther a

Planar. y-superoxo ai

EELS N
L

jgen brldge, the compounds thus.



< 5 15

being paramagnetlc w1th oxygen oxygen distances 8f 1.28:=~
1. 36 A- or a non planar u- peroxo brldge in dlamagnetlc
species w1th large varlatlons in the tor51ona1 angles

and oxygen oxygen dlstances when. compared to H _Theﬁ

2 2‘

u—superoxo complexes €an occur in eltherustaggered‘or

-eclipsed conformations.

’

Class (111) complexes -‘are postulated to contaln
a bent dloxygen—metal bond . This has been observed in

the structure of - [Co(bzacen)(O )]Pledlne, bzacen =

65

_((C )C(Ov)CHC(CH )N(CH2 )) where the cobalt-dioxygenf

angle was 126° and the oxygen- oxygen dlstance l 26(4) A

A number of s1m11ar rever51ble oxygen carrylng complexes

66- -69 70

have been studied and along w1th oxycoboglobln

and oxyhemoglobin7l'72 have been postulated to contaln

- similar structures.

L4

.

A large amount of research has been dlrected
towards understandlng the mode of oxygen addltlon to
hemoglobln and the matter stlll requires rwsoluti0n7§‘The

of Grlfflth and Paullng 73 have both been

'found to rep esent structures in synthetlc analogues.

o The bent dloxygen—metal bond may be the more favoured

s

_ current v1ew because of the 51m11arrt1es 1n the structure»

of [Co(bzacen)(o )] pyrldlne to that of v1tam1n 51274 75

76

:yand hemogloblnﬁ « The pyrldlne geometry 1S\analoguous

to the hlStldlne 1m1dazole rlng close to the metal
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. : -

invthe/iatter two proteins. Studies on a reversible_

iron(II) complex 77 ‘'suggest that the oxygenatlon of
hemoglobln may be heavily 1nfluenced by the bulky peptlde
chalns surrounding the actlve 51te. These may prevent ’
the formation of a class(ll) brldged complex and ensure
.'the bent dlglygen bond. ' |
‘Other dloxygen structures have been postulated
for a varlety of synthetlc dloxygen complexes ?8779.withvx
llttle or no» structural justlflcatlon.v
| The dloxygen complexes mentloned in this the51s
may be v1ewed as belonglng elther purely to claSs (1)
or as . a mlxture of class (1) and class (11) structural

-j/catéyorles.
| »
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CHAPTER II

Synthétic Studies

Experimental
All reactions 1nvolV1ng gaseous molecules

. were performed 1n sealed vessels. The solutlons were

degassed by free21ng\1n a lquld h}trogen bath and
pumping on the solid materlal The gas ‘to be reacted«
was then 1ntroduced and the solutlon allowed to warm up.
. ThlS cycle was then repeated several tlmes.- Shrlver 4;_’
ssed 51m11ar methods for handllng air- sensrtive

u‘{;‘
compoun_s. - . S [ 3, f,tﬁ ﬂf

Infrared spectra were: obtalned using a Perkln ‘"
2

"Elmer 421 spectrometer w1th a. standard Sllt w1dth and
the ultrav1olet studies were carrled out w1th elther a\[i‘
Cary 14 M or a Cary 15 recordlng spectrophotometer. Thé

¥

former machine was used with a Cary 1411 reflectance;anﬂgﬁ

attachment and a MgCO3 standard block for the dlffuse

<
VRS

.‘

reflectance spectra. In¢€hls study only a whlte llght

_source was used as the uv 1amps did not produce hlgh :ﬁy'mha

'enough_outputs to give. a spectrum,

'aMelting~points were determined on'a'Koffler::
Hot Stage and during the slow heating of the sampIe; thei
mlcrocrystalllne structure was. examlned contlnuously by

means of a microscope. ST ' .

23



\m samples were used w1thout further treatment, later

24

The'micro- analyses (unléss otherwise

stated) were performed in this- department by Mrs. D.

Mahlow and Mrs. A. Dunn. The gas chromatography results
were-obtained’ by Mr. A. Clement of this department with
a Sargent recorder and u51ng an 8 ft. Linde-moleCUlar
sieve at 82°C with a helium. flow rate of 60 c. c.—minf%.
A Cahn Instruments Inc. Gouy Balance was_used by Dr.
. Day whonundertook.the magnetic measurements. All pass
.spectroscopic studies were performed in this department
}}ﬁith either an A. E I. Ms9 high rgsolution spectrometer
or an A.E.I. MS12 medium reshlution 1nstrument Both
',machines ‘were operated at 70 ;v. 3

bhemicals were either commerc1ally availagie

or, prepared as mentioned below.

Metthene Chloride v | . _"’: - R o L~
| o Three different brands of this solvent were -
tried with the reactions proceeding only 1n the brand
; w1th the mostéstringent spe01f1cations (FisheXx Sc1ent1f1cv
”Co;).; This—solvent was 1n1t1ally redistilled but as no
| effect was observed on the reactions when the Fisher

A

‘astudies dld not 1nclude this precaution.

a

Rhodium Trich é de ,
&

'5Qwafr"“ This. compound was purchased from the Fisher

7 .



Sc1ent1f1c Co. or from A. D. Mackay Ltd., the latter ,

materlal belng recrystalllzed before use.

‘Tris?triphenylphosphinechlororhodium (1) [RhCl(P(C6H5)3)3]-'
This complex‘was usﬁaliyfprepared by the method

described in the literature_l'3

alt@ugh one batch was,
obtained from Fluka AG,'Switzerland The crystals of the
orange allotrope of this complex werf”produced by a

| varlatlon of the usual methodf' A soiutlon_contalnlng

.ll g RhC23’3H20 in 40 mi etha;ol wa; added very slowl& to
-a solutlon of 10 g trlphenylphosphlne in 100 ml ethanol,
by diffusion through a filter paper over .a number of
days at 35°C. Mlcroanalytlcal anaIYSls (Calcd C ‘70. .13

H, 4.9; C2, 3.8; P, 10.0; &h, 11.1; Found: C, 70. 0;

CZ 3.8; P, 10.1; Rh, 11.2 ) were performed by

-y -

H, 4.9

Pascher Mlcroanalytlsches Laboratorlum,ﬁBonn, Germany.

‘ihese values were in e%cellent‘agreement. The meltlng

. point- of the compoundeas 134~ 136 C. _ |
Crystals of the red form of RhCl(P(C 5)3

‘ prepared for the structural study were obtalned in an

-~1dent1ca1 maniner ‘except that the trlphenylphosphlne

'-etganollc solutlon was added to the rhodlum solution.

; Mlcroanalytlcal analyses (Found C, 70.6; H, 4.9 )

,agreed wlth the literature Yaluesialthough the chlorined

’analfses proved‘ﬁnéatisfactorf, oﬁing to interference @?'.

- Al

-
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from rhodium or phoSphorus.-‘The melting point (138-140°C)
agreed with the literature value (138°C). The diffuse.

\reflectance spectra of both forms is glven in Flg. 2. °
Dipxygen bis—tr ;henylphosphinechlororhodium dimer
{(o )RhCl(P(CGH5 3)2 CHZCQZ]2
When oxygen was bubbled through a solution
contalnlng 0.25 g RhCIL(P(CGHS)B)3 in 15, ml methylene
‘chlorlde and the solutlon slowly evaporated at 7°cC for.”

two days a ~50% yleld of red—brown dlamagnetlc(crystals

was obtalned All meas . rements were made on this mater1a1
%

vﬁ@;whlch appeared to be homogeneous. Carbon and hydrogen .\-

?;!;alx;es (Calcd: C, 57.0; H, 4.1; Found:-'C, 57. 7;

. 4.2 ) were “in reasonable agreement Wlth the for—

_/r,mulatlon but the chlorine analys1s agaln proved dlfflcult

(Calcd- 13.6; Found- ~15 ).
. >Oxygen was. positively identified.in the gaseous

‘nthgfmal decomposition/productsbby gas chromatography _
,afternheating the complex in vacuo to 20°cC. 'The infra-
red spectrum of the SOlld residue showedtanv@bsorptlon_'
(v, 1120 cm” ) con51stent w1th the formatlon of complexed
trlphenylphosphlne oxide 43 101,v The dimer undergoes a
series of transformatlons during heatlng. The flrst
v1sxble transformatlon (80 85°C) appears to correspond

to the complex dlssolv1ng in’ 1ts own solvent of crysta}»

llsatlon. " This was followed by loss of solvent (110-120°C)
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Fig, .2

.Rg;ié§taﬁ§e.Spectfa~of'RhC&&P(C6H5)3)3
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to glve a glassy materlal whlch when heated to 134°C

tends to explode v1olently.: Thermal gravimetric analyses
(carrled out on a DuPont Thermalgrav1metr3g Analyzer)

-over . two days (Flg. 3) 1ndlcated that the complex\loses :
methylene chlorlde and a trlphenylphosphlne below 130° C
(gradual welght loss occurrlng above thlS temperature)

: At 500°C the mass of the re51due corresponded to a mass

”of 150 per rhodlum atom. Infrared and proton NMR spectra
(Varlan A60) verlfled the ‘presence of > free trlphenyl—
phosph;ne in the’ subllmate collected on the cool 51des

- of the evacuated reactlon tube. ‘Mass sp ctrometrlc

studles on the dlmer (1n1et temperature, 120 C) showed

‘no. parent peak or any recognlsable peaks except trlphenyl-‘
2

\\phosphlne, trlphenylphosphlne ox1de ~and their degradatlon
products. Identlcal behav1o§r was exhlblteo by all other
compounds tested although a range of 1nlet temperatures_‘
Was always trled\ _ ‘ ’

| [0 L) RRC2 (P (C (Hs) 3) -g:H 2C8,15 T is extremely

stable chemlcally, belng 1nert to either strong ac1d or

base __and almost 1nsoluble in all solvents tested Re%,\d/:

crystalllsatlon was, thus 1mpossxble, however no ev1den§

: of 1mpur1t1es was - found. The complex does d1ssolve after

prolonged exposure to pyrldlne and Aan orange crystalllne

C product is formed Analy51s of. thlS complex proved un-

,satlsfactory,. The 1nfrared spectrum of the dimer (nujol

AOA
L
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' mull, "Fig. '4) showed the preSence of an.ahsorption at
‘ k | ; -
845 cm ™t attributable to rhodium-dioxygen coordination 17,

i

Dioxygen trig-triphenylphosphiinechloro rhodium
ZCE ] IR ,A- - s
Oxygen was bubbled through a solutlon, con-

[-(~02)R1‘1‘IC2('P(.C H5)3)3.-2CH

talnlng 0.5 g RhCQ(P(C H )3)3vin "5 ml methylene-chloride,,‘
for two mlnutes. After slow’ evaporatlon for 2 days at
7°C, yellow crystals of the complex (always accompanled
by the dlmer) were filtgred off and washed with cyclo-
:hexane.f The complex may also be produced by addlng 0.25 g -
dtrlphenylphosphlne to 0 25 g RhCZ(P(C H5)3)3 and repeating
. the above procedure. Handplcked crystals were used in
‘all subsequent tests. _Y : IVV ‘ ke o
Mlcroanalytlcal analysesu(Calcd C, 59.7;
H,h4.4: Found: c, 59 3 H 4.4 ) were in reasonable
agreement with the formulatlon although the chlorlne
ana1y51s proved dlfflcult The compound melted at 82-
84°C and decomposed at ‘126~ 128°C i The 1nfrared spectrum
(nujol mull) (Flg. 4) showed an absorptlon at 880 cm’ -1
a551gned to the coordlnated dloxygen. Slmllar stud;esj
~on the products after heatlng to .200°C in vacuo 1ndlcated'
the presence of trlphenylphosphlne oxide in the SOlld j'
re51due. Oxygen was 1dent1f1ed in the gaseous pr:ducts
by gas chromatography. Conflrmatlon of the SOlld state
formulation is conta;ned';n Chapter IV. = Attempts to

o o : g
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Infrared Spectra of Dioxygen Derivatives.
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Tris- trlphenylphosphlnelod shodium (1) [RhI(P?E H

“ reacted with’ trlphenylphosphlne as described in the

l;tefature

N ' B L. :
L ) 1 J’I " &2
1dent1fy the tris-phosphine dloxygen complex in solutlon
o

by the appearance of 1soebest1c points 1n the UV soectra

were unSuccessful X

s

- <, . " N - ,

5)3’3]
Rh Ly (obtalned by treati- . RhCR in a water/

ethanol solutlon,w1th excess 11th1um 1od1dezywas

»
_5‘.4,“3{) P
W

Yo,

Mlcr0analyt1cal anislyses (Calcd; C,'63.8;

H, 4.4; 1, 12.5; Found: C, 63.i; H, 4.6; I, 12.5 ) were

.

in excellent agreement with the fornllatlon and no

ev1dence of chlorlne was lound Me_ t’ng p01nt 116 118 C,ﬂ

‘Lit., 118~120°C.

Dloxygen bzs-trlphenylphosphlnelodorhodlum

[(0 )RhI(P(C gs)

fy when 3. 0 g of RhI(P(C 5)3)3 in 20 ml methylene

AN

' chlorlde was reacted w1th molecular oxygen for 2 minutes-

B

and the solutlon evaporated at 7°C for two days, black B

‘crystals were obtalned in. about 60% yleld Mlcroanal-~
ytical analyses (Calcd: C, 54.9; ‘H, 3. 8 ;, 16. 1;

'vFound: “C, 54,24 H,'4.0 I, 16. 2 ) were ln good agreement

with the_formulation, Chlorlne analy51s failed to

-'indicate'thenlreSence of meth lene chlorlde althou h
P Y ‘\r\\\. g
aev1dence of methylene chlorlde was found 1n the 1nfrared

'~spectrum (nujol. mull), \)"= 740 cm l- Strong absorptlons_

A
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=1

ét 857"cm—1 with . shoulders at 850 cm and 838 cm =L were

Va551gned to coordlnated dloxygen¢ Examlnatlon of fresh
:crystals under the m1croscope shoﬁsd th%t a rapld break-
down of the’ crystals was occurrlng, possibly due to
evolution of methylene chlorlde of crystallisation.
This mayiéxplsin'the lack of chidrine in the analysis as
,thls was’;erformed after the 1nfrared spectrum was |

obtained. The meltlng point was 166-168°C

k3
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CHAPTER I1I
- T The Crystal and Molecular Structures of_

CQ ]

[(0 )RhCR(P(C6H5)3)2"CH2

‘Experimental

Brown crystals, 05;[(0 )RhCl(P(C6H5)3)2 CH,C2

2C%1,
‘were ‘obtained u51ng the procedure outllned in Chapter II.Z

: These were examined under a mlcroscope and found to be -
red-yellow pleochrorf crystals, ‘a large number of which |

) were tw1nned Thls tw1nn1ng took the formgﬁﬁ&a dlagonal
mlssettlng of the two crystal halves but was' avoided by
choosihg one of a small number of. crystals already cleaved

1n this dlrettlon.
4

i
-

Examlnatlon of prellmlnary/Welssenberg and
precession photographs 1nd1cated that .the compound cry%tal-

;b lized in' the. tr1c11n1c crystal system.' The space group\w\\
therefore limited to Pl or PI, the latten belng verlfled by
the successful solutlon and reflnement oﬁ the structure.

o Latt1cq1parameters vere found‘351ng the tech— .

:nlque of centerlng the reflectlon ln the dlffractometer >

counter w1ndows by adghstlng the X, w and 26 c1rcles and

checklng at =29, Crude photographlc lattlce p ameters were

' then subjected to a. 1east squares reflnement .02 to g1ve

the best agreement between the calculated and observed ?

[} 'v».\

20 values. Lattlce parameters were- a, 13 88‘_ ):-h,i
13 678(6), c, 11. 433(5) A, a, 105 73(4). B. ll '74(3),
5 e / i
34 a
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"x,\100.97(4)°).‘ The density of the compound'was measured
by.glotatldn\in aqueous potassium iodide as l.q70 g-cm—3.
‘thch is in excellent agreement with the calculated den—
“_sity of 1.469:g—cmf3. |
| The‘crystal was mounted on the‘end of a thin
glass fibre so that' the c* axis was coincident.with the
¢ a#is of the:diffractometer. (lntensity data were collected
on a‘Pickerimanual 4-circle diffractometer using the
coupled;w/ze'scan method CopperI(a X—radlatlon was em—
ployed and the dlffractometer settings were calculated
pw1th the programme MIXG2 103.‘ Intense peaks were care- p
fully scanned-to detect any tWinning ofrthe_crystal and -
‘ino evidence (such as Spllttlng) was found. The dlffracto-.
meter was equlpped w1th a graphlte crystal monochromator
(002 reflectlng plane) and a 2° take off angle was used.

»Each data p01nt was sc ed from 20 -~ 1° to 26 + 1° uslng a

scan speed of 2° per,m'nute. Background counts were

estimated. from a. linear\ interpolation of 30 second
y
statlonary counts taken at the 11m1ts of the scan.

a

Data were only measured to 90° in 26 as'indicated :

o

-by'the prellmlnary photography. This ‘rapid fall off in

1nten51ty was cons1stent with & relatlvely low degree of
order ln the crystals. ‘A total of 2151 reflectlons were ‘-
'_measured and of this number 1658 were fonnd to be statls-,.
tlcally rellable u51ng the crlterlon I < 30. During the

‘ data collectlon 7 reflectlons were recollected at 1nteryals
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of 8 hours and'changee in intensity noted. It‘was found
that the crystal did- decompose and that the relat10nsh1p
.between ‘the decomp051tlon and tlme was logarithmic with an
_add1t10na1 dependance upon the 51n 8/\ value of the reflec-"-
tion. After data collectlon was completed all peaks with
~a count rate greater than 104 counts-sec ; (i. e., more than
. the llnear countlng rate of the cﬁunter) were recollected
.at lower voltages and scaled 1nto the data by comparison
withrother peaks of lower 1nten51ty recollected under the
,same condltlons. The M111er indices of ‘the crystal faces
were identified as: ‘100, 100, 010, 010, 001, 001, 321 and
the dimensions of the crystal measured to allow an absorption
' correction to be madg.

Reflectlon data were corrected for Lorentz 104(L)

and polarlzatlon (P) effects

- L =1 /sin26

L2 , 2
P = (cos 26monocgromator + cos 26) {?

and the decompé%itlon correctlon was applled The absor- " [h

ption correction of the form

I =‘I°e7ut-» "._ o S “ s
'where I, éiuncorrected'intensitjf~ :

.bu =.iidear*absorption coeff. (cm-l)

‘t =vthickness (cm) |
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was made using the prbgramme GONO9 105 with p = 72, 15 cm—l.
.4The transm1551on factors varied from 0.809 to 0. 633

Structure amplltudes {IFrell) and thelr standard dev1at10ns

(oIFrell) were then calculated with an uncertalnty factor

(p) of 0.03 from the equations: 106

_|FreIJ = (I:LP -

where I =‘[CT -_O’S(tc/ﬁb)(Bl + Bz)]

: - ‘ ' o W
now dlprell = dI/2/LPT
ana  UF 41 g

Freal

makinghthe approximation that.d|F£é}{ = Q(IF ei') and
dI = o(I) then
| U(IFrell) = o(I)/2/TPT

where r

o(1) = ICT'+;O.25(tc/tb)2(B;+B ff+”(p1)2],1/2

CT -~ total 1ntegrated peak count obtalned in a scan tlme

&' Bl,and B2 belng the background counts, each obtalned

1n-time tb.

S
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 Solution of Structurq andakefinement I N

- The atomlc coordlnates of the heavy atoms, i.e.,

rhodium, chlorlne and phosphorus were found by calculatlng
‘a Patterson map 107 u51ng the programme FORDAP 108

Table 5 contalns a llstlng of the promlnent peaks in the -
)

Patterson map, together with thelr a551gnment and expected

magnitude. Approx1mate coordlnates con51stent w1th the ‘

#1

~'-space group Pl were obtalned for these atoms.

:, b' {

From the results of the Patterson map it was

apparent that the rhodium atoms were loc'
3.5 A apart, the moltcule thus belng dlmer ‘ .}‘%

s S X1 T
six atoms found were not 51tuated in brldglng p051tionsy

1o} the molecule appeared to be brldged by elther dioxygen
or methylene chlorlde.‘ The rhodlum, chlorlne and phos-
phorus atoms were 1nclhded in the flrst reflnement using -
SFLSS 109. The conventlonal R factor 110 (R ) and R2 (the

welghted R factor) were 0. 288 and O 342 respectlvely,

~where - .
: . , . 2 1
r, = ElIE] - »IFCII | |mdEg] - |F |> /2
1 . ' and R2 =
L|F | S ZwlFol
and W = 1/0°(F)

The remalnlng atoms 1n the unit cell were located as out-

v

lined 1n Table 6

L

The carbon rlngs of the phenyl groups were con-

»stralned to - Dsh symmetry, w1th carbon-carbon bond lengthsg
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~

"at 1.392 A, and refined as rigid bodies to minimize
the %umber of parameters.. The atOmic SCattering factors
for the rhodium; chlorine, phosphorus and carbon atoms A
were derived from Cromer s coefficients 1 and included
"the real and 1maglnary terms for anomalous dlsper51on 112

”
for the rhodlum, chlorine and phosphorus atoms. Hydrogen

14

atoms were included at their calculated p051t10ns (carbon-
hydrogen bond lengths 1. 0 A) W1th 1sotroélc temperature
factors 10% larger than those of the carbon atoms to which
vthey were attached The‘iydrogen{scatterlng factors were
lthose of Mason' and Robertson-;13.hr _ ‘
: ‘Initially (R) = 0.146) (Table 7), the nature of
the methylene chlorlde electron density peaks 1nd1c5ted
a dlsordered molecule, however methylene chlorlde was
' 1ncluded as a- 51ngle site model and further examlnatlon
' deferred until later in the reflnement The reflnement
(with Zw(lF | - IF I) belng mlnlmlaed) converged to g1ve
| a conventional R factor of - 0. 055 for thlS model (cycle 10).
:At this point an electron density dlfference map was cal-
culated and residual electron den51ty around the’ p051t10n
of the methylene chlorlde noted. Several models were.
tried to descrlbe thls dlsordered molecule. On the basis
of minimal re51dual ‘in electron den31ty maps one model

B was chosen for the remalnder of the reflnement. Th1s

model used a 51ngle 51te (single occupancy) for the carpon

atom and ‘one chlorlne atom (C24), the second,chlorlne atom:;
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being resolved into two sites with variable occupancy
factors (Cg2, 0.42(4); czé, 0.62(4)). vTh’e sivngle.sibte'
model for the carbon (Cl) and chlorine (C£4) atoms may .
be physically incorrect but the data do not permlt |
resolutlon of the separate 51tes. The total model was
then refined to convergence (sh1ft/s1gma, ~0.07) to give:
Ry, 0.044; Ry, 0 055 |
f Slnce the observed structure was so novel it
- was consldered necessary'to be absolutely certain that
the ﬁ%&d ng unlts were dioxygen molecules. When the -
scatterlng factors for nltrogen were used for these atoms
.,the atomic thermal parameters assumnd phy51cally 1mp0531ble
‘'values and Rl 1ncreased to 0.051. Thus all ev1dence both
chemlcal (Chapter 2)" and crystallographlc (a Hamllton .
, test 114 rejects the N2 at better than the 0. 005 confldence
| level) conflrms the a551gnment of oxygen for these atoms
A final electron den51ty dlfference map was “then
calculated The largest positive and negatlve peaks were
0 4 and 0.4 e- A =3 respectlvely (c £. carbon ~3 e—A 53)
and were located in the v101n1ty d} the dlsordered methy-

.
-\

lene chlorlde molecule. , E _}
| The atomic coordlnates and their standardF
dev1at10ns of all atoms were then used to calculate 1nter4

. atomic bondlengths,angles and intra and 1ntermolecular

nonbonded contacts w1th thelr respectlve standard dev1—

. atlons, ‘with. the programme ORFFE II 115.

~
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‘As the equiValent isotropic tehperature.factor
- of the chlorine atom (CL1) was relatively large (4.17)

a riding correcticn was appliedwto the rhodium—chlcrine'.T
bond length. This compensates for the false shortenlng
;of this bond caused by the thermal motlon descrlptlon aﬁd
“its 1nterpretat10n by the bondlenqth proqramme. A 51m11ar
correétlon was also applied to the rhod1um3$h05phorus
,bond lengths as a check. The thermal mot;on 1n&these
'latter atoms was small sO only slight changes were expected.'
This was 1ndeedfound to be the case.‘vAll atoms in these ‘
'correctlonsiwere asspmed to_ride_on a "stationary"

rhodium atom.
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i
Table 7 -
-“*Refinement’Sequence for ﬁodel | .
Refinement - L R R
Cycle Model Description 1 2
5 ~ All atoms included, © o.112 0.136
éndmalous.dispeféion»
"corrédtibn‘éppliéd
6 BT ~ 0.091 0.116.’ 
7 ‘_ .Cehtral atoms assigned’ .0{077 . 0.090
>éﬁ£sotropic thermal = |
‘pafameters' - - } ;j
8 . - L . 0.071 . 0.083
9 : Hfdrogen atoms included 0.061 0.073
10 o ERR 0.055  0.066
l li | Methlehe-éhiQridé’ ’ 05049f 0.060
{ :éprésent d as_ . |
K ';- : _diéordered'mddélb
Zgz‘ e ~ 0.046 - .0.057
13 C e 0.044 . 0,055
14 Oxygen atoms replaced 0.053  0.071
‘ by‘nitrogen-étoms o , | |
1 e aosy - -0.069
r ' | ////’_—‘— .
G



45

_ kesults

Table 8 gives ‘the observed (|FL[)*and calculated
(IF B structure amplltudes (electrons x 10). The atomic
coordlnates £ a11 atoms are llsted in Table 9 and the
anisotropic:temperature factors (Uij) for the”central
‘atoms arevgiven in Table 10. Interatomic'distahCes
(Table 11), intgratomic angles (Table 12),.intramoiecalar
and intermolecﬁlar noh bonded-contacts- (Tables 13rand 14
respectlvely) are 1ncluded w1th\the standard dev1atlons

in parentheses.

) : A view 1;6 of»the'whole molecﬁle is shdwh in

Fig. 5.’ The central coordlnatlon geometry 1s represented'
in Fig. 6 and a view down the P1-02? axis is, glven in
) Figo 7.‘

DT
R
RN
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~ Table 9.
Atomic Coordinates and Isotropic Temperature Factors for

the,Uniqu%/antents of the Unit Cell.

Atom - x ’ Y | ‘ : z . B *

Bh 0.09542(7)  -0.05735(7) 0.06606(9) . 2.45
cRl 0.1776(3)  0.0039(2) | 10.3167(3) 4.17
Pl  0.0670(3)" ~0.2351(2). 0.0442(3)  2.95
P2 :0.2648(3) - -0.0127(2)  0.0728(3) 3.83
01 -0.0255(6) -0.1164(5) -0.1361(7) 2.67
02 -0.0884(6) - ~0.0928(5), ;0;0666(7). '2;86v
e 0722 0.255(2) . 0.492(2) 10.33
ce2 0.223(2) . 0.377(1)  0.484(2) T o7
o3 0.305(3) 0.367(1)  0.606(5)  20.3
c24  0.1238(8) 0.2598(5) 7 0.6050(8)  20.4
*"fhése valﬁes aqe equivalent-isétrbpic femperature ‘.ﬁﬁ

factors correspondlng to the anlsotroplc‘thermal

parameters shown .in Table 10

g e
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. (Table continued)
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Table 9‘(continugd)ﬁ‘ |
| (a) Phenyl Cat;on Rigid Bodies .
Name o x | -my | z ‘B
c111 -0.133(1) -0.2670(8) 0.198(1) 3.1(3)
ci12  o. 0663(9) —0;3?43(6)1 'V0.2282(9)‘ u 3.8(3)
c113 0.118(1) -0.3600(6)" 1 0.3448(7)  5.0(3)
C114 oa237(1);f" '—6.3183(8) | 1 0.432(1) 4.5(3)
c115 6,3033(9)1- —9.2310(6), 0.4019(9) 4.9(3)
c116 0.251(1) —5;2253(6) 10.2853(7)  4.2(3)
D  4.210(4) »;1+ 0.1848(5)
CE 3.026(9) b’.Q}* ~0.2967(4)
P 5.267(9) ffzi* 0.3151(5) )
€121 0.0960(7)  <0.3181(5) . -0.0827(8) 3.1(3)
‘c122 0.0727(6) -0.2976(5) . -0.2031(9)  3.9(3)
c123 ‘0.0996(7) -\“-0.3535(6) -0.2989(6) 4.6(3}
- cl24 ‘0,1498{75' i’;o.4305(59 ~0.2742(8) - 5.0(3)
'c125_ Q:1731(6)' ”‘50.4510(5) ~0.1538(9) 4.4(3)
c126 v'o.1462(7) -o.3948f§) : 531(6)” 3. 9(3) .
D  2;712(4)  S S It 1%@9(4)6% -{@
E 1.647(5) gt L -0, §%43(4) )
F. 3.889 (5) 21 ”',‘44_'_'50'.17,_&35%(5):- T
~ Cl131 —0{0850(5) : -0.3020(7) ';0.0251(9) '5‘2;8(2):‘j
€132 -0.1318(7)  -0.2561(5) | 0}0515(9) 4. 103)
€183 -0.2434(8) - -0.3101(7) 0.0128(8) ‘;05 4(3)
.c134 50.3053(5),‘ ~0.4099 (7) -0.1026(9)  5.7(3)

°



| Tablé‘9
Name

" C135
c136

D

(continued)

X
~0.2614(7)
~0.1498(8)

0.685i4)

0.445(6)

0.198(6)

0.3531 (6)
0.&363(8)
0.5123(6)
0.5051 (6)
0.4219(8)

10.3459 (6)
1 0.598(5)

0.871(6)
4.332(6)

" 0.241(1)

0.1490(9)

10.1290(8)

0;201(1y‘
‘0.2310(9)5
: @;3140(8)

2.202(5)
1.800(7)
3.215(8)

e

Yy

~0.4557(5)
-0.4018(7)

0.1322(5) .

0.1728(7)

0.2797(7)

0.3459 (5)

0.3053(7)

£ 0.1985(7)

f0;0358(5)

 -0.0154(6)

~0.0268 (6)

© =0.0584 (5)

-o;pjsaégi

-0.0675(6)

xl‘
1
Y
1

(Table continued).

oz

-0.1792(9)

-0.1405(8)

-0.1966(4).

52

. 5.9(3)

1.4(3)

-0.3559(4)

-0.0638(5) -
0.1712(9)
0.1425(9)
0.2237(9)
0.3337(9)
0.3625(9)
0.2812(9) -
70;429%(?5,

0.2391(4)

' 0.2525(5)

'-0.2031(9)
-0.194(1)

- =0.328(1)

3.1(3)
4.4(3)
5.2(3)
5;0(3)’ '

3.9(3)

3.2(3)
4.4(3)
5.8(3)

-0.3712(9) ¥ 6,3(4)
. . / .

~0.281(1)
-0.147(1)
0.2215(5)

. =0.0471(4)
-0.2372(6)

o &

e

%6.1(3)

. 4.5(3)



Table 9. (continued)

Name

Cc231

c232

c233'

c234
c235
c236
D
E

F .

xX
0.37160(7)

0.3685(7)

'0.4474 (8)

0.5289(7)

'0.5314(7)

0.4524(8)

2.879(5)
2.434(5)‘

iB.514(5)

Y

£

-0.0724(7)

-0.1722(6)

. -0.2165(5)
-0.1610(7)
-0.0611(6)

.1260168(5)

.
i J
1
Y

1
z.

4

0.1519(7)

- 0.0755(8)
0.143(1)

0.2865(7)

0.3629(8)
0.296(1)

0.4499(4)
.- -0.1167(4)

0.2192(6)

53

3.3(3)
4.2(3)
.6.0(3)
6.0(3)
5.4(3)
3.9(3)

'+ These values represent the coordinates of the ring

center of gravity.

" (Table continued)
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Table 9 c0ntinued

(b), Phehy1 Hydrogen Rigid Bodies

x ‘ Y-
0.019 . -0.364
7 0.070 ~0.408
0.274 -0.337
{ mas 0.388 - -0.221
: H116 '.”5:0,299 T -0.177
D * 4.210
E 3.026
ﬁlZéi  “Lo}osﬁlg -0.242
H123.  0.083  -0.339
 m124  0.169 -0.471
‘fgizs‘?  ;40(259 ,. ~0.506 ‘\\
W26 0.163 ~0.410.
D 2,72 - ;
E 1.647
Fooo g0 .
H132  $0.085 ~  -0.184
‘H133 -0%277  -0.277
H134 -0,  -0.448
H135% o,  -0.527
CH136  -0.116 ~0.435

.4@}

 -0.196

‘ Z

0.165
0.365
0.515
0.464

0.26%

-0;%21,
.-0.385
-0.343

-0.136

0.028

1 0.134

.0.068

-0.130-

-0.262

g

(Table continued)

¢
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‘Table 9 (continued)

Name

H212

H213

H214

"H215:

“H216

"H222

"H223

H224

H225

H226

H232
H233

‘H234

X

0.680

0.444

1.245
0.441
0.572

0.560

©0.417

0.286

- 0.598

0.871

5.380

0.097

0.062

0.187

0.346

/0.380.
2.202"
1.800

4.262

0.310
0.446

0.586

0.125

0.309

0.423 .

.0.353

1 0.169

0.007

~0.012

-0:.067
-0.101 "

-0.082

-0.212

-0.288"

+=0.193

0.063

0.203 s

10.392
0.441

0.302

-0.162
~0.392
-0.468

-0.312

-0.082

e

-0.028
o
0.088
0.33§

(Table‘cdntinuéd).h
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. Table 9 (cont'inu‘ed)

Name _ x , Yy
H235 10.590 . ~0.021

H236 0.454 0.055

D . 2.879

E  2.434

F ' 6.561

W

0.466

0.350

56
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Table 10. . :
. . ’ . . ) ) o .
Anisot:opic Temperature FactorSJ(Az X 103>
Atom — Upy Uy, Uss Y12, = U3 Uzs

: Name 5

- . . - . .-
"Rh 33.4(7) 31.656)- 31.0(7)§,15.9(5) 16.6 (5) 1%.8(5)

P1  46(2) 35(2)  33(2) i\xzocz) £9(2) 15(2)
’ P2 - 38(2) 412) . _351'(:;) _"'ﬁ(z)_:«  -15 <2~5 16(2)
"CLY 73(2) f 52(2) 34(2) 29(2) - = 25(2) 17(2)
Ol 33(5). 45(5) - 31(5)  22(4)  16(4) 11(4)
02 -.,3?(5) | ‘34-(5’_) 38‘25) 19(4) 16(4) 19 (4)

-

Cl180(20) 120(20). 70 (10) 50 (20) 70(20) .100(10)
C22 100(10) 120(10) izo(zo) 46(8)  70(10) 37(8)
"c23,240(30) 160 (10) £456(§oy 80 (10) 256(30)‘ 90 (20) "
cgé 420(10) .129(5) 207(7)  21(6) .203(8)  22(s)



_ Tabie 11

Interatémic'Distances

* Distancé corrected for riding

o

‘\v

Atom 2
Rh o L Pl -.; R
. Rh P2 o L\.
Rh R B L%
' Rh{ | n
e o2
'Rh' o1
'Rh 02
Pl c11
Pl cl21
Pl . 131
P2 c211
P2 | c221
AP2  o | c231
ol ___; | L 02—
. " tciz
aa cL3 oy
ca . caa (/j‘
- ¢

58

- o
Distance (a) .

'2.314(3)
2.277(3)
2.390(3)
1.983(7)
2.198(7)
2.778(7)
2.069(7)
A1.81$(7)
1.829(7.
1.829(7)
- 1.833(7)

" 1:821(8)

1.832(7)

1:34(1)

1.70(3)

. 2.316(3)*

2.281(3)*
2.402(3)*
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Table 12 .@5~
o Selected Intramolecular Angles

'At§@;1' ," o Atom 2 pé Atom 3 ‘Angle (°)
R _ _7{ i B2 o 100.3(1) -
S o er 90.6(1)
s o1 87.5(2)
| o2  92.5(2)
fﬁig I 02' 7 169.4(2)
cel. ‘. ];\ . 95.7(1)

B
N

o1 .. 1106.2(3)

RERRENER ?@gﬁ 228

02 o ','143;4(2)
o2 " ﬁfii”85.2(2)
, 1"¢51 L - 01 ‘ 0 158.0(3)
7¢v,’ '4;?fi* 2 31f8;4(2)
.‘:;“Czl,: o2t 93.4(2)

02 - 39.903)
02° o '85J§§ﬁ@y;

02'

3
Y

Ccl11 121.3(3)

g
9

ci121 . © 115.5(3)

s
o

€131 - 107.4(3)
RR P2 cain c 114.5(3)
R py 7 c2z1 . 110.7(3)
. €231 120.6(3)
ce2 a o ce3 ‘ff:  47. (1) 
o ’ ‘ . (T#ble continued)

w
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»

Tab.l_e 12 (continued)
A;om 1 . Atom 2 ' Atom 3 4Ang1ev(A°)
cnév @ . ce4 S 116, )
c23 o o c24 100 ey
oo 02 R 103.4(5)
o1 Ka 02 mn . 61.7(4)
Rh . 02 pn ., 103.0(3)
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Y | ~ Table 13
~ Selected Intramolecular Non-Bonded éontacts )

Atom 1 = ' | "At.om 2 . Distanée (;\) '
R @  Ra' ‘ ©3.340(2)
Rh R o H222 . 2.98
02 - o2 o N  2.65(1)
Cm3z Com22r 0 2.40
H216 . o2r | 2.62

'H122 o o1l o ~2.25

 m222 v, o1 . 233
H132 02 | R .. 2.88

H2l6 . 5 R 2.56
H215 o ce3 . C2.91
o1 e - Y e

o1 - | 02" | o 2.75(1)




Atom 1

H115

H223

{
H115

}Table 14

Selected Intermolecular Contacts.

Atom 2 -Symmetry Operation
(on atom 2)

H236 C X+1, ¥, 7+l

" H223 X, ¥, z-1

' H336 / K+, ¥, z+1

LT

62

- o
" Distance (A)
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5

Fig.

ial

A General View of [ (02),Rh¢2(1?(C6H5)3)2]2
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' Fig. 6

Dioxygen Bridging Geometry

<. -
S



Fig.‘7

'

Subdnitrviewed down P1-02' Direction

. 65
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Discussion )

’ Thevstructure (Flg. 5) was found to contain
dimeric unlts; 51tuated at inversion centers 1n the unit
-cell. The methylene chloride molecule is situated at
'least 5 6 A from the central coordlnatlon sphere and thus
is in no way coordlnated to the rhodium atoms. The over-
all geometry of each subunit can be described as a dis-
torted trlgonal blpyramid-assuming that the coordinated
dioxygen molecule is considered to occupy a s1ng1e co-
‘ordination/site. The rhodium atoms obey the effectlve',

atomic_number_rule and are coordlnatively saturated

—

Five coordlnate dloxygen species. are not par-

tlcularly unusual (Table 3)) ho@bver the manner. 1n Wthh

J\
W

'-thls compound achieves this geoﬁ%fry is most uneXpected~

v

’ . . B . ] . iy »“‘.Uk~ .
dioxygen) . The'axial'coordinatiOn sites are occupied by

Aanother trlphenylphosphlne and an. oxygen atom from the
':dloxygen molecule coordlnated to the rhodlum related by
‘the 1nver51on center.v Thus the coordlnated dloxygen
molecuies act as brldglng ligands between the rhodium
atoms (Fig. 6), with one oxygen atom of each molecule

 being coordlnated in the usual manner for a T-bonded di-
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atomic'ligand, whc reas the ‘other atom although posessing
a2 similar geomet: .c arrangement is also able, viaq a third .
hond to bridge :he two rhodium atoms.

The ;eviously'known n;bonded dioxygen derivativeé
oi Vask. -ompound and its analogues 33 contain similar
gec.: .11y but not the bridging bond, whilst 02P2 81 and
some of the dioxygen brldged cobalt complexes 37 100
contain falrly similar peroxo symmetry to the bridge
without the w-geometry. » |

In the‘purely n-bonded d&:xygen species
dioxygen molecules are situated’so that the metal—oxygen‘
dlstances .are equlvalent (although some of these com- . i>
plexes %8 /19 are disordered and thus»any differences in :
these»d;stances would have been impossible to detect).

‘This is not the case in this complex as tPe two ‘hodlum- |
‘oxygen bondlengths within the same subunxﬁf (Rh-Ol

1. 973(7), Rh-02, 2.195(7) A) are s:.gnlflcantly different.

- The shorter bond is between the rhodium atom and the ,
.oxygen not participating in brldglng. The rhodlum—- d/
oxygen dlstances to the symmetry related subunlt'are:
(mn'-01, 2.778(7); mn'-02, 2.069(7) A). These values
1nd1cate‘that the dioxygen moleculeslare not perpen-' |

. dicular to the rhodium-rhodium véctor as for example had o

been postulated orlglnally gy Vannerberg and Brosset ?9

for the structure of [(NH3)5C00 Co(NH3) ] (NO The _

3)s-
rhodlum-rhodlum dlstance is 3. 340(2) A and thus is too



oo ; ' o s
wr K cor
; N ”

_long for a metal—metal bond 117, 118. Dlscu551on of the

!.'

rhodlum-phosphor&% and rhodlum—chrorlne bond lengths,
which appear normal, is deferred until Chapter VI.
U%?g% the conventional molecular orbital scheme

§n'in the coordinated state 46 ~ the dloxygen

MOlecule ﬁay be considered as having the initial con-
,flguratlon n,znfo 1nste?d of the usual paramagnetlc ground
state with two unpalred electrons (ﬂ *1 *%). The bonding
within the fragment Rh0102 could then be descrlbed
(accordlng to Griffith - ) as 1nvolv1ng a donatlon from
the llgand to the metal from a fully' occupled - orbltal
accompanjed by back donatlon from the metal to the empty .
:ldloxygen T, orbltal. This model has ‘been widely used to

=E"a1n a large varlatlon 1n dloxygen bond lengths.‘ The

g%eater the amount of back donation,. the longer the

. exXpected oxygen- oxygen bond length would be, assumlng
e1ther- (l) a-falrly constant llgand-metal donatlon,t,

or (2) the normal synergic 1nteractlon_18; Thus the o™
vgrldlum complexes 17 19 with variations in the OXy en- )
oxygen bond lengths of from 1. 30(3) A to 1.66(3) A could -
be v1ewed as contalnlng a superox1de fbn (O ) in the -
'flrst case and a peroxlde ion (O ) in the" second Theselg
1ncreases in bond length would be expected from a simple

bond-order calculatlon.b

The retention of Griffith's model seems‘desir—



- RETRE

o we L \ 69
€ UV . , :
RUUEES S R ST U

able for thls complex‘and the brldglng nature of ‘the
dloxygen llgand may be explalned by observ1ng that the
_fllled n* orbltal (of the dloxygen 11gand) not taklng

paIt in overlap w1th the flrst rhodlum atom would be
:perpendlcular to ~the Rh0102 plane and thus 1n‘aY¢051tlon
favourable for the formatlon of a o-bond to the nelghbourlng
_\rhodlum. The observed angles Q\//p3 4(5)° for 0102Rn

'and 103. 0(3)° (Rh02Rh ) seem reasonable when the - electron
density plots for the molecular orbltals of dloxygen 49v~
are, con51dered This partlcular model couldaccommodate"

. a w1de ‘range of 0102Rh angles as 1t 1s posslble for the‘.

fydled - orbltals of. the dloxygen to also donate electrons

| to the second rhodlum atom and the observed angle could

o be consldered as a compromlse between the two p0531ble

. bondlng extremes. _"ur_(_
g It is 1nterest1ng that a bzs chloro brldged

/ —

spec1es (structure l) does not form even though\lt mlght

appear equally fea51b1e.'




-detalled dlscu551on of the oxygen-oxygen bond lengtn as

"Vparlsons with the 51m11ar complex [(0 )RhCR(P(C Hc)

. bond as dlscussed 1n Chapter I.

'fhave been dlscussed by Tolman 119;

70

The pPreference for the diox§gen bridge suggests that there

-z

is a partlcularly suitable energy relatlonshlp betﬁeen
the occupied 7* orbital of the dloxygen molecule and the
d22 dTbltal of the rhodium atom (the "z" axis being f\J

defined as the pseudothreefoldvrotation axis of the

‘trigonal bipyramidal subunit)~ ThlS is supported by the

'chemlcal behaV1our of the complex as- 1t is inert to

elther strong ac1d or base.-

The bondlng descrlptlon does not allow a -

m* donatlon to: the nelghbourlng rhodlum would decrease

Ay

the oxygen-oxygen bond length whereas T as a donor would

' have an OppOSlng effect. 1In addltlon the back donatlon

from the metal to the empty n*’orbltal could vary._ Com—

3) 3]

‘should prove meanlngful and these are made in Chapter v

An alternate method of descrlblng the structure
of [(O )RhCﬂ(P(C 5)3)2]2 would be to con51der ‘the - rhodlum

as Rh(IIIX) and the dloxygen molecule as a chelatlng g

-perox1de 1on, the bridges being formed from one of the.

lone palrs of one oxygen atom. of each perox1de ion. This

could then be v1ewed as partlally analogous to’ the bent

dloxygen cobalt spec1es 65 contalnlng only a n* donor

<

" The sterlc requlrements of trlphenylphosphlne

ks

-




T~

71

\‘of.l45hi 2 for a single ligand suggests that a cis pair

‘of°triphenylphosphines (P1-Rh-P2, 100. 2(153):would have to

)be-interlock::;lgf/e hydrogen hydrogen non- bonded contacts
(Tables 13 amc are alil longer than the sum of their .
'van-der Waals radii 120. A number of. other close intra—

molecular contacts were observed (CL1-H216, 2.56; Ol-H122,

2.25; 01-H222, 2.33; Rh-H222 2.98 A) with the-closest‘

‘1ntramolecular chlorlne-hydrogen contact (Czl H224(x,y,z+1))

- belng 2 84 A The chlorlne-hydrogen contac/s,are similar

" 121

to- those found in the structure of RhCQ(CS)(P(C H5)3)2 .

'All contacts are not belleved to represent any. attractlon,

but rather to reflect the dlfflculty of . accomodatlng two

I

.'bulky 11gands in a mutually cis arrangement

The geometry of the methylene chlorlde molecule

15 1n aCCGDtlble agreement w1th llterature values 122 123

desplte the def1c1enc1es 1n the model The molecule does y

not appear to be coordlnated 1nﬁany\\ay to the rhodlum

e . / \
complex. LT SNy

v e

The dimeric" species'reportéd here cannot

represent ‘thé major spec1es present §n solutwon as

‘1nd1cated by 1ts 1nsolubrllty When oxygen 15 passed
'*through solutlons ‘of RhCQ(P(C6H5)3)3 the formatlon of the

N dloxygen dlmer from the (0 )Rhclép(c H5)3)2 monomer would

<«

’be expected to-be a slow reactlon in view of the'highly'

'spec1f1c geometry requlred

A nitroso complex [Fe(CO) (N O)(¢6H5>'32‘%25

. Q‘

(2) .
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pubIﬁshed at the same t1me as’ the dloxygen dlmer 126 has

certaln 51m11ar1t1es in structure.

0(4) (CgHg) .

B
Feﬂ/‘\

o
5)

“(c H 0(4)

Y2
T

»

The nitroso- group 1s located w1th the nltrogen atom

ffz_bonded in an analogqus manner to the dloxygen dlmer 02

l;p0551bly 51m11ar dloxygen species are Rh(P(C H5)3) 0

atom.. The geometry of thc n1trosy1 group is 1nterest1ng
as the iron- oxygenchstancesof 1.91(1) A and 2, 73(1) A
plus the two angles (Fe N- Fe r 103. l(3)° and Fe—N =0 (4) ,
104.6(5)° ) closely resemble the oqulvalent values in the |
dioxygen oomplex.d The geometrles are thus extremely )

similar except for the- expected dlfferences in %nter- ‘
~

;atomlc bond lengths and the equality of the two iron-

[4

n1trogen dlstances tFe-N 3. 02(1), Fe -N 1.98(1) A)

‘No detailed bondlng explanat\ons were glven. Otherl

1_27
2

»whlch is dlamagnetlc, exp1051ve and probably dlmerlc and

78

,_[(0 )M(tert -BuNC). ] R M = Nl, Pd The latter'polymer\c
: v

oo

fspe01es was postulated from hlghly unrellable data

9.

Further comparlsons of the big- phosphlne
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dioxygen dimer with other similar complexes are included
in Chapter IV and similarities to the parent complex

JRhCL (R(C_H_) ). are examined in Chapter VI.
Digly 0 6533 B N
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. CHAPTER IV.
The Crystal and Molecular Structures of

ce.]

[(02)Rhczip(c6H5{3)3-2cnz 21 L

iExperimental )

, Crystals of (O )Rhgl(P(C6H5)3)3 were prepared
accordlng to the method de5cr1bed in Chapter II They
<were examlned under a mlcroscope and fogpd to be yellow .
needles, usually arranged in clusters. After con51derab1e '
searchlng a 51ng1e crystal was fQundtand~cut to the ”
de51red length of . approx1mately 0 2 mm. ThlS crystal
was then mounted on the end of a’ ghln glass fibre so

that the needle ax1s was c01nc1dent w1th the rotatlon

'ax1s of the gonlometer head A - S

'Examination of prelimiharyzweissenherg and

'preceSSlon photographs 1nd1cated that the crystal
f-possessed orthorhomblc symmetry The systematlc ab—

o sences’ (hkO h = 2n + 1; hOz, 2 = 2n + 1; Oke, k = 2n + l)

were con91stent w1th the unlque ch01ce of the space group

viz. Pbca. The crystal was mounted on a- Picker manuai“

fdlffractometer so that the 'b“ ax15 (needle axis) was

vc01nc1dent wlth the dlffractometer ¢ axis. Prec1se

“lattice parameters and thelr estlmated standard dev1at10ns

were determlned as a, 24 817(4), b, 18. 359(2) C, 23 200(4)

A from the setting angles of twelve accurately centered

'hlgh angle reflectlons a;;;f

~

'm&A peaks Showed g&od o
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i

resolutlon of the Kul, Kaz doublet and only the o3 peak5'

(A, l 54051 A) were used. The density of the complex'

- was determlned by the flotatlon method in aqueous}

’pota551um 1odrde as p obs 1. 411 g-cm ? whlch is in ex—

'cellent agreement with- the ca&culated density of“l.416 g-

-

~
-—

‘cm assumlng eight formula units pér unlt cell There -

'S

are consequently no restrlctlons on the p051tlon or

uorlentatlon of the formula unit in thlS space group

4

_51nce-the;number of general p051t10ns 1s elght.

A carefultfxamlnatlon of peak proflles showed

no obv1ous phys1cal defects in the study crystal In4'
ten51ty data were collected w1th copper Ka x—radlatlon :

u51ng the coupled w/26 method w1th a 2% takeoff angle._' Y

Thée dlffractometer was equlpped w1th a graphlte crystal

.monochrgzitor (002 reflectlng plane) ) Each“data p01nt

' was scanned from. (26 - 1)° %o (26 + 1)° W1th a scan Speed

a2

of 2° per mlnute.- Background counts were estlmated from :

a llnear 1nterpolat10n of 30 second statlonary counts -

-

‘ taken .at the. lrmlts of the scan. Durlng the data col*

"y b}

lectlon, the 1nten51t1es of six reflections were monltored

at perlodlc ir ervals to allow for\correction of crystal'o s
‘ . . . ‘.l P ' . N - ".. . . o r

decomposition and to detect crystal misalignment Data”-'

: were only measured to 80° in 26 as 1nd1cated by the

. standard reflectlons had decreased in 1nten51ty by lO - 20%

prellmlnary photography. ‘Data collectlon was . termlnated

i)

after 1755 reflectlons for this flrst crystal when the

Ky
Y
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L varylng from 0 . 517 to 0 637 1n the first crystal and from T'L
% . . »_. _.ﬂ e

of the sc1nt111atlon ‘counter.

tlme) and only

T | - 76

.

' The crystal faces were 1dent1f1ed as the fo§ms {100}

010} and 001}, and the perpendlcular distances between

the opposite members of each form were measured as

<

0.010 ,0. 028 and 0. 018 cm respectlvely. The variation
in 1nten51ty of the 0k0 reflectlons w1th the settlng angle
() was measured to prov1de exper1mental ev1denee for the

‘

correctness of subsequent absorptlon correctlons. A

'secondfcrystal of the same hablt and with d1mens¢ons

(0.008 x 0.009 x 0.032 cm), was used to collect the

remaining 1970 reflectlons. The varlatlon of - IOkO w1th

_ ¢ was studled for thls second crystal . All intense refh

lectlons with count rates in excess of- lO4 counts per -

second were remeasured under condltlons such that the

scattered X—rays d1d not exceed the linear response range'

\; Flnally, representatlve reflectlons fromdthe
flrst crystal were‘remeasuredwwith the second crystal to
1mprove the merglng of the two data sets. Both crystals
appeared to have 51m11ar rates of decomp051t10n (dlrectly

Pfoportlonal to sﬁnh,

/A and logarlthmlcally related to

:easured, 2073 were found to be

'statlstlcally rei;ablewu51ng the cnaterlon I« 3,(5;.

&
Dec%mposltlon and absorptlon corre“%ﬁons were the' ;
(u = 62 1 cm ) w1th the transmlsSLOn factoV”.‘

app11

/-
/ .
/ .
L2

’ Y ’ ’ o .
2 h - - .2 [ RN

'hd when exposed to X-rays. Of thev,

=
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- 0. 356 to 0. 544 in the second - The data were then cor-
rected for Lorentz and polarlzatlon effects and the'{‘
, -
derlved structure ,amplitudes and thelr standard dev1atlons
' calculated {p = 0.03) after’ the-two data sets had been
sCaled; L - o ‘.“;' e CE

g%
,;.) .

Solutlon of Structure and Reflnement

A Patterson map. was calculated and the atomic J(w;~

coordlnates of the rhodlum atom found from the Harker
128

llne peaks_ (Table 15). @s the‘ y" and-- " coordlnates

ﬁ’m

l*f"

'fi.were approximately 0. 25 Ca large number of peaks were -
vvsuperlmposed Although some ev1dence of the chlorlne
was found only the. rhodlum atom was 1ncluded in the flrst
cycle of. reflngaent (R O 547F ‘The p051t10ns of the‘j
"chlorlne atom Cll.and the three phosphorus atoms ‘were:
1ocated from an\\%ectron den51ty map calculated at thls
p01nt ' The rest of the molecule was: found as outllned .
“1nTable 6. - Coa |
- 1_1'. : The carbon rlngs'were‘constralned to‘Dsh sym?
| metry, w1th carbon—carbon bond lengths of 1 392 A to
| mlnlmlze the number of parameters. The temgerature ,‘: | 'é;

LY

factors of all atoms were not reflned untll R1 = 0. 178 B

(prle 17). as unreallstlc values were obtalned before all

;patoms were 1ncluded The values used (Rh Cl P 2 5

X

’:L C, 5 0) were s;mllar to the f1na1 equlvalent 1sotrop1c

\5 temperature factors obtalned for the d1mer1c spec1es

5 o G

-
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- (Chapter III). The atomlc scatterlng factors for rhodlum,

chlorlqe, phosphorus and carbon atoms were thosevof the
neutral atoms and 1nc1uded the real and 1mag1nary terms

for anomalous dlsﬁtrs1on for the rhodlum, chlorlne and

phosphorus atoms..’ These scatterlng factors were obtalned;_ o

o

from Cromer s coeff1c1ents.1;;, Hydrogen atoms were .
1ncluded .at thelr calculated p051tlons w1th carbon-
hydrogen bond lengths of 1. 0 A.and 1sotroplc thermal
parameters set 10% larger than those of the carbon atoms
to whlch they were attached The hydrogen scatterlng |
factors were those of Mason and Robertson %lélf,j¥*"
Reflnemeht was con51dered complete when the.:l
max1mum parameter Shlft was one seventh of the corres; *;41
. pondlng standard dev1at10n.} The standard dev1atlon of,“b
- “an observatlon of unlt welght was- 1. 79 at convergenceh
whlch is reasonable 1n v1ew of the constralnts 1mposed
upon the model A f1nal electron den51ty dlfference map
. ;]
f'was calculated and the largest p051t1ve and negatlve
‘peaks (0. 38 and —o 36 e. A ?;ch carbon ~3e.A”3) were

flocated near the methylene chlorlde molecules,
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Table 17

Structure Refinement Sequence

-Refinemént'
Cycle

6

!// :
) \\ .
J
L

,ba:ameté;s

Modei
All atoms includeqd,

isotropic temperature

factors held constant

Temperature factors

frefined

Anomalous dispersion

correction.

Central atoms given

anisotropic thermal
Y : 3

~

‘Hyérogen aﬁqﬁs’included

- ~ . e
N
[P
L ] )‘/. L] ‘, M « o
(
.
N "’ .\\
R
:‘7““.
YA
g
o . 3

0.178

0.111 -
0.092

0.073
"o.oso

 0.053

0.049

82

0.242

0.134
'0.109

0.087

0.072 /
0.064/
. /
T/
0.059
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Results o o - - ‘=V
;Table 18 gives the observed (|F_|) and cal-
culated (IF'i) structure amplitudes (electrons x 10).
The f1na1 atomlc coordlnates of all atoms are included
in Table 19 with the anlsotroplc thermal paraneters'

(U ) of the central atoms listed . in Table 20 ‘ Other
\
tables g1ve the 1nteratom1c distances (Table 21), 1nter—
i
atomic angles (Table 22) and inter- and 1ntramolecular

non—bonded contacts (Tables 23 and 24 respectlvely) with

o

the standard deviations (as calculated by ORFFE II) of
:“

he least 51gn1f1cant digit 1h€luded 1n'parentheses

G

?Bond lengths from the rhodlum atom to the llgand atoms'
: \
'were 5}39 calculated to 1nclude a correctlon for thermal

motion in which the second or lighter atom was assumed to

- ride on the'heavler rhodiumﬁh

. . L §i

Flg.»8 shows a general v1ew of the molecule
A

 with views down the Pl -P3 and Rh-P2 dlrecflons (Flgs. 9 _

and 10 respectlvely) belng 1ncluded.
§ » . '

Nt
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Table 18

Observed and Calcglated Structure Amplitudes ’

. : (electrons x 10)
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" Table 19

EEY

"Atomic‘Coordinates'and'Isotropio'Temperature Factors

P

Name E M»_-. . x’ ’; . i . y >. N o .\‘:v z . ‘ .. _..! ~B

-

"_CZZj

R . 1561%(@)
ol 0. 1727(1)‘*

10.23480(5), - 0.23730(4) . 2.3%

0.1049(2) - 0.2386(1) - <. 3.4%

en3..

- cra
cL5.

- c2

ol

02 -

0. 0722(1)%*l,
.d§2531k2)i
0.411143) |
f:b.59§6(3);v
‘T‘uo;3687(9y'
9;4362(2)f
0.0451 (4)
0.084619)
i°'1447(3’*'
.Vo 1534(3)

:1n table 20

0.1877(1) .

‘ o.225212)] g

'0:4769(3)

0.2154(2)

L 0.2637(2),

o 2504(5)”
0. 0987(4y‘
0,179(1);_,

S ,f'
0.3844(4y
‘,0$4io(i)f:

“o. 2832(4);_"

0. 3341(4)

" (Table tontinued)

"o, 2424(1j
0. 3333(1)t1
0. 1938(1):
0. 4869(4)
o, 4933(3Y;f»
. 506(1)‘ |
| 0-0778(3);”
}o 0444 (3)

0. f’%s(s)?t

o 1595(3)'

0. 2041(3)

2.9+%

14.9%

'fli;z*

Ta2.8%

2.4

12.9%
13.%

RTINS

3.4

2.9

.

N
A

e These values dre equlvalent 1sotrop1c temperature factors ///

'correspondlng to the anlSOtrOplC temperature factors shown {
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- Table 19 contlnued

o

(a)f Phenyl Carbon R1g1d Bodles

‘~_Name

cil -

c112

ars

cl1s

- cl16

D

- ¥
- ocl21-
‘122"

© .cl23 -

. Cl24

" c125

'c126

c13;_
- .C132

C133

X

ooan(n
-0.0131(6)-
©-0.0363(6) ;-
iy
f 6 649ii6S“
0, 0723(6) :
'725 432 (5)
0.372(8)
0.85(1)
70:6545(4y ‘
0.0437(4)

0.0327(4)

| 0.0326(4)
0.0;36(4);
010546(4)f
10.208(5)
,1.666(5)4
2.528(6)
0.0302(4)
030465(3);

0.0142(4)

’ 0.0725(5)

"Ai;y‘.
0.1660 (5)

'o,iTGQ(Q)

jo-i3se(5)_g “,
”’fo 0912(5)
0. 0812(5) \y
:J]0.1186(6)

© 0.1579(5) .
0.0840(5).
0.0413(4)

M
2

0.1464(5)
0.1891(4)

0.2949(5)
" 0.3625(6)
0.4235(4)

(Table contifued)

f;‘z“
0 3022(5)
0 3152(3)
D 3612(5)

,95394¥‘5*
L0s3811(3) .
0.3352(5)

0;0180}3)u o
0.1286(3)

0 3482(3)

!o 1814(3),
0.1880(3)
0. 1398 (5)
0.0851(3) - -,

‘0 0786(3)

 0.1267(5)
' b;o436(2)_'
0.115213)
0.1332(3)
0.2324(3)
0.2533(2)
. 0.2448(4)

N

B.

ff S RTEN
e
EERIOR
-5_ 5.1(4;‘

2.4(3)

3.8(4)

5 ¢ 4.9(4) -

. 5.3(4)

1:5;6(43 E
414

" 4.9(4)

&

4.5(4) -

3.4(3)

-Zf;;.4c3),_

~4.2(4)

_',f b

v



-

" Table

c134
. c135
- Cl136 -

©oe211
" c12 -

ngi}

,rC214  v

- c216

Cc221
c222

€223
c224

C225

- .C226

e

19.
: N&ng;

| f0f0345(4)

continued

Cox

40-0568(3)7

S 0185(4)

v'"_b;0948(4y

S c215 -
. 70.0934(4).

2. 956(5)

2.64405)
e
;‘"L’d;1364(3)_mi
0.1371(3)

. "0,0518(3)"
70.0511(3)

0.035(5)
0.499(5)
'5{764(7)3*'

. 0.2445(3)

0'2447(4y

R o 2830(4)

'f?o 282§(4)7

0. 3211(3)
0. 3209(4)

- 0.594(5)

n72;300(6).3
-'42:20$(7Y, 

5 T
: S
/ .
i - PO .
L

1.
X
1
Yy
1
z-,

Y

0.4169(5)

,/0.2883(4)

. » xl 'a: ?

0.3164(6)

’f‘o 4298(3Y‘
 '0 3916(6Mw
, ’3158(6),.
o, 2782(3):

A

 0.3293(4)
0:3828(5)
1‘0.43,81&)'
30.3400(4)~
0.3866(5)

0.3312(4) -

’50.3921(63,”(

'/;0.42q4k3);

2‘

© 0. 2154}3)_.
_o 3493(6)—’;;*\0 1945(2)'
0.2030 (4)
~0.0022(3)
T 03559 (4)

©0.2239(2)

0.370f13)

- 0.3727(3) .,
s Vs .

- 91-

f5;5(4)u.
7.0(5)

6.4(4)

0.3985(4) L lasga)

0.A224(§3££5;-41

’0°3945(4)u>éﬁ_ﬂwﬂv1ghj .
'0.6941(21, S

g ig%;354913)a-:

0.3965(2) ..

0.3348(M1 2
0.2022(3) . -
‘Q,2937}A}4
6.3375(@)' (
N 673605(31{"

0.3788(4)

S 0. 2827(2)..
- '0.3846(3); “
fo 3363(2)»/

(TabIe COntlnued)

W
R c.‘ o ~
VJJ

3, 4(3xf.

4(3ﬁ"ﬁ
2 7(3)w

P



Tagle 19'§ontinued
NamefyA//‘ v Hk;
et \9:2074(4)
"{c232' | €6,2318(4).
'ij233f“ 9?0.249%&4)

C234 . [ 0.2421(4)

€235 0.2176(4) .

€236 . 0.2003(4) -

D 2.677(6)

E  1.545(6) . - -

F o .s.a64(7)

'c311 | '0,2469(*“Z
.. €312 "0.1977(51

€313 - 0.1949'(4)

314 0.2412(7)

“cats ©0.2903(5)
. c316 0;2931(4) 1
o 1.062(5) .
B
“F 1.86(1)

, T-8e

€321, 0.3020(4)

.. €322 ' 0.3099(4)
C323 - 0.3463(4)

. C324  0.3747(4)

€325 0.3668(4)

4

X

A

Y

10.1967(5)
J.laisxs),
1 0.0823(4)
10,6976(5)

0.1625(5)

0.2120(4)

0.1793(1)
10.1526(5)
0.1171(5)
0.1084 (4)
dglgszcsf,.'
0.1707(5)

1
1

Y

1‘

0.1683(5) '
0.0958(6)

0.0529 (4)

0.0825(5)
0.1550(6)

(Table continued)

.2
14

©0.3875(4)

0.3706(3)
0.4121(5)
0.4704(4)

£ 0.4872(3)

0.4457(5)

©0.2247(2)
1 0.1472(3) -
- 0-4289(3)

0.1236(5)

. 0.1039(7)~
. 0.0509.(4)

0.0177(5)

~0[0375(7)

{

0.0905 (4) |

0.2440(3)
0.1 9(2)

0.0707(2) ¢
. 0.2319(3) «
0.2164 (3)

i

92

2.2(3)
3.3(3)

5.5(4) .
5.3(4)

5.7(4)

- 3.9(4)

2.2(3)
3.3(3)

. 4.5(4)
C Bloy
" 5.4(4)

4.5(4)

i
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~ Table 19 continued .

~ Name B x
c236

D 2l861(5)

E - 2.276(5)
F © 5.654(7)

' €331 . 0.2902(4)
332 0.345214)
c333 . 0.37Q3(4) -
334 0.3405(4).
C335 O-EQE!"F”"_
C336 °0.2603(3)"
D . .3.536(5).

CE Y 2.933(5) A
L LD

PO 1.177(7)

f

-
- &3
L
~ -
s

0.3304(4)

y . 1
0.1979(4)

R B /
X .
vfl
.‘y v
zl'n.

0.3077(4) .
;- 0.3168(5)

0.3814(6)

0.4370(4) -

‘“‘, + i
0.4279(5) .

. ™~ .
0.3632(6) .

1 {
x S

1
RE
S

0.2780(4)
0.3383(2)
10.1254(3)
0.2625(2)

0.1720(3)

0.1814(3) .
]011653(3) 
0.1399(3)
R oﬁ£305ié)

- 0.1466(3) ¥

©053153(2)

0..1560(2).

chd;dinétes of centér of gravity of ring.

3.1(3)7

©4.9(4)
f) .
7 6.1 (4)
“5.0(4)
4.0 (4)

_'.3.0(3}-

Ly

J

o (Table continued)



Nz .

) .

<

VA .

~0.2915

0.3704

0.4271

0.4048

0.3259

01444

0.0505

,  0.0393

s

10,1221

0.2743 ~

© 0.2598

0.2094"

._2

0.1880
\ -

. -
Table 19 cohtinuéa a s
‘ (b) Phenyl ﬁydrogen Atoms |
»ﬁame x . _ - Yy
ﬂgll? ao.désé; | 0.2102
H113 -Jo.o752 0.1460
H114 —6.02;9 0.0644
H115 < 0.0713 70,0471
"H116 0.1112 0.1112
D 5.432 |
E - 0.374 s
Fo . 1.896 |
H122 0.0437 GQOGQS“
. H123 0.0248 -0.0118
H124 0.6247: p.0419
H125 0.0436 0.1689
H126 vb.oszss; 02422
D' v 0.208 ‘
E 0.166
~m132 /7 o0.0815 0.3669
"H133 4 0.0261 0.4719
B34 ~0.0576 "' 0.4609
H135  -0.0858 0.3449
HI36. - -0.0303 ' 0.2399
. i

; 0.2272°

A<t““f{ ,';

0.1734

. (Tab e continued)

¢

T

6.
.4.

7.0
s,
6.7

8

2

5

-

.S_r
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Table 19 qontinued-~
Name ‘- L x
D . 2.956
E © 2.644
| o e

‘ >

F 3.230

.8 o ] P
0.1682

0;O956

~0.0200

. 0.0927
D. @"0,035

CETTL O\ 0,499

| eus11 -

C0.2172

. 0.2830
[ 0.3485
0.3483

A L AT

. 0.2826

. A

D’ ) - . O.c 594
E 2.300
F v¢§§1253
H232 - 0.2369 . -
H233 0.2667
v H234 . 0.2545

0.2125

. H235

©0.0215 ¢

pJ

~

0.4194.

0.4842

0.4188 -

0.2886
0.2238

"(v.o,3elif

0.4763"
0.4800

0.3882

'0.2930 "

*

. 0.0358
0.0622
0.1736

i

~ 0,1208

P

e

(Tablé continued)

0.3557,

0.4000
. 0.4409
©0.4374

© 0.3931°

o

© 70.2607

T}“o.zsad

0.3385

0.4118

. 0.4095

oo

0.3288

'0.4000
{:

" 0.5002

. 0.5290 - |

Y
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Table 19 ,continjed o T e

~ Name . D 4 / f .Y vz .. - B

H236 _0,18%g - 0.2587 " 0.4577 . 4.3 -
D« 2677, T ' |
ET.

@

3~
&

F . . 6.511 ° T |
‘H312" 0.1644 . 0.1589 . - 0.1276 . | 3.6
. . - .. . \ . . - N - N \/ . . W - .

S H31F . 0.1597° . .0.6979 . °°  0.0367 - 4.9

4,

| H315 # 0.3236 . . 0.1289 0.0138 % 5.9

“H314 - 0.2392, ', 0.0829 - ; -0.0202 ¢ . 4,3

. H316 - 0.3284 - 0.1899 4 0.1048 - 4.9 .

o -\ 1062 - R
‘E C0.38 s o
FUOL ‘ 2.96~‘ ' |  ”v,j  R |
H322 0.2804 . . 0.0745 . 0:1853"*'g.g_ A;é* ‘f{.

?32371,1 10.3520  0.0009 . 0.2359 6.3

. ~_/H324 * 0.4008 . 0.0518 . ' 0.3150 - 6.0
CH325 ¢ 0.3872° 0.1763 03417\, 5.3

H326 0.3247 0.2499 - o.2801 _4‘33"
D - 2.861 | o R
B - 2.27% o

F Ls.701 s

[,

X

H332  0.3666 0.2769°- . 0.1998
. 0.4098 0.3879 - '

H333

H334  0.3586 . ¢f 0.4834 )

v oL



. o e . °
o ‘ g, . - . L WL
" ) o / o ’ .o ( [
RS : : ~l o - : ) v ‘.
i L . g \ o B A
\

',"'Table%l9 c':qntiniled o . R A
' o , - ‘, . R t | C e . o .‘ .o ) g
Name x0T,

. . ' 4 . v ‘ _,.‘“)"".,,
”H3351 o ";0.2641. . 0-.4_678-‘ . 0.1121 -

RN o R PEETR
H336 . 0.2208 - 0.3568 0.1398 -

b 3836 R S o

2.224
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. o ( 99
v . oo ) <
. AT
Table * 21 -~ c
o Selectedy/Iﬁteféézm&’Distanf:e' -
Atom 1 = .- .‘Atom B h: D1staﬁpe (A) |
Rh ,\J Tl Lo2.391(3) s 3. 401(3)*%
Rh | P 2,35244y§ﬁ 236514y %
‘Rh 2. . 2,357&3)%%H 2.357¢3) %
Rh p3 ,%.387(4)A’ 12.391(4)*
®h 01 | 2.081(8) o
Rh 02  2.005(8) ‘
BB el 1.s28()
P1-  aa . 1.819(7)
P1 c131  1.809(7) v
P2 © e, 1836
P2 R c221 . 1.836(7)
pz'? - c231 . 1.818(7)
P3 - c311  1.840(7)
P3 o es2r 1. 829?7)
P3 . e o 1.842(7) | 'v‘
SoL o2 pa1se )
ca - cr2 1.74(2)
ca. 23 et ) s
vhééfd R cea - Tvisq)
cz‘i; ', s : 1.70(3)
" | | | ,

* A rldlng correctlon was performed on these: bondlengths

i with atom 2 ascumed tor rlde on atom 1




100

S e
Selected Intramolecular "Angles '
Atom 1 K Atom 2 ) Atom 3 Angle °)
01 Rh 02 . 40.4(3)
oL "Rh 3  90.0(2)

Oy > m P2 o 101.3(2)7
oL 'Rh ! P3° 92.8(2)
o1 _Rh’ csl L 157.4(2) -

02 . C RH p1 o | 81;7(2)‘
02 Rh P2 ", 141.7(2)
02. Rh o3 O saa(2)
02 “Rn.. a1 :55 | 117-0(27/' |
Pl CRn e 102.7(1)
P1 - ’ Rh ) P3 . 154, (1)
P1 " Rh ‘cgl ._,  85.1(1)
:éz .  Rh . - p3 101.6(1) -
P2 Rh 7 1 '161:3(11?
RS Rh - | e
_Rh | Pl ci1y. . ©122.0(4)
Rh Pl ‘c121: . 106.6(3)
Rh =31 ST | 116.2(4)
Rh P2  c21}‘ | ;113.4(5)
Rh P2 c221 0 110.1(3)
 Rh P2 c231 } - "124;3(8), |
Rh P3 Se311 199.4(4) .
: (Table Vc'or;tinuédi e
| | o
"
D _
—— 7
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Table 22 continued

Atom 1 G : ~ Atom E
. Rh P3
Rh - P3
o1 02
02 o1’
Rh ‘o1
0z o1
ol : c2 -
'“.01_ c2
02 ez
102’ ’ c2
‘cgz_ c1
Ce4 c2
P1 ci1
Pl 6121
Pl C131"
P2 c211
P2 c221
P2 c231
" P3 = c311
P3 c321
P3 c331
c222 .nzzzf;
€223y H223

%
~ Atom 3

€321
céaiﬂ
o
R
c2
c2
cea”
ce5
 -C£4?
c25
Cce3

cL5

~

Ccl14
8124
c134

C214

\g c224

c234
314
c324 "
C334
oz
cu
51/2-x; 1/2+y, 2)

101

Angle (°)

115.9(3) ///-
£ 120.4(4)

66.9 (4)

- 72.7(5)

157(1) .

- 84(1)
111(D)
114 (1)

99 (1)

133(1)

111(1)
109 (1)
179:3(7)
177,0(6)

- 179.2(6),
176.6(6)

y?nfl(gy

176.6(6),

1178.0(7)

178.2(6)
176.5(7)

. 157.8

140.5



\J T

102
6  Table 23 )
L /’ ‘ . N g . .
Selected jIntramolecular Non-Bonded Contacts
: .o . oL . ‘ o -
Atom 1 . Atom 2 ° ' - Distance (a)

. Rh PR H312 o 2,90

er1 o . Hlle o 2.54

C

H232 3.4
el o H312 S 2,77
011 T o m2e v g3
7 f}pzl,“‘A - . H336 s ",2137V’
:,Qz-f; ' -  H336 o - 2.28
o2 H222 . 2.23
02 . mH32 y 2.49
Ce2 e | - iﬁ?G(Z)_ R
a C c2 - o 3-93‘(5)’ \
| o

H332 /o made SN .37 o»
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Table 24

Seiected’Intermdlecular Contacts.

' Afom 1 - Atom 435':’ASymmetry Opération | Distance (i)‘

oot ¢ (onatom2) T
e w223 1/2-x, 1/24y-1, z . . 2.66
H122 - -3134 '_“f X, 1/2+4y-1, 1/2-z . 2.39°

| 3122 ‘ﬂ' ,'3133 372: X, 1/2+y-1, 1/2-2 - : 2[41
H136 o om3zs /. 124k, Y. 1/2-z 2.5
"3213 o ow2a b 1/2-x, 1/2+y, 2 . 2:33
H225 agxér?,t;,'_x, 1/2-y, 1/2+z 2.6

pe

4
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. 8

Fig

of {(02)Rhcz(P(c6H5)3)3.zcazc22]

o~

/

A General View

L 3

14

~ ‘l/\
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Fig. 9

Equatorfal Plane G&
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Discussion ' ' R

The complex has a trlgonal bipyramidal structurev

if dloxy?en is treated as occupylng a single coor’: atlon

’ 81te (whlch is the preferred v1ew in this thesis).

' Alternatlvely 1f dloxygen is treated as a bldentate llgand

then the structure lS approx1mately octahedral In the

trlgonal blpyramldal descrlptlon, the two axial 51tes

" are occupled by trlphenylphosphlne ligands whlle the

'dequatorlal 31tes (Flg. 10) contaln the third phosphine .

llgand the chlorlne atom (Czl) and the dioxygen molecule'
(with both oxygen atoms in the equatorial plane}.' The
molecule is then coordlnatlvely saturated (ng 8)

The rhodlumrphosphorus bond lengths (Rh- Pl
2 365(4),, —P2 2. 357(3) Rh-P3, 2.391(3) A) show sig-

nlflcant varlatlon. The chemicaliy'equiValent axial

AY

- rhodlum—phosphorus (Pl and P3) dlstances (A/o 3) are

llnterestlng, however the actual dlfference is relatrvely

‘small in absolute terms (0. 026 A) and can probably be

ascrlbed to subtle inter and 1ntramolecular.anteractlons.
Slmllarly statlstlcally 51gn1f1cant varlatlons were ob-

served in the structure of ((Co(2—phos)2(0 )]+ 29 and_no

“ﬁchemlcal 51gn1f1cance was aSSlgned " The rhodlum-chlorlne

N

bond length of“2 401(3)A is normal for the rhodlum com-‘
plexes dlscussed‘ln thls thesxs (see Chapter VI for further
dlscu551on) | The phosphorus—carbon bond lengths average

1. 829 A whlch 1s‘typ1ca1 for trlphenylphosphlne comp-

L3



£

lexes 17/18.129 The distribution of these distances was

. . - ' ) . o
" consistent with a standard deviation of 0.010 A (com-

T .'o
pared with typical values of ~0.007 A from the least

'Squares refinement) and R small systematic error -
_ . N \ o
is 1nd1cated No signifi§ ariations were observed

when the bond len%ths were ldited as to phosphine ligand.
A
The dloxygen llgand is typical of~ the’ n—bonded

type (classifjication (1) in the 1ntroductlon) and “the

S
bondlng is ratlonallzed in a manner already dlscussed in
ChapterIII. Masonl‘30 has glven a sllghtly dlfferent

method of v1ew1ng such charge transfer as 1nvolv1ng a
4 *2 3 *3 C

tran51tlon 51m11ar tow . . Such a_description -

. was only meant to 1llustrate the effects of transfer of
‘charge from the dioxygen: bonding to antlbondlng orbltals

b .
by comparlson with dloxygen exc1ted states, and not to -

ailllustrate the manner of charge transfer. Parshall ;31'
» cons1déred 51m11ar spec1es as 1nvolv1ng octahedral co-
ordination w1th two o-bonds and no w-bonds belng present
5 hQ&ZYir such a descrlptlon does not correlate the oxygen—
oxygen bond length with 1rrever51b111ty of oxygenatlon
whllst the descrlptlon of Ibers et aZ 18.(der1ved from

Grlfflth s work) 64, 1?2 does.

The oxygen oxygen bond 1ength is 1. 413(9) A
and,ls not sxgnlflcantly dlfferent from that observed for
the d1mer,-l.438(9) A. These dlstances correspond ap-'

prox1mate1y to that expected for a peroxlde'eg'and the
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complex could be viewed" as an, octahedral rhodium (IXI) com-
s 7 K . LR ’ "
plex, although as mentioned in the jntmwoduction such a

- classification may b unreallstlc. The‘rhodium—oxygen
'bond lengths (Rh=01, 2.081(8); Rh-02, 2.005(8) A) appear

| to be 51gn1flcantly different and hence the llgand is not
symmetrlcallyéattached Thls may reflect dlfferences‘ln

_«the trans-llgand (01 iSAfSGUdQ-tPGHSJtO | andeZAis
IVSimilar trenﬁ%is observed in the

2o -

pséudoitrans.to cLl).
compbund (o )IrCL(CO)(PKé HB)Z(C H )é . where the longer

metal oxygen dlstance is pseudo-t an s to the better = h'°

bondlng Ilgand (1n this case carbon monox1de) Detectlon

of this assymmetry 1n the structureé (O )IrX(CO)(P(C 5)3)3,
Cg, I 17 19, is impossible due to the dlsorder of X

"and CO that occurs in these crystals.

There are two other features (both. short

\,
, hydrogen—oxygen contacts) that may contrlbute to ﬁhe as-

»

symmetry of the rhodlum-oxygen dlstances. The first and
probably the most 1mportant is the contact of 2.02 A

_between one methylene chlorlde hydrogen atom and Ol

ES

'Thls is most clearly seen in Flg. 9. Thls contact is

con51derab1y shorter than the sdm'of the van der Waals’ '
i :
>rad11 (2 5 A) 120

1bf the methylene chlorlde molec%te is such that the- cal- 9<

culated p051tlon of the hydrogen atom mentloned i's approx-

~ imately on the llne_301n1ng C2-01. This ds ;llustrated
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bx the ‘near equivalence of the angle5° C24-C2—01,‘111(1LP- .

t
‘CL5- CZ-Ol 1b4(l)°, which are in good agreement an?’ 1

///r~expected for such an orientation. The seopnd somewhat
e

;’t,” .:longer, contact (02-H222 2,23 A) is 1ntramolecular and | .<

i L .

hence it is more dlfflcult to dec1de whether it rs

' attractlve or repu151ve in nature, however the hydrogen.

" atom is ted~towards the oxygen w1th the rlng having

the most bendlng of any phenyl group in- the;

v(P2-C221—C224, 174<1(5) ) and very low temp rature factors;

Thus this'interattién_could~possibly«'
: AR ~ ,
The two dquygen derivatives descrlbed in this _

attractlve.

thes;s both demonstrate that cootdlnated dloxygen ls i?'

Stlll ba31c._ In the bzs—phoSphlne dimer (ChapterIII) the

coordinated dloxygen forms a donor bond to another

13

e rhodlum atom, whlle in the trzs—phosphlne complex the

V,dloxygen molecule is 1nvolved in at least one hydrogen_
L bond. df/' . °
: . . . - o S e E
It is prpbable that neither of these COmpounds
- represent the major dloxygen complex formed in solution
by the addition of oxygen to RhCZ(P(C 5)3)3. Ratherv
they result from the condltrons of crystalllsatlon. The-

&

course of events ‘is llkely to be that shown below where

triphenylphosphlne 1s represented by P.
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o » . RhP;CL + O, 2. RhP4CLO, . BEN 0% I
3 - ; . | -

L " th3c202‘ 2 'RhP,CL0, + R . (2} :
B - 2RhpP zo‘ RhP.CE0. 1. I 31
v - 2Rh 2C z 5C 215 : l
[RhP2C202]2 # [RhP2C202]2 (s) r [4]
B ' a - catalyst o ' g o
R . o, 2 do ) 5]
' The equlL;brlum (2] favours EhPZCROZ and only when the
- phosphlne concent&atlon is hlgh does RhP3CR.O2 form in
‘ .
nsufflclent quantlty to crystalllze " The dimer [RhP CLO ]

2
/.
as a very "low solublllty and hence. cannot account fbr

E&'ls probable that reactlon 3] 1s extremely slow z? view '
he

of the sterlc factors 1nvolved in the formatlon of

a

o

d&;er. Hence fresh solutlons, formed by the addltlon

dioxygen to RhP3C2 correspond RhP cz(o ) in agree-

,,...r
ment with the eani €r osmometric studles 3% 37@ and thls

\\N\\\. spec1e§jﬂs tho_mod amlcaﬂly more- stable than RhP CR(O )
| and klnetlcax ¥ stable w1th respect to 1ts dlmer. ' :

.. Reactlon [5) is 51m11argto other reactlons 43 produc1ng
trlphenylphosphlne oﬁlde\and may explaln why free tri-

"phenylphosphlne 1s only observed 1n veLy low concen— | .

'tratlons, whllst the oxide is usually ?bserved in solutlons

'”hav1ng)osmometr1c molecular welghts of ~600 37{

P



| ' CHAPTER. V |

The Crystal and Molecular Structures off‘%y» ‘f
*"tne prange Form of RhCl(P(C6H5)3)3‘
Experimental

o Orange crystals of RhCl(P(C6H5)3)3 were found
to have a "lathe like hablt and were ar ged in clusters;
- A.suitable crystal was cut from one of Ezz:e clusters
and after examlnatlon under a polarlzlng m1croscope, it
‘was mounted on the end of a thin glass fibre so that the
" needle axis was c01nc1dent w1th the gonlometer axis.
Examlnatlon of prellmlnary Welssenberg and
' prece351oﬁ photographs 1nd1cated that\thg,compound crys-
;'talllzed in the orthorhomblc crystal system (Laué symmetry : K
,mmm) Absences were found that satlsfled the follow1ng
set of condltlons (hkz, no restrlctlons' ORZ k +-2-
2n + 1 hol h = 2n + 1; hko, no restrlctlons) _ Thls
;comblnatlon of absences is consistent with the space—
.ﬂgroups Pnazl or Pnam. o ”b ' ‘ R - ;
T : The crystal was orlented“on a Plcker manual
-dlffractometer w1th the “b"‘ax1s c01nc1dent with thé‘¢ o
axis of the 1nstrument Several hlgh 1nten51ty peaks
were scanned for any 51gh of spllttlng due to tw1nn1ng
of the crystal (a Laué photograph had been taken earller_

'!as an initial check of. the optlcal examlnatlon) and no

‘ev1dence of tw1nn1ng was observed

112
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; o

Lattice parameters were then calculat%d using -
dlfrractometer 26 values for 13 hlgh angle reflectlons
The 26 values were obtained with the 1ndependent w/280
me thod and-utlllzed the positive and negative 28 -values.

The ~rude lattice parameters from the photographlc study”

were then subjected to a least sgnares reflnement to

glve the best fit between the observed and calculated 29

angles. The hlgh angle reflections were chosen so that

there was a large vafiatlon 1n the ¢ and x angles and in

s

all ,ases the al/u spllttlng was resolved sufficiently

,Jto allow the ay peak (A, 1.54051 A) to be centered.

&

-Lattlc' narametersﬂwere a, 19.4 (3); b, 12. 689(2)

s c; 18.202(3)‘A° a=f = y,.90° The den51ty of the com-

pound was measured by flotatlon in aqueous pota551um

1od1de solutlon as 1. 363 g cm 3. The den51ty calculated

5

for four molecules in the unit cell is 1.367 g-cm -3.

Intens1ty data were collected on a .;cker

-.manualsdlffractometer using c0pper Ka X-radi:tion, a 2°

"takeoff anglé and* a graphlte crystal monochro ator

d(002 reflectlng plane). The coupled 29/w method wa':4

used w1th 1 mlnute scans from (29—1)° to (26+l)° 2 20

/

second statlonary background c°unts belng taken at the

llmlts of the scan The dlffractometer settlngs were
: 4

| calculated.with th£ programme MIXGZ Data were only .

'collected.to 90° in 20 because of the rapid- decrease in

-the intensxtles with 1ncreasxng 29 as observed 1n;the
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A3

photoéraphic study. During the data collection eight
standard reflections were measured at elght hour 1ntervals
\Fs an indication of any crystal decomposition (n evidence
of which was found) and all reflectlons having a count |
‘rate in excess of 10% counts-sec-% were %oted A total ..‘ A
of 2212 reflectlons ‘were measured and of thls number 1412” '
‘were found to be statlstlcally rellable u51ng the crlterlon
I < 30 for rejectlon. After the da_a collection the hlgh
.1nten51ty peaks i. e. those exceedlng the linear YESR?nse
range of the detector, were fecollected at‘lower voltages-
‘and scaled 1nto the data’ by comparlson with less 1ntense

'peaks recollected in the same manner. The NkC reflections

(at X = 90°) were measured ‘at 10° intervals in ¢ to-

-
4.

provide experimental confirmation of the correctness of
. | -
any absorption correction.

/
¢

The crystal faces were 1dent1f1ed as members-

'of the’ forms {1 0,0}, {0,1,0}, {0 0, 1} and {1 1 0}

The dlmen51ons of the crystal as measured under a mlcro--
scope were. ~0 22 x 0 13 x 0. Oi?mm. Reflectlon data were
corrected for Lorentz, polarlzatlon.and absorptlon effects. _x

Transm1551on factors varled from 0 805 to 0. 550 (u(CuKE),

e

"47. 6 cm l): Flnally the strﬁéture amplltudgs and thelr

standard dev1atlons were calculateévu51ng an uncerta nty "

“ 10 ! - . 3
fa;t/r of 0 03 " - .
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Structure‘Solutioh and Refinemeht Dol e
A three dlmen51onal Patterson.map was cal-

culated and carefully examlned to resolve the ch01ce of
_sgace group. »In th1s case- the structural poss1b111t1es
are: : (1) Pna2l with each mole ule occupylng a general
p051tlon and w1th no constraants on coordinates, (2) Pnam
W1th each molecule occupying a special pgsition andvgavin

o \ .
a mlrror Plane parallel to the "xy" plane. Spec1al

-

p051t10ns 1nvolv1ng T were not con51dered a serlous optlon
for this molecule.._ B , . 2

'.“; ‘ These two p0551b111t1es glve rlse to the same
.”rhodlumerhodium vectors (172 + 2%, 172, 1/2- 1/2 1/2 +.2y,';»
0- 2x, t 2y, 1/2) but in pr1nc1ple they should be re- .
solvable from vectors an01V1ng the llghten heavy atoms_
’(phosphorus and chlorine). Ih thls structure three of

the heavy llgand atoms have "z" coordlnates approx1mate1y |
,equal to that of the rho um_and the‘?ourth atom (later f

),

'shown to be\the chlorln tom) has a "z" coordlnate \lJ
deflnltely dlfferent from the éﬁ coordlnate of the rhodlum
atom albelt by a. relatlvely small amount (Table 25). ‘Thus
'spacegroup Pna2l is clearly 1nd1cated as the correct |
-spacegroup but the heavy atom fragment (RhP Cz)'ls ap-
prox1mately planar and perpendlcular to the "z"baxls.‘

' The "2" COordlnate of the rhodlum atom was a551gned a
value og 0.250 "to deflne the orlgln of the unit cell 1n ’

-
this directlon. :
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'Lh Thls pseudo mlrror plane in the fragment of .
the molecule used for pha51ng the structure amplitudes
.produced a pseudo mirror in the electron den51ty map ‘cal-
“culated at this stage i.e. the map represented the
electron den51ty of the molecule:and superlmposed upon
thlS was the electron denSLty of the mirror 1mage
although not w1th equal wei tf Sv.ution’ of the structure ,
was slow and requ1red several electron den51ty dlfference
maps to lgcate all of the atoms. . The second image dis-
appeared as the number of atoms 1n the model increased. .
The sequence of events in solv1ng the\structure is out-
lined 1n_Table 26. | |

| Subsequent reflnements of the model were routlne
except for 1ncomp1ete reflnement of the phenyl groups due
v,té an error that was spe01f1c to r1g1d bodles in ndn—‘
ucentrosymmetrlc spacegroups in the least squares reflne—'
ment programme._ Once thls4grror had been detected and
: corrected the structure converged satlsfactorlly (Table 27).
Structure factors for rhodlum, chlorlne, phosphogus and .
- carbon were calcul?ted using neutral.atom scatterlng--
'vfactors deriued‘from f:rom‘er'scoefficient:s111 and in-
ucluded for rhodlum, phosphorus and chlorlne the real ‘and

.
L]

1maglnary terms for anomalous dlsper51on. The'scatterlng
factors of ° Mason'and Robertson 113 were used for‘the
hydrogen atoms. Throughout the‘calculations the sir'-
carbon.atoms;of'each pheﬁ§3'group were_treateddas rigid.
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bodies of Dsh symmetry with carbon- carbon bond lengths
of 1.392 A : Hydrogen atoms were 1ncluded at their cal-
culated positions (carbon—hydrogen bond length,-l(o A)
w1th 1sotrop1c thermal parameters set at 10% hlgher than
those oﬁ&the carbon -atoms to which they were attached
Due to the shortage of data the number of parameters was

-
. a serious. concern durlng the reflnement process -and the

I4

rigid body model for the phenyl groups enabled the
number of parameters to be mlnlmlzed Anlsotroplc thermal
' parameters were introduced for the rhodlum, phosphorus
and chlorine atoms only.“ » |
At convergence (sh1ft/s1gma = O 12) the standard
dev1at10n of an observatlon of unit welght was 1.55 Wthh
Cis certa&nly acceptable in view of the constralnts placed'
on the model A final electron den51ty dlfférence map .
showed no systematlc res1dual peaks w1th the largest
posxtlve and negative peaks belng 0.44 and ~0.36 e. A -3 h
respect;;ely~(cf carbon ~3 e. A 3)f These peaks were |
81tuated 1n the v1c1n1ty of “the 11 and 12 phenyl groups.
The correlatlon matrlx was also prlnted ‘out in thls final
,cycle (R = 0. 047 R2 = 0. 053) and hlgh correlatlons werel
A,. observed between some carbon .tem erature factors, however_

all*coordlnate correlatlons were | ess than 0 2 o \
| | Although the space group Pna2l contalns both
E enantiomers the solutlons X, Y. z and X, y, z (or x, y,Vg

or x, y, z) are not equlvalent when anomalous scatterlng
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is included in the calculation of the structure factors.
Since the space group is polar the 'incorrect' solution

135_and hence p

wonld haVe'sYStematic’coordinate érrors
errors in geometry. For this data set the sclution.
X, Y, Z can be rejected on the basis of a Hamilton R
factor ratio test ;14 with afcongidence level of greater~‘
than 99.5% | | |
The atomic coordlnates were then entered into

the programme ORFFE II w1th thelf respectlve standard
dev1atlons and the 1nterat0m1c dlstances and angles (w1th
‘thelr correspondlng ctandard deviations) calculated
Rhodlum-phosphorus and rhodlum—chIOrlne bond lengths were
also calculated 1nclud1ng an allowance for thermal motlon.

In this correctlon the llghter atom (phosphorus or chlorlne)

was. assumed to ride on the heav1er atom (rhodlum) ThlS'

_correctlon was only appreclable for the rhodlum-chlorlne

‘ bond length.

’

Lo
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- Table 27 .
Reflnement fequence for RhCl(P(C 5)3)3
s .
Reflnement Model . R R
; . o 1 2
Cycle o o o
7 all atoms isotropic o 0.092 0.106
@ g d . anomalous dispersion | u>'. 0.090 0.104

correction applied

9 . central atoms anisotropiC' | _0,07é 0.088
0  0.069 0.082
11 hydrogen atoms included -  0.065 ‘0;076 ;
12 model x, y, & tested . 0.081 0.097
13; pngramﬁe error'locatedﬁ . .0.051 0.057
142 »;;_d“ e 0.047 0.053

15 - model x, Y, Z retested -+ 0.052 0.064

'Test‘of'convergence'in cycle 14 -r' Q"“ , o f
Maximum coordiﬁate’shift as'measured.in terms of the cor-
respendiﬁg standard deViation‘O‘OS~ |

vMax;mum thermal parameter Shlft as measured in terms of

- the correspondlng standard deviation 0.12 A'_ ) ‘;‘ o

-
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Results ¢ |
Table 28 gives the obsefved (IFOI) and cal-
culatedv(IFC[) ~'structure ‘amplitudes. The atomic

coordinates of all atoms are included‘in Table 29 with

‘the anlsotroplc thermal parameters (U ) of the central
atoms belng llsted in Table 30. Other‘tables inc}ude.
1nteratom1c distances (Table 3l)aané‘interatomic angles
(Table 32) with the 1nter— and 1ntramolecu1ar non—bonded

' contacts listed in Tables 33 and 34 respectlvely.

‘ Fig. 11 shows the- central coordlnatlon geometry

v1ewed perpendlcular to the Pl P2 -P3 plane. Flg. 12

ﬂ'fshows ‘a similar segmen ~of the molecule v1ewed down the

Pl -P3 dlrectlon whllst_Flg. 13 represents a general -view

of the molecule.
& : ‘ S
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. Table 28 : : ' - ‘
Observed and Calculated Structure Amplitude_s (electron's x 10) .
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Table 29

. Atomic qurdinates and Isotropic Temperature Factors

fofithe.UniQheiContents of the Unit Cell\

Name  x o v .= o
R 0.06304(5) 0;92892(9)_“;10.;560(0) 2,38
.CL -0:0503(2).'- 0.0726(3) b.zogs(é) 3.88\
Pl 0.0800(2) fo.zqgg(é)_ “ 0.2555(4) 2.91
P2 0.1723(2) - ~0.0199(3)  0.2607(4) "3,81
P3 7‘ 0.0154(2)v -0.1362(3) io.27s7(z; 2,71

* These values are equivalent isotropic temperature
factors ~nrresponding to the anisotropic temperature
‘factor. ,iven iﬁ,tablé;QQ o | PR N

(Table”continued)
: () ,
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Tab le 2-9 continued.

(a)

_Name‘

c112
c113
cl14
C115
Cll6

c122
c123
cl24
ci2s-
c126

c131

c132

. c133

Cc121

X

" 0.0247(6)F

0.0372(5)

-0.0054(7)
—0.9665(6)
-0.0730(5)
~0.0305(7)
9.318(8)  '

0.669 (8)

5.783(9)

0.0606 (6)
vjo;oesj(si

_mduénp'
0.0389(6)

0.0338(6)

10.0446(7)
6.061(7)
1.632(8)
'3f599(8) '

0.1620(8)

. 0.201(1)
0.2614(8)

Phenyl Carbon R1g1d Bodies

Y

0.273(1)

Zf' .
0.377(1)

0.4268(7)

0.373(1)
0.268(1)

0.2184(7)

1

Yl#

1t

X

0.278(1)
0.2186(7)
0.266(1)

0.373(1) .
0.4322(7)

0:385(1)

0.2692(8)
10.3252(9)
 0.3746(8)

z

0.3240(6)

Ty

0.3439(5)
0.3945(8)
0.4253(6)

0.4054(5)

0.3548(8)

—0.0179(4)

0.374644)"
0.1699 (6)
0.1059(8)
0.0379 (6)

0.0979 (8)
0.1659 (6)
0.0497(4)

' ’
0.3254(6)

0.1019(5)

1 0.2818(9)
.0.2308(6)

0.253(1)

: '__(Table contir. ad):

s |
*,/51272?3

10.0339(6)

127,,

B
3.0(4)
7.6(7)

EETUN
-5;8(5),
4.8(4)™

4.0(4
o

0. 3226(7) \\

N

ﬁ;4)'
9

5.7(5).
6.4(6)
5.6(6)

T2.6(4)

3.2(4)
5.3(4)

\

AN



Table 29 continued -

Name
Cl34
C135

C136

X

0.2830(8)

0.244(1)

0.1837(8)
0.979(6)
1.97(1)
5,34(1)

1 0.2396(6)

0.232(1)

- 0.282(1)
. 0.3401(6)

0.346(1)

0.298(1)
 1.017(61'

20011

4.58(1)

B

Y

0.3680(8)

0.3119(9)

1022625 (8)

xl'

ol
Y

1
z

0.0833(8)

0.0852(8)
0.1424(8)

0.1777(8)
0.1559(8)

'~ 0.0987(d)

€221 ©£0.1885(8)

0.1481(7)

0.1593(9) -

0.2109(8)

0.2513(7)
C0.2401(9)
2.548(7)
2.239.(9)

4.305(9)

0.
-0.

1394 (8)
1499 (9)

-0.233(1)

 ~0.3064(8)
: \/

-0.2959(9)

~0.212(1)
1 :

- X

» 1 
Y
2!

}

'0.3254(9)

0.3763(6)
0.355(1)
0.2225(4)

- 0.3186(5)

0.3036(4)
0.220(1)
0.1451(7)
0.1081(8)

'0.146(1)

"0-220l&7)
. 0.2571(8)
0.2899(4)1
 0,1265(5)'
0.1826(4)

© 0.2047(9)
0.1420(6) -
0.0939(5) -

 0.1085(9)

0.1712(6)

0.2193(s)
0.1997(4)

-0.2229(6)
0.1566(4)

(Table continued)

4.6(5)

6.1(5) -
5.7(5)

2904
' 3.8(4)
5.7(5)

4.8(5)

3.1(4)

3.5(3) .

2.9(4)
4.4(5)
6-3(5)

 6.5(5)

5.9(5)
5.0(5) -
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Table 29 continued

x

.Y ) i

Neme , s
€231 0.204(2) -0.044(1) 0.356(1) 3.7(4)
© c232 0.268{1) -0,087(1) 0;372(1)f> 7,5(6)
c233 0.2879(6) -0.104(1) 0.445(2)  7.8(6)
©c234 0.244(2) -0.076(1) . - 0.502(1)  6.5(6)
c235 o.%sd(i) -0.032(1) '6,486(;) _5;2(5)
€236 0.1601(6) ' -0.016(1) 0.4}3(2) 5.1(5)
D | 1.986(8) X 0.2240(5);
E 1.51(2) 'yiﬂ;/// ~0.0599 (6)
F 5.91(2) 27 0.4289(5) )
C311.  -0.0533(6) ~0.1085(9) . 0.3436(8) 2.9(a)
sc312' 50.0379(5)" =0.0402(8) 6.4012(5) l3.5(4)_
C313  '-0.0876(8) . -0.0167(8)’ 0.4537(7)  4.5(4)
c314  ,?0;1$27(6) —0.0613(9) _0;4486(éi 4.8(5)
" c315 -0.1682(5) 46.1295(8{K‘ ' 0.3911(5)  4.2(4)
c316 Qo.ilgs(s)"-'"10.1531(8)’- '"023385(7;- 3.6(4)
b o.887(7) <t | -0;1030(;)] ' LT
E - 0.51(1) e . -0.0843(5)
F o 5.94(1) 2ty o360
c321 0.0649 (6) '-0.2422(3{"‘ 0.3208(8)  3.6(4)
€322 0.0965(9) -0.320(1)  o0.2785(4) 3.644)
€323 To.;365(s); | 1;0,3968(8) 0.3121(8) 4,#&5)“
iz 0.1449(6) f?,39éé(é)1 \  Q,3aqc(é) A 4.9(5)
i ; ' ' .(mgp;,e'cgntix:ued) I
:\; #



Table 29 continued

Name

c325 .

- C326

D

E

. F )'

c331

C332

- .C333

«

' /5£[;334

C335

C336 -
D .
B

F

X

- 0.1133(9)

0.0733(6)
12.521(7)
1.691(9)
5.239(9)

© -0.0278(6)

~0.0329 (6)
~0.0650(7)

-0.0921(6)

-0.0870(6)

-0.0549(7)

" 3.566(7)
. 1.851(8)

3.725(9)

gravity.

&

-

'y

-0.319(1)

-0.2419(8)

. =0.212(1)

-0.1672(7)

‘-0.222(1)'

=0 5. 2(1)

~0.3669(7)

-0.312(1)
,xl
L

1
z"

«

z .
. 0.4304(4)
" 0.3968(8)

3

-'0.1049(3)‘

-0.3194(5)

0.3544 (4)

0.2037(6)
0.1340(9)
0.0775 (6)
0.0906 (6)

0.1603(8)

0.2168(6)

. =0.0599(4)

0.1471(5) -

.(Table:continued)

b

B

6.2(5)
4.6(4)

A

A

v 3.9(4)
5.0(5)
8.0(6)

7.7(6)

5.5(5)

4.4(4)

C-0:2671(T)

_*ﬁThesé-Values are the coordinates of éhe~ring center of

130



g fable 29 continued

(b) / Phenyl Hydrogen Rigid Bodies .

N .

H1ll2

©HL13

‘H114

H115

H1l16

D

E
F

" H122

H123

H124

H125

- H126

H132
H133

H134

H135

H136

X

0.077

 0.004

-0.091
-0.112

- -0.039 .

0.318
k_o.669 
5.836
0.077
04059
0.031
0.022
0.041
6.061
1.632

4.646

0.186
0.290

- 0.326

N .0.259

©0.155

D' o z
Cyo0.416 - % 0,322

0.501 . o.410

0.408  : 0.462

0.229 o 0Q427 

0.144" 0.340
%g/, 3

R

LA
- Y&‘_.) B

-

L0.142 . o.109
6.223 : Qq.obéf'

A

© 0.407  -0.015

~ 0.509 " 0.095
0.427 0.212
0.3310. 0.179

" 0.416 ° 0.218
0.403 0.343
0.305 .0.429

0.221% & 0.391

~ (Table coqtihued)
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Table 29 continued~

Name o X _ ' y z . B

D 0.979

E 1.97

F 6.39

H212 0.190 ~ . o.060 0118 - ‘4.0

H213 0.277’ ’ ;b3l58  0.054 6.0

H214 ~0.376 . 0.219 0.119 Vsl
m215 0.3%0 o0.181 0.247 © 3.3

H216 0.303  0.083 o310, - 4l0

D 1,017 . o

E 2.01

F 5.62

H222 0.111 . -0.097 ©0.132 4.8

H223 0.130 % - =0.241 0.049 Ny ,~6Q7

H224 ~0.219 “v;o.366 ‘  1 0.074 7.1

H225 . 0.288 -0.349 | - 0.181 6.9
H226 0269 -0.205  0.268 5.5
b 2.548 | L |
_E‘vj\ . 2.239

F 5.350

H232 0.300 ~ "-6;107  o0.am | 7.5
 H233© . 0.334 - -0.135 :;’ 0.457 8.6
H234 . 0.257 - -0.087 Co.sss 7.

(Table continued)



-

Table 29 continued

H312

H313

H314
 H315

H316

- H322

. H323

H324
H325
H326

@

.
~

-0.012

- 0.015

~0.008

0. 032

0. 04p

—0.16&

-0.202

-0.321

-0.453

\

-0.451

-0.318

-0.186

0.527
0.402

0.405
0.495
0.486
0.387

0.297

oﬂ2%4'

0.283
0.414
 0.486

0.427

4
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.5.2;

5.2

6.7

5.1

. (Table continued)



Table 29 continued | | - B »;:. m’,E
Name I y ‘ z . B , f"-
H332 . -0.013 -0.096 - ,0.124° 5.6 - 'jf‘ht5
H333 -0.069 =0.191 - : o.oz? | 9.0 f:;];ﬁ?‘
‘334 0.115  -0.363 0.050 8.5

H335  =0.107 -0.439,  0.170 6.4

. =0.051 -0.343 0.267 4.7 ¢ T
3.566 ' ) _ o o

1.851

T > I - B~
.- (9%
’ (5%
) [«,)]

4.772 _~
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. Tabie 3.1 ‘
R e, \
Selected Interatoxpic 'Dista'nces
Atom 1 ~Atom 2 - ' {Distance (;x)
Rh e S 2.404(4) 2.416(4)*
Rh Pl 2.304(4) . 2.307(4) %
Rh. P2 . 2.225(4) - 2.228(4)%
Rh P3 . 2.338(4) | '2.341(4)*‘
PL . cu1 i_ 1.841) .
B cizr v 1.83(1) ‘
1. asn 1.836(9)
P2 c211 . 1.841(9)
.. P2 ; c221 '  ‘1.85(1)
P2 ca; “1.87(1) -
P3 . c31 1.856(9)
P3 . - c321 1.847(9) : s
p3 3 S ol.e3() /
- * value corrected for -‘:iding - ' - .. ) -
" ) 3
| P
:
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-  Table 32
., Selected Interatomic Angles
Atom 1 " Atom.2 - Atom 3 Aﬁglegiih
S Rh P2 - 97.7(1)
P1 Rh . P3 159.1(2)
Pl Rh cL 85,3(I)-
P1 Rh H222 . 122.9
P2 Rh P3 . 96.4 (2) - »
P2 Rh ) 166.7(2)
P2 Rh H222 66.1
P3 Rh cL i_ 84.5(1)
- P3 . Rh H122 77.1
cL Rh’ H122 ﬁ([ 101.3
Rh® ,//"71 ci1 4;112,5(5ﬁ
R Pl - ciar 114.3(5)
Rh Pl Soc 123404,
'Rh P2  c2m1 R 11910(4):'
Rh N\ P2 c221  109.9(5)
 Rh P2 c231 116.4(5)
Rh P3 Se31 - 104.4(4) T N\ o
Rh' P3 o e320 0 122.3(4) 5
Rh ez €331 120.6(5)
Pl cl11 Cc14 0 178.7(8) -
Pl “c121 cl24 . 175.1(8), |
P1 c131 ams  177.306)

S _ | (Table continued) :
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 Table 32

Selected Interatomic Angles

Atom" 2

‘P2

. P2

P3
P3

P3

ci11 -

c121

+ €131

- Atom 3

ai‘ Pz/,«

' CQJ‘;‘: o

.

‘,;HZZZ‘}

.P§3 .

-vcgiqu Ln

P
H222
cL

H122

H122

c111

c121 -

131

Cc211

c221

€231

- C311

c321
. €331
‘c1lia

c124 -

C134

~ (Table continued)

~ Ahglé (°).

97.7(1)

| 159:1(2)
| 85.3(1)
122.9
o 96,4(2{

1166.7(2)

66.1 -

84.5(1)

L1701

. o
101.3

112.5(5)

114.3(5) .

£23.4(4)

119.0(4)
109:9(5)

116.4(5)

104.4(4)
':,;22;3(4)]
1120.6(5)

176.7(8i,”;
175.1(8)
1177.3(6)

g o

D = ¢



igsle 32 cqntihuedl\~
CAtbm 1 Atom 2
P2 ‘c211
P2 c221
p2 G231
P3 €311
i P3 'c3zi
“ o
P3 c331
c1i1 B 31
1 e
QACl?l-‘“‘ P}j
| 0211 P2
c211 P2
.c221 P2
- ‘e3il p3
c311 p3
c321 - p3

R

Atom 3
c214
c224

c234 -

c314

c324
c334 o
. c121

c131
c131

c221 -

c231

Cc231

c321

€331

€331

c—t

Anglg‘(9)

174.6(7)

174.3(8)

176.4(9)"

»177.6(75
"177.4(7)
. 178.1(9)

104.1(5)

98.5(6)

- 101.5(6)

.97.2(6)

103.5(6)

;108;9(6)

102.6(5) -,
. A
104.2(6)

100.2(6)

(1

138



Atom 1

- H112

113

H123
"H212
H213

H214

Table 33

Nt

Selected Intermolecular Contacts

Atom 2

 H323

H326

H314

H325

H325 ..

‘H124

;\/

Symﬁetry Operation

(on atom 2

X,ytl,z S

J§}§41,1/2+z

X, ¥.1/24z-1

X,¥,1/2+2-1

1/2-x,1/2+y,1/2+2-1

1/2-x,1/2+y,1/2+42-1

. Y
" Distance (A)

2.41 <
“ Fl
1.92
2.48
.2.40
2.41
2.47

139
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Tablé 34

Selected Inttéinéiécular Non-Bonded Contact_s

Atom=1’_“* Atom Distance (i)‘
Rh - m222 - 2.84
m H236 2.9
‘Rh H122 . 2.96
Rh o omie 7 2.9
Pl B T 3.190(s)
o p3 ) . 3.188(6)
Pl . P2 3.411(5)
P2 ez 3.404(6)
2 | 3.
H112 © HI26 777 2.12
H226 H232 f? 1.84
H236 H32 2,07 -
’_gibiﬂ . canr o .20, -
© 133 oe21s T 3300
€221 . c322 © 3.20(1)
€226 @22 3,291 s
'u.v;C236 . c326 3.34(1)
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~Fig. 11

View Perpendicular to the P1-P2-P3 Plane




R 3 ' . . PR 142
i o B B ' R Fig.. 12 g : ) ) _— , '
Central Geometry Viewed down P1-P3 Dirgcti_on',

‘e
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13

-Fig.

, A General View of [Rhcz(P(c6H5)3)3] (Orange Torm)




Y

DiScussion' ) }i

- o To a flrstggpprox1matlon the coordination of the .
rhodium atom (Flg. ll) 1s square planar but there is a |
marked dlstortlon towards tetrahedral geometry as emphas—
1zed by Flg. 12 and the angles C2-Rh~ P2 and Pl- Rh— 3 of
N ‘166.7(2)°vand 159.1(2)° respectlvely. The latter angle -
.cannot be 1nterpreted simply as belng due to the dls- |

tortlon towards a tetrahedral geométry since it «

a 51gn1f1cant contrlbutlon from a bendlng of Pl-
w1th1n the mean molecular plane of the complex.v The Lﬂi-
dlstortlons f--om square planar coordlnatlon are explq;ned
/by the bulklne s of the trlphenylphosphlne 1lgands (vzde |
‘znfra) (
o The phosphorus atoms can be grouped chemlcally

'1nto two categorles, (l) one pair mutually trans and cis

to the chlorlne atom, and (2) the unlque phosphorps trans

to chlorine. For this latter phosphorus, the rhodlum '
phosphorus bond 1ength is -2.228(4) A which is 51gn1f1cant1y :
. shorter than the other two bond lengths (Rh- Pl 2. 307(4),,
-Rh-P3, 2.341(4) A) between rhodlum and the mutually trans

phosphorus atoms (A/o- 14 and 19 respectlvely) Thls

pattern of rhodlum-phosphorus bond lengths is- con51stent

‘with the. n—acxdlty and thus trans effect of phosphorus belng

'greater ‘than that of chlorlne 137- 141. The dlfference

\

between the chemlcally equlvalent rhodlum—phbsphorus bond

lengths appears to be statlséﬁcally 51gn1f1cant (A/o 6)
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and may reflect differences in intradligand_contaéts.

The difference may not be significant in that the standard |

deviations as derived must underestimate the true values

_ o
if systematic errors are present:

—

The average phosphorus-carbon bond length in

o

this structure ishl,844'£ and'is;somewhat longer than the
~ value observed for triphenYlphgéghine 129 éh its typlcal
Jmetal'compleies 17'%B(~1.83£5 Thls 1ncrease appears to
_be correlated to the short rhodlum-phosphorus bonds. If
the phosphorus~carbon bond 1engths are. sorted accordlng .
to the. phosphorus atom ‘then the bonds 1nvolv1ng Pl and P3
average X. 838 A whlle those 1nvolv1ng P2 average 1.855 A
An analy51s of the 51x phosphorus carbon bonds 1nVOIV1ng
Pl and P3 shows,that they are con51stent w1th a standard
dev1atlon of 0.010 A whlch 1s in remarkable agreement w1thv

-
the standard deviations derlved via the least squares

reflnement and ORFFE II. The P2-carbon dlstances show a‘“
max1mum dev1atlon from thelr mean 1 60.v The dlfference B
‘between the group averages is 1nterest1ng but not - accept- |
‘able as statlstlcally 51gn1flcant by normal conservatlve

crystallographlc crlterla. It was. thls feature whlch lead
to the redetermlnatlon of the structure of the red form

(Chaptex“VI) 51nce it mlght provxde 1ndependent ev1dence-a“

‘ of the observed trend and averaging the values of both

structures mlght produce ‘a sxgnlflcant varlatlon 1n o

dlstances.»’
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The rhodinm—Chlorinevbondllenéth agrees well

" with those obserted'for'the dioxygen derivatives describedk
lln Chapters III ang IV but appears to be rather longer than

."the values as reported by Mason et al. 138 for the red

.:'form Of RhCL(P(CH),),, (2.373(8), 2.381 140 3 and

BAC2(C)Fy) (P(CgHg) 3) 5, (2.375(8) A). This topic is dis-

L

PR

~ cussed invmore detail in Chapter VI. i

//

The f1na1 structural deta11 to be dlscussed is
the close: rhod1um-H222 contact of 2.84 A whlch,ls eV1dent
,,1n Flg. 13 © This close contact couId result from (l)
jlnatural attractlon of the hydrogen for the rhodlum atom,;“ ;t‘
'or (2) a repu151on elsewhere in the molecule-lBg. Table‘
‘33 contalns all 1mportant 1ntranolecu1ar non-bonded con-
tacts.' In this Table if one 1gnores contacts between
‘fcarbon atoms of the type (Mll) (MZl),(M3l) then there are‘
"1surpr151ngly few contacts between phenyl groups that are .
81gn1f1cant1y less than the sum of the van der Waals radll.
These contacts are- HllZ-HlZG 12,12 A~ H226—H232 1. 84 A‘J;
. H236—5312 2«07 A- C131~C211 3 22(1) A- C133—C215
d 3.30(1) A{ C221-C322 3. 20(1) A° C226 C322 3 , 29 A~ C236-
:3'C326 3 34l8‘ From these contacts 1t is obv1ous that '

bphenyl group 22 is repelled by H232 and C322 1nto close
‘;contact w1th the rhod1 atom i. e. the short rhodlum -
’hydrogen contact cannot be treated .as representlng an

[;'attractlve force. Rather it represents a balance of

repu151ve forces. There is. also~a larger number of

N



repu151ons 1nvolv1ng the atoms of the phenyl groug

attached to P3 relatlve to the number of repu181ons 1n—‘

volv1ng the atoms of the phenyl rings attached to P1. {

L"’

- Thus one could explaln the slight increase of bond length
,for Rh -P3 when compared to Rh-Pl It is hlghly doubtful
hat the 1ntbrllgand‘repulslons lead to, the apparently"

fabnormal phosphorus carbon ‘bond lengths in thls structure.

147

Thls view is dlscussed further 1n Chapter VI. Intermolecular

contacts .are llsted in Table 32 Only one of these con-~
ptacts is abnormally short Btz. H113 at x,y,z to H124 at
§, l-y, 1/2+z of 1.92 A 'gll other contacts are equal
to or greater than the sum, of the van der Waals;gigii_l
and further dlscu551on 1sghot'warranté//

: ?_ﬁﬁﬁ n_a



CHAPTER VI
| The.Crystal and Molecular Structures of
the Red Form of RhC2 (P (CcHg) 5) 5e
iExperimental
| Dari red c:ystals'Ofvthe compound were examined

- nnder'a polarizing microscope and found to be ohunky,

capped prisms, w1th no sxgn of tw1nn1ng being .evident.
| A crystal was mounted on the end of a th1n glass flbre
and a Laué photograph taken. Again’ no crystal defects
were notlced and the crystal appeared to be sultable for
a diffraction s udy. Prellmlnary Welssenberg .and preces—
v51on photogerhs iﬂdlcated that the compound crystalllzed
in the ortho%homblc crystal system (Laué symmetry mmm).
.-The systematic absences  (0kf&, k + £ = 2n + 1; hoz h = 2n +
1 1) were . conslstent with the spacegroups gnaZ‘ or Pnam.
| Préc1se lattice para;eters were obtained from ’
a least squares refinement using 26 values of 13 ac-

A}

. : . o
.curately centered high angle reflectlons (CuKu1 1,54051'A)

as: a, 32. 96(1), b, 12.271(2); C, 11.013(1) A. All

‘reflectlons &sed~showed'resolvable splittingvof the ;_'F“Z

ai/gz peaks. ' The dengity of the compound was measnred

by flotation?in aqueous potaSsium iodidevsoiution.as
T Pobs = 1.382 g—cm3ﬂ a value in good agreement with that ‘

calculated us)lng prec1se lattlce parametersn °ca1c =

. - 148
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.,1.3.’19"c_;-cm_3 (for 4.molecules per unit cell).

Inten51ty data were collected on a Picker manual
dlffractometer with the crystal “b" axis aligned coin-
01dent with the diffractometer ¢ axis. Copper ka X-
a.radlatlon was used with a graphlte monochromator (002
reflectlng‘plane) and a 2° takeoff angle. - Diffractometer
’settmngs were calculated using the programme MIXG2 and

!

the high 1nten51ty ‘axial peaks were ‘scanned at expanded

chart speeds to detect twinning or unusual reflection»

shape. No unusual effects were foundfﬂ Each reflectlon was

scanned from (26 -.1)° to (26 +. 1)° in 1 mlnute and 20

"second statlonary background counts were taken at the limits .

- of the coupled w/26 scan. The total background counts
were calculated from a llnear 1nterpolatlon of, the two
statlonary counts. Data were only measured to 90° in 20
because of the rapid decrease 1n 1nten51t1es Wlth inc-
'rea51ng 26 as observed 1n the prellmlnary photograph1c-
study.v'Durlng the data collectfbn 5 reflectlons were
/measured at 8 hour 1ntervals to check agalnst crystal mis-
\ailgnment and/or decomp031t10n. No 51gn1f1cant changes in

fthese 1nten51t1es were found throughout the ‘entire data
v -

1

collectlon. A total of 2221 reflectlons were measured and

"

of this number 1469 were statlstlcally reliable u31ng the

crlterlon I < 30 for rejectlon. Reflectlons hav1ng a

'
maximum count rate in excess of 104 coun"t’s'--sec"1 (and thus

-0

wp S g
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greater than the linear response of the scintillation
counter) were recollected at the end of the initial data
'collectlon at reduced voltages and scaled into the data
by comparlson with the other reflections of lower 1nten—;
51ty, recollected under the same c0nd;@10ns The 0k0
reflectlons were measured at 10° 1ntervals in ¢ to prov1de
exper1mental verlflcatlon of absorptlon correctlons.'

_The crystal faces were identified as members of
the forms {100}, {210}, 201} and the crystal was removed
- from the diffractometer. . The crystal d1mens1ons ! 0.17 -
X 0.21 x 0.14 mm) were measured under a cal1brated micro-
‘scope. These values were used to make an absorptlon cor-

- rection (uK— = 47. 6 cm ) and the: data forﬁdifferent ¢ o
valueslafter cOrrection for absorption were consistent,v
within 5%; Transm1581on factors varled from 0.683 to
'0.566; Reflectlon data were corrected for Lorentz and
polarlzatlon effects and the structure amplltudes ‘with
their respectlve standard dev1at10ns calculated using an
uncertalnty factor of 0.03. Only ‘the 51gn1f1cant data

\

vvere GSed in the structure solutlon and reflnement

'//

”: A Patterson map was. calculated and the molecule

was*assumed to have the more general space group Pnazl
; . & .
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for reasons outlined in Chapter V. - The Harker lines gaue
peaks representlng the rhodlum—rhodlgm 1ntermolecular |
vectors_and the rhodium "x” :and “y'vcoordinates;were .
., obtained. The “i“‘coordinate of the rhodium atom was set
~at 0.25 to fix the origin in this dlrectlon The atomic
coordlnates of the chlorlne atom were found from the 1ntra;
molecular vectors and(ahecked with the Harker line peaks
-for thls atom (see Table 35).  The rema1n1ng atoms were
identified 1n a serles of electron density dlfference maps
as irdicated in Table 36. |

The rigid body descrlptlon for the carbon atoms |
of the phenyl groups was used to minimize the numbe of

parameters. The atomlc scatterlng factors for the- rhodlum,

orlne, phosphoruswand carbon atoms were for neutral

species. These were derlved from Cromer [ coeff1c1ents 1;1.

2.

and 1ncluded (for rhodlum, chlorlne and phosphorus) the
real and 1maglnary terms for anomalous dlsper31on.

: Hydrogen atoms Qé}e added to the reflnement at the1r cal-
culated p051tlons w1th carbon-hydrogen bond lengths of

1, 0 A and isotropic temperature factors 10% greater than
those of the carbon atoms to which they were attached
H&drogen scattering factors were: those of Mason and

Robertson }13.
Con

e

Refinement of the completed structure was

routlne (Table 37) except for problems caused by an error

PN
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in the refinement programme that was specific to noncentro-
symnetric space groups. Ellmlnatlon of this error allowed
“the structure to reflne to convergence. ' As mentloned in

Chapter V two_solutrons must be tested for this spacegroup

4

when anomalous‘ scattering is considered. When the molecule
was reflected through the xy plane a(hamllton test showed
hthat the new model was preferred at bette chan the=99.5%
confidence level. - | o , - ‘ ( -
a . ,i At convergence (estlmated standard dev1atlon of
an observation of dnit- we1ght = 1. 595 maxlmum Shlft/
:0.; 0 02; Rl_é 0. 042- R, = 0. 045) a final electron density
dlfference map was calculated and the correlatlon matrix
‘prlntedg Examlnatlon of the electron den51ty map showed
| the largest p051t1ve and negatlve peaks (0 38 e. A -3 and"

-0. 20 e. A 3; cf. carbon ~3e. A ) to ‘be L tuated near

b

phenyl groups. The correlatlon m%%gﬁ#‘s owed hlgh cor-

7re1atlons between some phenyl carbon&u”

rature factors,
but all- coordlnate 1nteractlons were lessﬁthan 0. 18. a

All 1nteratom1c bond lengths, 1nter- and intra-
molecular contacts (w1th their angles and standard dev1—’
atlons) to a dlstance of 3 5 A were calculated usinco “FE
II.U Bond lengths involving the rhodlum atom were alsc
calculated to 1nclude a correctlon for thermal motion

assuming the: llghter atoms to ride on the heav1er rhodlum

atom.
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Refinemeht

Cycle -

6

-

10
11

12

13
14

15

N B

ﬁable 37
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Reflnement Sequence for Model .

all atoms except hydrogens

1ncluded temperature factors

held constant (B Rh, 2 5 Cl

2. 5 P, 3.0; cC, 5 0)

anomalous dispersion ' ‘cor-

rection applled

centrar atoms glven an1§o~

. C
troplc temperature factors -

-

hydrogen atoms 1ncluded

_error 1n reflnement

<

programme corrected
orlgln molecule reflected

through ' xy" plane

oy
Lo
) T
. Y, .
L g .
-y
s
724NN
77
2 0. ‘?n?,
I .9
-yl

Ry Ry

S 0.201 0.220

.0 0,172, 0.193

0.147 © 0.164
10.112  0.129
10.097 ~ 0.107

0.079 . 0.086

] ”0%78

47 1, 0.0s6
0.044  0.047
0.044



’Results 2
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-The observed and calculated structure amplltudes

(IF |) and |F [ respéctlvely) are llsted in Table 38. &53
‘Table 39 glves the atomlc coordlnates of all atoms w1th
the anlsotroplc thermal parameters of the central atoms.
_bexgg 1ncluded in Table 40. The 1nteratom1c angles and
distances are’ given in Tables 41 and 42 respectlvely w1th
the 1nter— and 1ntramolecular non—bonded ontacts belngw
llsted in Tables 43 and 44 J The standard dev1at1ons of
the least 51gn1f1cant d1g1t are 1ncluded in parentheses.»
( Flg. 14 shows the general geometry of the_

molecule whllst Flgs. 15 and 16 show views down the Pl—

P3 dlrec ion and perpendlcular to the Pl P2-P3 plane.’
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2 . 542 078 10 & 398 371 Ja 2 339 - 3I9a . O € e13 853
) & 634 3592 .12 ‘4 S99 527 - 1S. 2 895 9t1a & 0 e62. 830
e 8- 36a 316 - 13 4 228 253 AT 2 Y6 0@ , 1. 1 S21  Sia
2 8 207 339" 14 & 33 abe 3 440 3700 2 31 %19 . a9a
2 & AaT4 - 499 1S 4 298 22% 3 3 esS? ees2 3 .1 3a8, . da28.
2 ® Jss I 18 .M LTIl L) N 288 295 S
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© Table 39 . .
Atomic Coordinates and Isotropic Teﬁperature’%%éﬁgrs' &5 j~ ?
. . _ v w7 { ! h " 4 Q@? o '
N _ ) C e I
ame; x ‘ y : R A
v o | | o
‘Rh 0.11298(3) 0.12204(7) - =0:25000+¢ 3 .
Ce  0.0770(1). °  0.0895(3) ./ . -0.4336(4)  5.07°
P11 0.12326(9) - -0.0662(2)  -0.2471(6) 2,28
P2 0.1655(1) . 0.1689(3) -0.1363(4)  7~49
P3 10.0729 (1) ; 0.2767(3).  -0.2305(5) 2.61
o . o _ W

* These values are equivalent isotropic temperature factors
.corresponding to the anisotropic'temperaturé factors/given

in Tableféo

.3
~('5 r“\; . - P s - . ‘
SR ~ ' (Table continued) S
9 {
, N

\! -
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Table 39 .continued N

(a) .Phenyl Carbon Rigid Bodies

Name

" c111

- c112°

C113
cl14
Ccl15
.Cl16
D

E

F
c121

c122
c123
- c124

&+,
Cl125

§b1;6
o
.
- F
c131

Cl132

- C133-

Cl34

vx,

+0.0719 (2),
1 0.0441(3)

© 0.0055(3)

-0.0053(2) .
0.0225(3) -
0.0611(3)

’0-{91(6)

0.374(7) -

0.412(6)

0.1444(3)

0.1535(3)

0.1722(3)

'0.1819(3)

. 0.1728(3)

0.1540(3)
' 6.065(6)
1.162(6)
2.562(7)

- 0.1510¢(5)

' 0.1303(6)
" 0.1503(8)

0.1911(5)

-0.0782(6)

-

]

Y
-0.1234(8)

~0.062246)

~0.1035(7)

=0.2059(8)

-0.2671(6)

-0.2258(7)

e
-0.1377(9)
—Q.2484f8)‘
~0.2995(6)
-¢.2400(9)7
-0.1293(8)

-0.1328(7) - .
=0.1529(7)
-0.2012(7) "

-0.2294(7)

.

]

N

z
~0.2267(7)
—0.1603(9)
~-0.1377(8)

-0.1815(7)

-0.2478(9)

~0.2704(8)

0.0333(2).

-0.1646(5)

-0.2041(6) -

-0.3768(7)

1

;0.3710(8)

T -0.469(1)

-0.5726(7)

-0.5784(8)
~0.481(1)

.0.1631(2)
~0.1888(6) ..

~0.4747(6)

-0.121(2)

-0.0126 (9)
0.085(2)

0.074(2)

(Table cdntinued)

162

»4(3)

‘4.3(4)

4.5(4)
4.6(4)
4.7(3)
3.1(3)

2.0(4)
3.2(4)
5.6 (%)

4.6(5)
4.4(4)

3.7(4)

2.1(4)

3.0(4)

4.0(4)

- 4.0(4)
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(Table cohf;inued)‘ s

o
| &
Name X . y z B
€135 0.2118(6)  -0.2093(7) ~0.0335(9) 3.0(3)
C136 o.lsla(s) ~0.1611(7) ~0.1314(2) 2.9(3) "
D 5.154(5) x1 0.1710(2)
E o.ssk1)  ot o L
- F 1.47(1) 2! 2o.0231(6) |
co11 0.2107(3)  0.0905(6) -0.183(3) 2.7(4)
c212 0.2409 (8) 0.0560(9) ~0.104() 4.3(4)
213 0.2751(5) 0.0026(8) -0.149 (2) 3.604) o
C214 | 0.2790(3) ~0.0163(6) ~0.273(3) 3.5(4)
c215 0.2488(8) 0.0182(9) 0,352 (1) 6.1(5)
C216 . 0.2146(6) 0.0716(8) ~0.308(2) 4.3(5)
D 5.210(5) x1 0.2448(2) \
E 1.79(2) yl 0.»‘0371',‘.(4)
F 1.74(2) 21 -0.2281(8)
~c221 1e 'f} 10,3;02(ﬁ)~ -0.164(1) 1.6(3)
c222 0.1737(#) 0.3948(9) ~0.0855(7) 3.1(3)
- c22 0.1869(3) w.sbo4(7) ~0.1094(9) 4.1(4)
. 7.2106 (3) .5214(6) -0.212(1) . 4.2(4)
05 0.2211(3) 3.4368(9) f0.2896k7), 5.5(5)
“226 0.2079(z) ).3312(7) ~0.2657(9) 4.7(4)
- 3.311 () xL : 0.1974(2)
E 0.9¢6(5) vt - 0.4158(5)"
F 1,007 2 -0.1875(6)



Name
c231

232

 C233

C234

c235

- C236

c311

c312-

" C313

C314

c315

- C316

C321

c322

C323
C324

€325

0.1657¢8) -

0.1326(

@51592(4,

0.1591(8)

0.1922(5)
0.1955(4)

4.186(5)

1.54(1)
6.22(1)

0.0767(3)

10.0794(3)

0.0834(3)

0.0846(3) -

0.0819 (3)
0.0779 (3)
3.183(6)

19658(7)
0,665 (8)
0.0700(5)
0.0363(3) .
b;o366(3)&

0.0707(5

1

Ead @l

0.1044(3)

N ) ’i‘ N
X . v oo
»oer l"

£

1 0.1601(9)

0.1091(8)

0.1059 (7)
0.1536(9)

0.2045(8)

0.3751(9)

0.3329(6)-

0.403(1)
0.535149)

0.5573(6)
0.487 (1)

X

oo
,

6;3572(8)
0.432(1)
0.5048(8) -

0.5120(8) .
10.447(1)

.2078(7)

=

z
0.0305(7)
0.684(2)
0.210(2)
0.2825(7)
0.229(2)\
0.103(2)
_o.Ieé4(z)
0.1568(5)

0.1565(7)

- -0.105(1)
S 0.012(1)

- 0.1107(9)=

0.692(1)

3
Ja

“20.1235(9)

" 0.0806(2)

AR
e

- 0.4451(67

~0.0064 (8)
i .

-0.361(1)

'~0.384(1) - -

-0.4815(9)

-0.556 (1)

-0.533(1)

(Table continued)
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| .2 g

2.9(3)

3.8(4).

5.7(5)
6.9 G5)
5.6(4)

4.2(4)

2.8(4)

3.4(4)

S

5.4(4) .

6.9(6)

7.9(6)

e

a.8(4)

3;4(4),'“‘“V

5.7(5)
6.0(5)
5.0 (5)

.7.0(5)
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.
Name x o Y _ oz - B
326 0.1040(3) 0.3743(8) -0.4358(9) 4.6(4)
D 2.351(6) x* ©0.0703(2)
E . 0.567(9) ¥ | 7 0.4396(6)
F 2.00(1) 22 4 ~0.4586 (7)
0331 0.0202(3)  0.2307(7)  -0.212(4) 3.3(4)
¢332 0.003(1) 0.2158(9)  -0.098(3)  4.4(4)
c333 fo.o37(1}’ 0.175(1) - -0.089(1) 6.4(5)
c3za -0.0585(3) 0.1501(7) ’0‘193‘4),- 5.9(5)
€335 -0.041(1) 0.1650(9) © =0.307(3) 11.3(8)
€336 - -0.002(1) . 0.205(1) -0.316(1) 7.3(s}r
D - 1.203¢5). X ¥  “H-9.Qi91(2)' |
E ;1.49(2)~ R '631904(4)v' ’
‘ F)  .1_42(2) ' 1'21' o 'y~ad.2027(7)
F Thesévvalues represent fﬁe:iing ceptfé of gfavity
coordinates B ,§??ﬁ%§ ., ‘
. = f& R PRI
+7" (Table continped)” -
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Name
H112
H113
H114
H115

H116

D

H132

 H133
H134
" H135

le3§/

X

- 0.051-
-0.014 -
-0.033.

0.015

0.081
0.431
0.374
1.459
0.147

. U A'
0.179

0.196

0.180

0.147

6.065

1.162

3.709
0.101
0.135
' 0.205

0.241
- 0.207

“(b) - Ehenyl Hydrdgeaniéid Bodies

)
i

Y
0.011

~0.060

-0.236

-0.341

-0.270

-0.291
-0.379
-0.277

=0.087

" 0.001

-0.215
-0.264

-0.230

~0.147

-0.132

-0.129

~0.090
- =-0.165
' =0.279

-0.318

-0.296

\\\\.—0.454
T -0.643

-0.653

~0.005
0.162 |
0.144 °
-0.041 .

-0.208.

(Table continued)

2

3.3

4.4
4.4
13,3

[
3.2



. i
10.070 =0.014
-0.022 -0.091

LD
~0.055 -0.305
0.005 ~0.441
0.097 -0.365
0:380 ~0.012
- 0.561 -0.053 7
0.597 © -0.229
0.452 - . ~0.363
0.270 L -0.322
0,075 - 0,033
0.069 . 0.249
o 4
. 0.151 0,373
k- v y )
10.239° 0.280"

I
—

(Table péhtinue:frlx

{ -

“ 4.7
4.0-

‘3.8

6.7 .

:4-7,

- 167
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Name

‘H236

H312

H313 -

' H314

H315

“H316

H322
H323
H324ﬂ
H32s
H326

H332

H333

VL H334';g'

'0.452

0.564

0.327

]

@

00.234 . g,
o.fes . .
0.121 .~ Lo,

, (Tab1e conti

0.245 . 0.064.
i 3-"%’_.“ s '
0.252 - . .. 01025
4

0.372 .+ 0.195
0.565 " 0.164
0.638  -0.037
0.518 + -0.207
0.427 ~ -0.330
0.552 _p.498

023

007.

186
|

C

ﬁﬁed!»

168
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‘Table 46 T R
Anisotfopic Temperature Factors (';\2 x 103)
Atom Uy, Y22 U3 U Upg - 23
' Rh 29.6‘(5) "25.0_(5.) 31.0(6) . 1.1(6) - 5(1) - 3(1)
ce 75(3)  53(3) . 64(3) 13(2) -43(3) =13(3)
Pl 23(2) | 28('2),' . {.'30«(2)‘ - 0(1) - 1(3) = 5(5)
P2 - 32(2)  27(2) "33 2(2) 0(2) - 2(2)  _

P3  35(2) 32(2) 32(3) 2(2) 3(3) 13

s



Table 41

'Selected Interatomlctblstances

Atom 1

Pl.

Pl

Pl 4”\\*\7"

P2

R
P2
P3
P3

. P3

% Value<?orrected for riding

Atom 2

(65
-P1
P2

P3

Cl1i:

©c121

c211

c221

c231 "
c311

. C321
. C331

[N
.

Cl31

Dlstance (A)'

2. 376(4)

2. 33%ﬁ3%

2L

2. 322(4)
1.842(6)
1,815(9{
1.859(8)

1.847(9)
Q

©1.864(7)

1.839(9)
1.837(9). -

>1 820 Q;ﬁs
y zg_.

1. 838(8)

§

171

2.398(4)*

2.334(3)*

©2.214(4)*

2.324(4)*
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, ' Table 42
| Selected. Intram.olecﬁlari Angles %
Atom l " Atom 2 Atom 3 Angle (°) '
Pl Rh P2 0 197.9(2)
Pl ‘Rh P3 .'152,8(1)
PL . \  ®h ce 85.2(2)
P1 - Rh o ml2 - 1 67.2
P2 Rh RO “10054(1)
P2 Rh- ce '156.2(;);
P2 .« Rh H112 115.1 |
"L£‘§3' Rh' et - 86.1(2)
v:ip3 o Rh H112 86.7
ct Rh H112 .88;6 ' |
P1~. cli1 u;»¢115_. 176,6(7)"“
Pl c121 c124 | l76.0(6)f..
Pl ‘€131 c134 178.2(6)
P2 c211  c214 124.5(7)
P2 c221 c224 178.1(6) -
P2 c231 .c234 175.0(7) A
P3 o1 e 1.8
3 caz2l /c32a 176.0(7)
P3 Ce3a x‘ c334 176.4(7)
Rh Pl C el 104.3(3)
Rh P1 c121 121.5(4)
Rh Pl C131 ., 121;£(4)
B (Table -continu_éd)"’ L o
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Atom i" ' Atom 2 o : Atom 3 ~Angle . (°) f

g

P2 Sc211 w o 109.7(4)
P2 . oc221 . 114.1(3)
P2 : c231 - - 123:5(4)

p3 C311 -+ . .124.7(4) -

5 5 5 8

P3 ©oe321 - 117.1(4) - |

z

. B3 .- c331 T 107.2(3) -
ciir - Pl S ocl2l - - °105.3(5)

ci11 P tidi;z(s)

c121 P1 \._100:8(4)

c211’ P2 .> - c221
ca11 P2 e c231 5" . T104.3(6)
c221 N op2 ., c2mn lf " 102.4(5)
311 ~ p3 - esa1  'J  . i6i5j(5)'5f.4:
€311 p3 f oc331 - yiQO;4(5)

-

c321 P3 . ¢331 . 103.0(5)



EEM

S

e

H116

jnzié

U H216

‘H312

c111

" Cl12

- e211
c216
231

:C232

c2361f 
eaz
312
'»fcizi ‘
caz2

Cc111.’

S c122

ﬂfdm<17ﬁv7vv

S,

© Table 43

Atom 2

Y HL12
L H216 .

H126

| H336

HI122

'H216

H236

H226

" H332

" H132

H132

. H1l6 -

a2l

e

EX a v

174

¢ 0

‘7? 173¢}Se1ectéd Ihtrambieéhlar:NOn—bonded'Contact$
. S . S o : ] '\' o )
Disgance (a) -
2077

o 2.68

244

2.59°

2,68 -

. s

B

NS o L

R
- 2.62

2.56

[PTIN



Atom 1
Cl1l1
Ccl21

c211

c211

- Cc221
c3;1

C311

C321 1

C126.
c131
c132

 a3s

- Cl36

' Ccl36

Cl36

Cc222

C222'

Pl
P2
1

" Pp3

Atom 2

cis1
c13

c221
c231

c231

- C321

c331,

c331
. C216

c21i

C232

C212

211

c212

c213

c312

 c316

. P2

P3
CcL

T

L

2.86(1)
2.8341) -
.72.84(1$ 
"2.9141)

2.83(1)

2.82(1).
TN
2.82(1)

2.86(1)

- 3.32(1)

3.44(1)

3.38(1)
 3,4§(1)‘
/3.26(121"1
Cssiy

EXTTSI
3.37(1)

303601

[3ﬁ430(5)
:3.485(5)
. 3.208(6)

 533.190(6)

175

¥

o
Distance (A)  ~

v
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Table 44
Selected Intermolecular C ntactgf'
. o ’ . o
Atom 1 . Atom 2 Symmetry Operation % ‘Distance (A)

(on atom 2)

ce “3113 S Y. 1/24z-1 . 2.7
H123 g H213 - 1/2-x, l/é+yfl,‘1/2+z—l 2.38
Hl124 H134 x, y, z-1 2.37
HI26 | H234  , x,y, 21 O 2.a3
H132 H335 . X, Y, 1/2+z | | - 2.00
H212 H225 . i/zax;[1/2+y-1, 1/2+z .~ 2.34

H213 H325 1/2-x, 1/2+y-1, 1/2+z 2.47
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14

Fiqg.

e /\\‘

A General View of the Red Form of RhC& (P (C

CeHs) 3) 5

S



Y

Fig. 15

%entral'Geometry Viewed down the P1-P3 Direction

178
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‘Fig. 16
View'Perpendicﬁlar to the P1-P2-P3 Plane

a ,‘
= M)
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" ‘Discussion

o

~ . The molecular structure .of RhCR(P(C Hs)3)3 in

the red crystalllne modlflcatlon is shown 1n Flg. 14, ’
JSlmpllfled views of the central portlon of the moleculei
vare given ‘in Flgs. 15 and- 16 These dlagrams shouldvbe
compared with Flgs; 11, 12 and 13 to’ observe the major

dlfferences and 51m11ar1t1es between the molecular struc—

ture in the red and orange allotropes To a

3

approxlmatlon the rhodlum coordlnatlon is squagej

but a pronounced dlstortlon towards a tetrahe ;

hls ev1dent in Frg. 15, Thls dlstort1;> is great'r than

that observed for the orange,modlélc;tlon as is clearly
1ndlcated by a comparlson of 'CL-Rh- P2 angles - 156. 2(2)°
-’(red) and i66 7(2)° (orange) - and P1-Rh-P3 angles

- 152, 8(1)° (red) and 159. l(2)°-(orange). fge actual
~d v1at10ns from planarlty for the RhCRP fragment are‘
;glven in Table 45, The magnltude ‘of the distortion in
the red form is suff1c1ently great that the only sig-

i

nlflcant 1nter11gand repu151ons occur between llgands

.;erectly bonded to rhodlum rBot forms dlstort from the

K.

' nlanar geometry in the same ‘way i.e. towards a tetrahedral

geometry. ThlS should be compared Wlth a pyramldal
dlstortlon observed 1n RhLCl {where L 1s the trldentate 8

phosphlne ligana (c H 5)P((C3HL)P(C 55)2)2 40,

180
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éto 'rhodiumdtrichloride'Ai.e, the rhodium trichloride is

: reported by Mason et aZ

"lengths to the chemlcally equryalent phOSphOIUSQatOMS

\ . , ' o 182

\
\ : .
It should be noted that the orange form is meta—

. ,_,\,

stable and . nverts to the red form on prolonged reflux

during the preparatlon. The methods of preparatlon of S
the two forms dlffer only in the nature of the excess .

reagent (see Chapter II and references thereln). The red

form is prepared by slow3additionhof'triphenylphosphine_

normally in excess, whereas the orangeeform is prepared
: L Ofan v

such that triphenylphosphine is the‘excess reagent The
(

»dlfference is-then kinetic and suggests“that the 1mmed1ate

precursors to the forms of RhCl(P(C6H5)3)3 are different
and dependent on the reactlon,condltlo . In the'orange
form the product.ls not produced in its ground state. :5
It could thus be temporarlly locked/llg in _the: metastable
geometry by the particular arrangement ‘of the trlphenyl—

phosphine groups.

The rhodium—ligand distances (uncorrected for

therma}/motlon) of thls study, the equ1va1ent values

}38'140 and the relevant data on

RhLCL are combared in Table ‘46.

The two determlnatlons of the red form are in
]

excellent agreement and no 51gn1f1cant dev1at10ns can be

7 o
deted&ad For the red form ‘the rhodlum-phosphorus bond 4
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Table 46

- ’ o < - o .
Distances (in Aa) from Structures Containing the

-RhCXPSoFragment L W»
| RhC2p, '@ Rhcip3'a RhLCL
| (red) . (fed)c. v(orahge). -
Rh-CL. S ,,2.376(4) »graés | 2.4b4k4) 2;381(2)"
Rﬁ-p; ' _.2;214(4) 2.210 2.225(4) .2.201(2)
(P trane to cz{l ‘ | |
Rh-P . 2.322(4)  2.320  2.304(4) 2.288(2}7 .
(P trans tofp) 2.334(3)‘ 2(331.' 2.338(4) o |
IRh-ligand -  9.246 '9.244 271 -
IRh-P - 6.870 . 6.861 6.867

this work (138,140) Chap. V

a_Pv represent° trlphenylphosphlne
b related by symmetry to the,value above

€ most recent values for thlS work are avallable as a

& - .
‘prlvéte communlcatlon in.ref, 140_

bl .
(P1 and P3) are the same within exper1menta1 error 1n"i
-contrast to an apparently 51gn1f1cant dlfference in the’
Aorange form In all four sStructure determlnatlons the
chemlcally unlque rhodlum—phosphorus bond is substan- .

‘  tlelly shorter than . the other two. Aas mentioned.in
) . ) m . . .
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Chapter V this extreme shortenlng may be attributed to,
51gn1f1cant n—ac1d1ty of trlphenylphosphlne " The complex
RhLCZ shows con51derably shorter rhodlum—phosphorus'disé
tanCes than RhCE (P (CgHg) 5) 5. '
‘ In RhCQ(P(C H5)3)3,v(red form), the rhodlum

- atom has one partlcularly close contact 142.w1th an ortho
hydrogen of. the 11 phenyl group. This contact (Rh-HllZ

2. 77 A) is apparently caused by repu151ons involving atoms.

on the opp051te 51de of the phenyl group (Table 43). No

l'd
attractlve character is attached to thls contact It
4 vt’ It

should be noted that the short contacts in the orange form e
‘and RALCL 1nvolve phenyls attached to the-chemlcally
1unJ{que phOSphorus and correspond to H216 in Flg. 14"
‘i ) There appears to be a 51gn1f1canb~dvfference

T

§
(A/o‘~ 4) between the rhodlum-chlorlne bond lengths’

obserVed ,in the red (2 376 (4) A) and the orange (2. 404(4)

A) forms ThlS dlfference per51sts even‘when ‘the ‘bond :
lengths are modlfred for the effects of thermal motlonf '
Thls varlatlon co?ld be the result of the greater inter- R
11gand repu151ons whlch are p.esent in the orange crystals
and rt\ls.reasonable that the effect she Id be notlceable

-1n the weaker rhodium-chlorine bond rather than the rhodlum- ;

phosphorus ‘bonds. Although the’ rhodlum-phosphorus and .rhedium

»,-chlorlne bond . lengths . support thlS view the dlfference may

51mp1y be an artlfact of the data and thus not 51gn1f1cant

-~
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’ 'modlflcatlons glves mean phosphorus carbon bond- lengths ; s
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The geometry of the trlphenylphOSphlne llgands‘
is normal w1th respect to the angles c- P—C and Rh-P-C

(Table 42): C-P-C, free llgand - 103°; l29 complexed

llgand>” 102°; Rh-P=C = . " However the geometry is
abnormal with respect to the p phorus- carbon dlstances.,
The average of the 51x—phosphor::\parbon dlstances 1nvol—

he other three dls—

tances 1nvolv1ng p2 average 1 850 cf. 1.828 A for the

—

free llgand ‘No comparable tre is reported in RhLC%.

In fact in this molecule there is no apparent dlfference

between P-C (sp ) and P-C (sp ) whlch has- been observed
ther phosph;ne complexes where the phosphorus is

attached to aryl or alky& substltuents 143.7 The com-

parable values for the orange form were 1.838 A and

1. 855 A respectively. Comblnlng theﬁdata from the two

4

of l 837(4) A and .1. 852(5) A for ‘the two types, of trl-

phenylphosphlne llgands. By normal crystallographlc
- standards the phosphorus carbon bonds of the phosphlne

‘trans to the chlorlne atom are 51gn1f1cantly larger than

normal (A/o ~ 4) whlle no conv1n01ng dlfference is

'observed between the phosphorus-carbon distances of the

=

mutually trans phosphlnes, typ1ca1 llterature valuesl7 18, 129

and the average phosphorus-carbon bond dlstance (l 827(9) A)
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]

observed in the dioxygen derlvatlves as mentloned in

' Chapters IIT and 1Iv.

It would be plea51ng if the extﬁéégly short
rhodlum phosphorus bond, the lengthenlng oq the assoc1ated

phosphorus -carbon bonds and m-bonding could be related in

a 51mple manner. Arguments u51ng covalent rad11 for

spherlcal atoms, to explaln metal phOSphorus dlstanceS'

t

are tenuous 31nce the geometry about the phosphorus atom

is far from tetrahedral 143 -and an anlsotropy of covalent -
- radius is expected as Q result of the different mlxtures

of ls"and p' ch§;aoter in the various bonds 144. Slnce‘

7the 3s'and 3p orbltals have dlstlnctly dlfferent radii 145

then o—bondlng alone would predlct short metal—phosphorus

and’ long phosphorus carbon bond lengths when compared to

~ o

values based on a 51mple covalent radius (r 3) for -

‘ -//

t'phosphdrus. As mentloned the angular propertles of the

‘coordinated trlphenylphosphlne are essentlally the same

as the frde llgand so such a descrlptlon cannot explaln

the phosphorus—carbon dlstance varlatlonv The ‘difference

could be explalned by greater part?CLpatlon of phosphorus
/“\

3d orbatals 1n the phosphorus- carbon o—bondlng, if the

~

argument concerning the dlfferences in radlal propertles

of the phosphlne atomic wave functlons is: extended to

1nclude these orbltals.
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The ™™ ac1d1ty of phosphlne llgands 1nvolves;a

}
‘-

phosphfrus 3d orbltals and the o and w components of the

bonding ‘are not separable 1n this case, thus the 3d :

orbitals should also p rticipate 1n c-bondlng.- “The 5’){ f;‘“ﬂ ‘f

'“.

re{iged to the extremely short r

4

2t n—bonding, "
‘ i ./ ‘

- 180k plau51b1e certain,f

. , >4
confllctlng ev1dence does;:fist/pértlcularly in the struc-

ture of RhLCR which sh uld show - very similar features to ‘

r

While thls explanatlon m

'{ﬁhCR(P(C6H5)3)3 with. dlfferences due tc thé‘constralntsﬂh
i

e

of the tradentate phosphine ligahd. As rndlcated prev-
iously the long phosphorus carbon bonds do not ex1st in
thls%structure. The explanatlon is then elther iﬁoomplete

or 1ncorrect» The probablllty of an error of thlS mag-

nltude and dlrectlon (0 02 A too long) 1n any YOf the

7/

\., N

éhf ’There\;s a

146

structures under con51deratlon see
\\;\ difference in the nature of thé’ reffebts‘, of

!

5 S

- "stltuents are electron wlth%@hwlng phekyl_groups'whereas

g
'!5

L ' N . . : o "-:"
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bonding situatdon. Con51derably more data are requlred
to solve ‘this problem. T o ;‘-,
, . Finally the structural trends of

1ts derivatives can be analﬁsgp The‘mole

two clas51f1catlons' (a)

les fall‘into
coordinatively unsaturated -
RhClPé, RhCR(P (CS), RhCLP) (C F ), (b) ceo dlnatlvely :

saturated - (o )RhCEP',[(O )RhClPé]z.b The t ends‘corf‘

respondlng to llgand replacement within each group. can.

'be analysed and then trends assoc1ated w1th llgand ‘addition
7

: . can be deduced The three spec1es present in group (a)

R

contaln a common structural fragment RhCRPé w1th the only

¥,

ﬂ*;(?,_ dlfferences belng dﬁe\to .he llgand trans to the chlorlne}

l

<§~¢@J: atom - The data for these complexes are summarlsed in.

{ <4gble 47. These data show a small range of rhodium-
;;,{" chlorlne dlstances/(the value 2.404(4) A for,’the orange |
§;;‘ form of RhCR(P(C H5)3)3 should probably be excluded from

A;.. the comparlson for reasons c1ted earller). The 51gn1f1cant
L A
: & S !

5 " changes 1n the rhodlum phosphorus bond lengths ets to

R the chlorlne atomﬁmust thenjreflect changes in rhodium~ ¥

phosphoru —bondlng 14
: "a |
‘f{“ in deer of n ac1d1ty —'CZF4 > Cs > P(CcH )

Vo 4 “-'

and the llgands can be arranged

-
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x?'ﬁ : N 27

Ligan.a t‘;ﬁq;’ls“ té .co X ke v (irg-s to p) - Ref .
B A) | (A)
. Z.334(3) -
P(C H_ ) (req) L TL3 004y 2ng *This work
- \ 322(4)
C , R 2.320 ~
P(CH ) 5 (req) - 2.386¢ 2,326 { 138,140
: s - 2,331 .
= . 2.304(4) .
P(C6H5)3(orange) 2.494(4) 2.321 : Chap. v
o : T \J/P' 2.338(4) .
. . - L::‘?
o /4\\%f L 2.335(2x‘ . e
CsS . ; v 2.386(3) 2,336 o 121
R - , 2.337(2),
| ' | 2. 374(8)' ‘
C2F4 / 2.375(8) 2.372 " 138
. . : 2. 370(8) -
) SRS
- ' The group (b) compounds are compared in Table

tf . ~

48, The (ommon Structural fragment ig OthCRPé. rThe

_geometxy oi. these complexes can be treated. as trlgonal .
‘blﬁ/;amldal dhd the differences occur in an ax1al p051tlon.
iW1th1n thls Series the rhodlum chlorlne dlstances are ‘
effectlvely Constant. The greatest changes occur in - .th
the axial gna equatorlal rhodlum-phosphorus distance< In'
the trls—Phosphlne complex these dlstances are longer by
approx1mate1y 0.06 A and 0 08 A respectlvely. Thls dif-

ference mugt he malnly due to the dlfferent ax1al llgands

p' and 02', The oxygen in the ax1al p051t10n has no

D
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equatorial

Rh-C®

‘axiél
RA-P
5th other

ligand,

)

9

Table 48

‘ 1]
02RhC£P3h
Distance (AQ?

) |
‘ /

2f391(3) {

£

2.357(3)
D

2.0432 { o
2.005(8)

»

"a 2:362(4)
12,375 '
2.387(4)

Pl

a - average of two distances.

”

2.081(8)

k)

- 190°

:'.”j“%‘ 3 s
~ ' <
v [0 Rhczﬂzlz S
Dlstance (A)
. 20390(3)
2;5(3» :
2.198(7) 7
2. oeoa‘ { -
. {1.983(7)
-t
B ¥
' 2.314(3) f
a oS
.: R v /'/
02"

vacant orbitals in a sultable geometry to accept n-

electrons: from the rhodium.
 four llgands (3P'
whereas in_the half unit of
three llgands (2p* end o] )7;

expect the observedifrendzbu_\nﬁt perhaps

Q

\ B
he magn

Thue 1nf)2RhC£P3 there are
and O ) competing for w-electron den51ty-
: Czpzlz tﬁ%re‘are.only

Yo o

vould he're sohable»to

itude.

“The averagefrhodium-oxygenVQLstance is greater in-the;

~

s °

'dimeric.specieé\:han in the monomeric ¢ris-phosphine



complexw quever whlle the average is hlgher one dis-~ °
mQL

tance is short . (1.983(7) A) and .the other very long

Lo(2. 198K7) A) Whlle 1t is dlfflcult to assess how much

A

of this assymmetry is due to the nature of the brldge in

. the dlmer the dlfference pafallels the trend observed in
02RhC£P3 In this. latter case the rhodlum—oxygen (O a

pseudo trans to P) distance. was 51gn1f1cantly longer ‘than -

“the rhodlum-oxygen dlstance 1nvolv1ng O pseudo trans to

CE; In the dimeric species the magnltude of the dlf-
M .
ference is much greater In d1scuss10ns of the 'trans‘

- -~

‘effect 1t s . cdnvenlent‘to v1ew the molecules as hav1ng

) >

.a dlstorted octaﬁkzral geometry (1 e. each oxygen OCCUplES*“’

a separate 51te ra
atlon.51te). ‘If the 'trans' effect is modifled by;the
ex-tent" of& Tr-bon,ding 139’141 ' d the difference 'in-vrhodium—
phosphorus bond lengths (OthCQPB to [o RhClHF\)) reflects
an. 1ncrease in the n-bondlng, éhen a more marked assym—
metry for the bound dloxygen in [o Rhcgp132 would be ex-
pected regardless of tﬁe constralnts due to brldge for-
matlon. | ; “[ |

AR b {
- UL
" Cchemical reéaction:

can be summarised as follows: j?

;,Thé.changes in-geometry that accompany the

R S ' s 191

her than 02 occupying. a 51ngle coordlnrn .
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' by the only ajar aﬁgular changes upon oxygenatlon belng'

w1th1n the eguatofzaz\plane ligands' (see Tables 12 2?,_ V
32, ana a2)y. . R ' e

5distan s throughout the" serles and the varlatlon 1nJ

. d' o
[8 . A . !

N

(1) 2n oxygen molecule can be expected to approach

open site of RhCZPé to form a squaée pyramldal 1nt

.mediate whlch t ansforms to a tr1gonal blpyramldal struc—

ture by normal angular deformatlon. Th’ﬁ 1s supported

o : 4

: NS
_(2) The rhodlmmrphosphorus bond lengths 1ncrease

. 4

(3) No change in rhodlum—chlorlpe dlstances.'
: <

_\y. _ The onstancy'of the rhoglum—chlorlne,l RS

7
. -
~
3

nrhodluw-phosphorus bond lengths supports the concepts ‘F"

L .
o; m— bondlng for the llgands P' .and o, .ﬁlectro Q,

neutrallty for the rhodium atom is.then achyévéd by (

SR - ig : e

'”varlatlons in the w-bond&ng components.

r I

o

‘ \// i ) . : ) - : . . -
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“Author | Title . Description ¢

o
D.P. g%oemaker MIXG2 : : Calculétés Pidker\diffrqc;
tomete: sétfings b
M.J. Bennett | , PMMQ - Calculates intensities, -
| .mqkes LP correctidns for
Picker data
M. Elde% . | D-refine . Refines axial lengths
.\ (modified by K. Simpéon)
A. zalkin FORDAP.‘// " Félrier summation for
| : 7 'Pattersonbor,eleétron
v.density_mqps |
'M.J. Bennett . MMMR . ACaldhlates stérting‘para-
o meteis_for.rigidrbodies or
. , e
: .hinde:ed rotors.

W.C. Hamilton "GONO9 . . DAbsorption correction
calculator
C.T. Prewitt ~  BURP - 4Enlﬁgged version of §FLSSHR

Struéture:féctor cal-
culgtiqﬁ an& least sguareé
;refinement-(mbdifiéd by_
| ‘-B, F6xman_and W. Brooks)
' G.J. Williams ¢R0MERS - Calculates form factors%
R B .curvés'ffomlcfoméfvé coe f-
' 'ficients ' | . |
.J.s_-wood ’ : E ')§5EOM _ | | Céicﬁlates bbnd iengths,

; -.( _ Sy angles and best planes



2

C. Johnson

[

M. Cowie

. 205

;Qg Busing and i" ;pRFFE'II N Calculates bond_lengths,'
"H.A. Levy A { (Jangles and associated

. errors (modified by B.

anold, W.L. Brooks and

Elaer,

ORTEP o . Writes plot;cqmmand tape '

. for Calqomp'plQ£ter'v

PUBE h ' ’Sbrts réflectidn.data‘éc-
~cording to any desirédﬂhkg\
sequence  . | ‘ "

PUBTAB PR Tabﬁiates re¥lecfion aéta

e fbr publiqétioq (modified

by M. Cowie)

—

All programmes'were’run using ‘an IBM 360 model 67 computer.
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Appendlx 2

Conventlonal Crystallographlc Symbols
as Deflned in Vol. I, Page x1w of the

,u;; .,

Internatlonal'Tables for‘

X-ray Crystalldgraphy
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“a,b,c

o, B,Y

o

ja't'- b* < cx

‘ .B*C Y*

I

207 -

b

S

indices of the reflection® from a set

‘of parallel planes

lengths of~unit'cellledges : . y -
interaxial angles . |
*g lehgthslof-reciprocai unit cell edges

.11nterax1al

.

angles in reciprocal space

fractlonal coordinates of an&atom i in

- udits of a,b,c . ‘ - a0

o=

'structure factor for the unit cell

. cor-.

Y

‘respondlng to the Bragg reflectlon hkz..

- mean square amplltude of atomic v1bratlon

. ' e 1
.anlsotropic thermal parameters used to. -
: 3 . 7 - . A

|

Debye 1sotrop1c thermal parameter--{ _
B = 8r’ul | - \\;r;_;
describe3e11ipsoida1‘electron’dist¥ v

~

v\;_.

- ribution of the anlsotroplcally V1b-_

,ratlng atom- the temperature factor'

‘expre551on is then:

: calculated structure factors,_-

h2a+2 4 y. sz*z 5. lp20x2

exP[ -2n? (U 122 + Uj3

'+ 2012hka*b*'cos~r*+ 2013h2a*c*cos B*

L) . T

+ 2023k1b*c* cos a*)]

observed structure factors



