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Abstract 

The re.cUon of (n-'Ârene)Cr(CO)2(CX) (X - 'S. Se) c:o.plexes vith excess 

(i.O)3P (II. - Me. Et, .!!-Bu. Ph) y1elds Cr(CO)2(CX)(RO)3P]3' p~edo .. 1nantly as 

the 11er l isomer, in which a phosphite ligand is trans to CX. Arene 

displacement from (n-C6H6)Cr(CO)2(CX) by tridentate phosphine ligands L-L-L 

.. [L-L-L - (Me)C(CH 2 P(Ph)2)3' (Ph 2 PCH 2 CH T)ZPhP] gives fac-(L-L-L)Cr(CO)2(CX) 

ptoducts. The molecular structures of Cr(CO)2(CX)[(MeO)3 P]3 have been 

determined by single crystal X-ray diffrl\lction. lntramolecular isomerization 

of these complexes as weIl as their tricarbonyl analogue has been demonstrated 

and acti v~ation parameters ha ve been cal culated for the rea crangement 

processes. Two-dimensional 31 p NMR spectroscopy has provided evidence that 

iso~rization occurs via trigona 1 prismatic inter.ediat:es. Kinetic 

investigations of the reaction of (n-C6H6)Cr(CO)2(CX) with (MeO)3P have 

e'stablished a first-order rate dependence on both the complex and the entering 

ligand. The faster reactioR rate of the selenocarbony 1 deri vative rela.ti ve ta 

1t8 thiocarbonyl analogue originates in a lover entropy of activation in the 

former case. The effect on the react ion rate of variation ln the nature of 

the arene and of the .. entering ligand has been investigated. 

An approach to hOnDonal receptor assay involving the detection by FT-IR 

spE!ctroscopy of Cr(CO)3-labelled lDod1fied estradiol bound to estrogen 

receptors in target tissue te reported. 

The FT-IR speetra of FeTPP(CX) [FeTPP - (5,lO,15,ZO-tetraphenyl-

1 porphinato)Fe(II); X - S, Se] and FeTPP(CX)L (X - 5, Sei L - pyridine, 

ethanol) have been obtained. Som'e changes' in the porphyrin spectrulll were 

obaerved with variation or removal of L, but not with varIation of X. 
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JJ 
Départellent de chiai. 

r Aahraf A. lsaail 

La r"ctlon de. cOllplexes (n-arène)Cr(CO)2(CX) (X - S, Se) e-n pr.enee 

cr.xci. de (RO)3P (R - Me, Et, .!!.-Bu, Ph) produit Cr(CO)2(CX)[(RO)1P]3' avec la 

pr~ollinan('p cie l'isomère mer l, Cht>7 Ipqllf' l Il" 1 iglind nho'iphite est en 

posi t ion t_~~s du ~roupe ex. Le i~ 1 !4('pm ... nt dll >.( rnllp<-> Irèn.- .jp'I comp J exes (n-

ÎL-L-L -

(Me)C(CH 2P( Ph)2)3' (Ph2PCH2CH2)2PhPl ~()nd1l1' ,illY ,j(>r[ -lé., t..~~·-(L-L-L)­

Cr(CO)2(CX). Lps structures molécula1res de':> ,'omplpxPs Cr(CU)2(CX)[(MeO)3P]3 

ont été dét.erminées par diffraction deq raV')I1S--X des cristaux uniques. 

L'isomérisation intramoléculaire ,de ces comp lp-xes et de leurs analogues 

tricarbonylés a ~é dénontré, et les paramètres ·ractivation ont été calculés 

pour les processus de réarrangement. La spectroscopie RMN Hp bi­

diaensionelle a procuré des évidences montrant que l'isomérisation survient 

via des intermEdiaires "prismatiques trigonales,". Les Études cin~iques de la 

rl!ection des camp lexes (n -C 6 H6 )Cr(CO)2(CX) avec (MeO)3P ont établi la 

dipendance de la vite~8e de premier-arder pour chacun, le complexe et le 

li g and. Led ér i v é B él én 0 car bon y l é po S s è de une vit e B se der éa ct l 0 nIa plu 8 

rapide relativement au dérivé thlocarbonylé, laquelle provient d'une entropie 

d'activation plus faible. L'effet sur ld vitesse de la réaction de la 

variation de la nature du groupe arène et du ligand subst1tuant a él:é étudia. 

- Une approche sur l'analyse des récepteurs hormonaux par détection des 

r 'e e pte u r 9 e q t r 0 g è ne 9 l 1 é S il d e q e q t rad i () l q m a r q u é s d e C r ( CO) 3 par 

spectroscopie IR-TF dans des tiC;"!U8 cibles eRt rappurde. 

Les spectres IR-TF des cnmplexf>" FeTPP(CX) [F~TPP - (5,10,15,20-

-tetraphenylporphinato)Fe(Il); X ' S. Sel et FeTPP(CX)L (X .. S, Se; L -

pyridine, éthanol) ont été obtenus. (~ue lques changements dans le spectre du 

gr 0 u pep 0 r p h Y r i n i que 0 n t ét é 0 b s e r v és a ve c l a var i a t ion 0 u l'a b 8 e ne e du 

ligand, et non pas avec la variation du groupe X. 
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Introduction 

Since the first .synthesis of an (,,-Arene)Cr(CO)3 com­

plex in 1957 ['1], the chemica 1 react i vi t ies of this class of 

complexes have been extensively investigated. Among' . the 

major and, from a practical point of (. view, most important 

findings of such studies"is the utility of (11-Arene)Cr(CO)3 

complexes as catalysts in a variety of systems, particu1arly 

in the hydrogenat ion of dienes. The catalytica11y active 

species in the latter case has been established to involve 
, 

partial or total 1055 of the aFene [2,3]. 

/ 
The first syntheses of (11-Arene)Cr(CO)2 (CS) and (11-

Arene)Cr(CO)2 (CSe) complexes were reported in,1974 [4] and 
> 

1975 [5\J, respectively. Although the physical propert;..ies of 

the se th io- and selenocarbony l der i va t i ves hav~n exa-, , 

mined extensively, studies or their chemical behaviour have 

been l~mited. A striking aspect of their reactivity is a 
" 

marked ly enhanced arene lab il i ty rela t ive to the i r tricar-

bonyl analogues, as evid:enced by their reaction with CO 

under mild conditions to yield the corresponding penta-

carbonyl complexes, Cr(CO)~ (CS) ~nd ~r(CO)5 (CSe) [6]. In 

view of the nature of the catalytically active species 

formed from (11-Arene)Cr(CO)3 in the hydrogenation of dienes 

it cou1d reasonably' be anticipated that (Tj-Arene)cr(CO)2(CX) 
,.., 

(X = S, Se) complexes would be excellent catalysts for such 

processes. However, 
. ., . . ..... 
Investigation of such complexes as 
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catalysts has *vealed that they completely lack ac~ivity 
/ 

[7] • 

Part l of th i 5 the sis concerns the study of arene 

lability in arene chromlum chalcocarbonyl complexes. This 

research was undertaken to extend the known chemistry of, 

thioqarbonyl and selenocarbonyl complexes, to obta in quanti-

'-'J:ative measurements of arene labilization in (Tl-Arene)-

Cr(CO)2 (CX) (X = Sr Se) and to probe the reasons for their 

reported inactivity as catalysts. Chapter l presents a 

brief review of mechanistic studies of (Tj-Arene)Cr(CO)3-

ca talyzed hyd rogena t ion of d lenes to monoole fins. In 

Chapter 2, the beactions of (,,-Arene)Cr(CO)2(CX) (X = S, Se) 

with tertiary phosphite and tridentate phosphine ligands 

will be described. The spectroscopie propertles of new 

thio- and selenocarbonyl complexes obtained, as weH as the 

crystal structures of two typical products, will be 

presented, followed, in Chapter 3, by an invest igation of 

stereochemical nonrigidity in these systems. The ki net ics· 

and mechan ism of a rene di splacement from (Tj -Arene) Cr ( CO) 2-

(CX) (X = S, Se) by tertiary phosphites will be the subJect 

of Chapter 4 , which concludes Part 1. 

In Part II, the comb i ned use of 
1 

FT-IR spectrosco~y and 

metal chalcocarbonyl chem istry in two different types of 

biological applications will be demonstrated. While infra-

red spectroscopy has been among the major techniques 



- ) 

, 

/ 

( 

3· 

employed in the study of organometallic c;=omplexes throughout 

the history of organometall ie chemistry, its appl ication in 

the study of b iolog i cal systems has been fa i r ly 1 imi ted in 

the past. This situation has largely been due to the com-

plex i ty of sueh systems and the presence of biomoleeules of 

interest in 10"'1 c~mcentration, as weIl as the unsuitability 

of water as an IR solvent. The rec~nt development of FT-IR 

spec troseopy has 1ed to the allev iat i on of' these problems, 

as described 

application of 

in Chapter 5. Chapte r 6 eoncerns .. f novel 

FT- IR spect roscopy and arene chrom i um chalo-

carbonyl chemistry in a biological system: the i ncorpora,-

tion of a Cr(CO)3 moiety in a biologieal molecule as a label 

for detection by FT-IR spectroseopy. In a co1laborative 

pro]ect wlth Ors. G. Jaouen and A. Vessières of l~Ecole 

Nationale Supérieure de Chimie de Paris, CriC~) 3 -labellèd 

hormonal steriods have been bound to receptors in their 

target tissue. 

label by FT-IR 

The subsequent 

speetroscopy "and 

detect ion of the earbo~l 
// 

the potential utility of 
, 

this procedure as an alternatIve to radioisotopic methods in 

receptor assay wlll be deseribed in Chapter 6. An FT-IR 

study of chalcocarbony l ligands coord i nated tÇ) me tallopor-

phyrins will be presented in Chapter 7. This represents an 

example of the use of FT-IR speetroscopy in the study of 

biologieal model compounds. 

Finally, a summary of the conttibu'tions to knowledge, 
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suggestions for future work, and a list of publ ications and 

papers presented at .scientific conferences which pertain to 

this work are g i ven. 
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ChaRter 1 

Catalytic Activity of Arene Chromium Chalc~arbonyl 

Complexes 

(Tl-Arene)Cr(CO) 3 complexes have found extensive use as 

catalysts in a variety of systems [1,2). Among the moS t 

important catalytic applications of this class of compound 

is the hydrogenation of dienes to monoolefins [2-6]. As 

homogeneous catalysts (n-Arene)Cr(CO)3 complexes effect 

stereospecific cis-addition of H2 to one dquble bond of the 

diene with some regioselectivity [Eq. 1.11. 

R~R' + H2 
c.t. 

R 

( 1. 1 ) 

40-100% 

The conditions required for efficient catalysis depend 

" critically o~ the nature of the arene. For monosubstituted 

arenes, high hydrogen pressure (30-50 atm) and high tempera-

ture (lSO-200·C) are needed (Table 1.1). The presence of 

electron-withdrawing substituents on the arene, which weaken 

the metal-arene bond, accelerates the rate of hydrogenation 

and shortens the induction periode However, polycycl ic 

derivatives are even more favourable: for instance, with (~-

anthracene)Cr(CO)3 and (n-naphthalene)Cr(CO)3 efficient 

7 
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Table 1.1. HydroJenation of Methyl Sorbate (0.2 M) to Methyl 3-Hexenoate (1) 

and Methyl 2-Hexenoate (Il) Catalyzed by <,-Arene)Cr(CO)3 ln Cyclohezanea 

Arene in % Conversion Product Reaction condition. 
(,,-Arene~Cr( CO) 3 ( % distrlbutlon)c P(H 2 ) T Tiae 
catalyst l Il at. Oc oh 

Senzene 100 94 4 48 165 8 

Benzene 100 94 4 30 175 4 

Toluene 100 94 5 48 150 7 
• 

Hesitylene 80 95 5 30 17,5 6 

Ethylbenzene 95 95 5 48 150 7 

Hexaaethylbenzene 92 9' l , 5 30 200 6 

Anlsole 12 100 48 150 6 
, 

Cycloheptatriene 100 98 1 30 120 1 

Chlorobenzene 100 96 4 30 150 2 

Hethyl benzoate 100 99 1 48 150 2 

Methyl benzoate 100 95 4 30 160 4 

Phenanthrene 100 97 3 48 150 0'.3 

a Data from References 1 and 3. 
bCatalyst concentration. 1 x 10- 2 H. ~ 
eBalance of % distribution la .ethyl hexanoate. 

-./ 

~ 
• 
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hydrogenation is achieved under mild conditions (8,0 ·C, 1 

atm H2 ) [4 J. This is particularly advantageous and leads ta 

a much cleaner rèaction since decomposition of the catalyst, 

which occurs at higher temperature, is eliminated and 

unwanted side react ions are min imized. AIso, less H2 pres­

sure is needed, thereby reducing cost. 

From the apse rva t ions concerning the var iat ion of cata-

9 

lytic behaviour wi th change in arene-metal bond strength, " 
.1 

the catalytically active spec ies has been postulated ta 

result from partial or total arene 1055 [1,3,5]. Two mecha-

nisms have been proposed: Franke l et al. [2] postulated a 

dissociative mechanism in which the (,,-Arene)Cr(CO)3 complex 

totally dissoc iates into arene + Cr (CO) 3. The ca talyt ically 

active species is subsequently produced by reaction of the 

CreCO) 3 moiety with H2 to give a dihydride which then reacts 

with a diene to afford l, 4-cis-addition of hydrogen, forming 

the monoene (Figure 1. l ). Cais and Re)oan [3,5) later 

proposed an associative mechanism (Figure 1.2), involving a 

stepwise displacement of the arene, resulting in slippage of 

the èrene to occupy ul timately a sing le coordina tian site of 

. the metal (path a) or eventual total 1055 of arene (path b). 

The initial step inïolves the1reversible dIssociation of one 

double bond of the arene, followed by at tack of the d iene 

substrate. This i5 supported by the experimental observa-

tion that heating the substrate in the absence of \ H2, -
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followed by the introduction of 8 2 , eliminated the induction 

period for the Onset of hydrogenation. Conversely, heating 

the catalyst in the presence of H2 d id not al ter the induc­

t~on period significant1y [3) • 

.. In order ta investigate the true nature of 
f 

the cata-

lytic species,' the Cr(CO)3 (THF)3 species h~s been formed in 

, ~ by reaction of (Tj-Arene)Cr(CO)3 with THF as solvent 

(7J. It was found that addition of substrate to a solution 

containing this species effects catalysis at maXlmum rate 

wi th the e Ill" i nat,ion of the induct lon per iod normally seen 
1 

\ with (Tl -Arene)Cr(CO)3' Also, addition of arene inhlbited 

the react ion. There fore, the ca ta1yt ically act ive spec ies 
....... 

in the hydrogenation of dienes appears ta be formed by the 

total 1055 of arene in the presence of a coordlnatlng 501-
:r 

vent. In a separate kinetic investigation arene displace-

ment has been found ta occur via a stepwise disp1a'cement of 

the ring -by the entering ligand [4), thus supporting path b 

of Cais ,and Rejoan's mechanism. 

As indicated in Table 1.1, various attempts have been 

made ta improve catalytic performance by experimenting with 

a variety of arenes [3-5,7). However, the metàl-a~ene bond 

strength in complexes of this type and consequently the ease 

. ~ 
of labil ization of the arene WhlCh has proven necessary for 

effective catalysis is also a function of the electr:o.nic 

pr:operties of the other ligands bonded to the metal. There-

\ 

• ! 

1 
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fore, substitutino a carbonyl group by another ligand. will - -

also modify the cat~lytic behaviour of the compIéX. This 15 

of particular interest in the expectation that the use of a 

catalyst of the type (,,-Arene)Cr(CO)(L)(L·) would enhance 

the regioselectivity of the catalytic process [8-101. 

The catalytic behaviour of complexes in which one of 

the carbony I ligands has been replaced by a tertiary phos-

ptHne has been investigated [11,121. The results for the 

hydrogenatian of norbornadiene at 170·C under ,H2 (48 atm) 

with these complexes are given in Table 1.2. It is apparent 

from these results that incorporation of a phos,phine ligand 

into the catalyst brings about serious deterioration or 

total 10ss af catalytic activity. This has been attributed 

to two.possible effects. First, the sterie effect caused by 

the substituents on the phosphine may hinder'the binding of 

the substrate. Secondly, the stronger a-donor and weaker ~-

acceptor praperties of the phosphine relative to CO lead to 

'an inereased electron density at the metal, resulting in 

strengthening of the metal-arene bond due to increased metai 

+ arene 1t-back-donation [11,12]. One then concludes that 

ligands chasen to replace CO shouid be similar to CO in 

their electronic properties. 

Another ligand type wipr anaiogous binding properties 

to those ôf CO is the isocyanide CNR (R :10 alkyi o.r aryl). 

Initial testing of these complexes for catalytic activity 

,/J "', 

1 
J 

.r 
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Table 1.2~ Hydro8enation of Norbornadiene (0.1 H) to Nortricyclene (1), 
~ 

~-

Norbornene (II) and Norbornane (III) ~atalyzed by (,-Arene)Cr(CO)2L~ 

% Conversion .Cat alys t b Produ.ct 
~, (t d1str1but1on)C 

Rxo. 
t 1 1Re 

l [l III h 

3 
2 

(phen)Cr(Cp)3 d 100 38 43 19 
~ 

100 80 20 a 

(dlJlt)Cr(CO)3 95 35 45 15 . 6 

(phen)Cr(CO)2(Et 3 P) 0 1 5 

15 
.,. 

(phen)Cr(CO)2[(EtO)3 P ) 0 , 
" 

8 
30 

(phen)Cr(CO)Z(Ph 3 P) 10 5 2 2 
30 12 15 3 

(mb~)Cr(CO)21(PhO)3PJ 15 3 10 2 30 

(dlJlt)Cr(CO)2(C~CH2Ph) 20 8 10 2 15 

(mbz)Cr(CO)2{CNC(0)PhJ 53 15 30 7 7 

( dm t ) C r.< CO) 2 [ CNe ( 0) He) 65 30 32 3 27 
... 

(mbz)Cr(CO)2(CS) 2 <1 < 1 <1 20 
") , 

\ 

...... 
.Cl> 

a Oata from References 1-0 and Il. 
p 

bCatalyst concentration, 5 x 10- 3 M. 
CReaction candit'ions: 48 atm H21 170°C. cyclohexane solution. 
d phen = phenanthrene, dmt ;: dimethyl terephthalate, 

mhz = methyl ben2oate. 
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proved .disappoint ing (Tablè 1. 2) [Il,l, indicating that the 

isocyanide 1 igands used wete similar in bonding properties 

to tertiary phosphines. Dabard et al. [Il] postulated that 

with the proper modification of the R group through the 

introduction of an ~-acyl moiety [CNC(O)R] the Tt-acceptor 

propert ies of the i socyan ide cou Id be enhanced suEf ic ie-ntly 

to effect ring 'lability under catalytic conditions. Pre-

l iminary tes t i ng of these complexes proved that they indeed 

possessed catalytic activity superior to that of (Tj-Arene)-

(CO)2 (CNR) [ III . Hence an increase in the Tt-acceptor 

propert ies of the isocyan i de ligand was found to enhance 

catalytic actlvity. 

Arnong the coordlnating ligands that exhlbit similar • 
binding properties to those of CO and are known to be 

stronger n -acceptor~ than co are the thiocarbonyl and 

selenocarbonyl ligands [13]. They thus appea,r to be very 

su i table cand idates por enhanc ing the access ibi li ty of t~e 

catalytic species. However, an inve~tigation of the cata-

lytic activity of (mbz)Cr(CO)2 (CS) (Table 1.2) has shown the 

tbiocarbonyl complex to be one of the worst catalysts for 

tRe hydrogenation of dienes tested [Ill: Under mild condi-

t ions no reac t ion took place, wh ile at higher tempera tures 

total decomposltion of the complex was observed [Il]. 

In the next chapter, the reactivitie~ of (;roup VIe, 

metal thiocarbonyl and selenocarbonyl complexes will be 
,~ 

1 ,. 
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rev iewed. Invest ig~ t ions of arene di splacement react ions of 

(" -Arene)CrCCO)2 (CX) (X = S, Se) complexes will then be 

presented. Subsequently, the k inet ic stud ies of such reac-

t ions wi Il be descr ibed , and the res u Hs compared to those 

for ana l ogous carbony l complexes. Th i s shou Id prov ide sorne 

reasons for the lack of catalytic activity of (Tl-Arene)­

Cr(CO)2 (CS) complexes and give sorne indication as to the 

catalytic potential of the corresponding selenocarbonyl 

complexes in the hydrogenation of dienes to monoolefins. 

1 

, . 
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Chapter .2 

Reactions of (n-Arene)Cr(CO)2 (CX) (X Z Sr Se) Complexes with 

Tertiary Phosphites and Trideritate Phosphine Ligands 

2.1 Thermal Reactivi ty of Group V!B Metal (0) Thiocarbonyl 

and Selenocarbonyl Complexes 

The bonding properties of the thiocarbonyl and seleno-

carbonyl ligands in Group VIB met;al complexes have been 

i nves t igated ex tensi vely by a va r iety of spectroscopie and 

other techniques [1,2]. The two spectroscopie methods which 

have been most widely used are vibrational [2-7] and 13C NMR 

spectroscopy [5,8-101. O'ther investigations have employed 

17 0 NMR [llJ, photoelectron [12,13], electronic [5,14], and 

mass spectroscopy [15) 1 and ESCA [161. The body of evidence 

thus obtained has revealed that both the thiocarbonyl and 

selenocarbonyl ligands are stronger a-donors and ~-acçeptors 

than CO in complexes wi th low ox idat ion sta te metal s. For 

instance, in the case of IR' stud ies, comparison between the 

carbonyl stretching force constants of ~-bonded arene metal 

tricarbonyl complexes and those of their corresponding thio-

or selenocarbonyl derivatives where one of the CO ligands 

has been replaced 'by a CS or CSe ligand shows an increase in 

carbonyl bond order in the lat ter complexes [2,4,9]. This 

observation indicates that the carbonyl groups receive less 

electron density from the metal, illustrating that the CS 

ft 
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and CSe groups are capable of accept ing more electron den-

sity .from the metal than is CO. Good correlations' between 

carbonyl stretching force constants and the carbonyl 

resonances in ~he I3C NMR spectra of (~-Arene)M(CO)2(CX) (X 

- S, Se) complexes have been reported [5,8,9]. The incor-

.poration of a ex ligand into a complex results in an upfield 
~ 

shift o~ the carbonyl résonances, indicative of a decrease 

in the donation of electron density from the metal ta the CO 

gz::oups. 

In view of the differences between the CX and CO 

Ii~ands, the chemical behaviour of thio- and sel~nocarbonyl 

complexes and their carbonyl analogues would also be expec-

ted to di ffer. The ex i st ing data on the thermal react i vi ty 

of Group VIB metaI thio- and selenocarbonyl complexes are 

schematical~y reviewed 

"" 
in Figures d iscussed be low and are 

2. land 2.2. 
, 'li. 

Treatment of Cr(CO)5(CS) in refluxing toluene or of 

W(CO)s(CS) in refluxing xylene with Ph 3 P [Eq. 2.1] yields 

both cis and trans isomers of M(eO)~(CS)(Ph3P). 

0 0 
c C ~""J 
1 ., •. cO 1 •. co 1 •• co " 

ft "'1 .. , 'o· OC-Ml-cO • OC - • - ftPtt, + oc-M-CO 
OC-' 1 c*' 1 OC' 1 

i 
o c c 

S 5 

(2.1 ) . ~. Ir ... 

" 

o 

. " 

r 
1 
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These isomers were inseparable by either column chroma-

tography or fractional distillation [17]. Synthesis of pure 

trans-W(CO)~ (CS)(Ph3 P) by a different route (vide infrai 

Eq. 2.2) and subsequent heating at 10S·C results in its 

isomerization to an equilibrium mixture of cis and trans 

with a much higher proportion of trans (cis:trans - 0.7:1) 

isomer than pred ictea on the bas is of a sta t i st ical distr i-

bution of the phosphine (cis:trans 4:1), demonstrating that 

the configuration. in which the CS ligand is trans to a weak 

.-acceptor such as Ph 3 P rather than trans to CO is favoured 

[18 J • Investigations [19] using stereospecifically 13CO-

labelled trans-W(CO)~ (13CO) (CS) revealed that this complex 

undergoes intramolecular isomerization to form cis- and 

trans-W(CO)~ (13CO)(CS) isomers in both decalin solution and 

the gas phase. 

Further attempts to displace a second CO with another 

phosphine yielded M(CO)~ (Ph3 P)2 as the major product, as 

weIl as spectroscopic amounts of M(CO)3(CS)(Ph 3 P)2' which 

was not isolated [17]. However, the bidentate ligand 

ethy lenebis (d ipheny lphosph ine) (d iphos) was found to react 

with M(CO)5 (CS) (M .. Cr, W) to yield one product [17], 

H(CO}3 (CS)(diphos), which was assigned a ~ geometry on the 

basis of its IR spectrumi two carbonyl stretching modes were 

observed - a weak band at higher energy, attributed to the 

a' stretching mode of the two trans carbonyls, and a strong 

, 
1 
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band at lower frequency assigned to the a- mode. The third 

band expected for this structure was presumed hidden under 

the strong lower-frequency band. Extended reaction" of 

W(CO)s (CS) in excess diphos at very high temperatures 

yielded W(CO)(CS)(diphos)2. However, no substitution beyond 

a single diphos ligand was observed for chromium [17}. 

Reactions of W(CO)s (CS) with other bidentate ligands con­

taining nitrogen, such as 2,2'-bipyridine (bpy) or ~phenan­

throtlne (,2-phen), yielded no thiocarbonyl-containing pro-

ducts, giving only W(CO)4 (bpy) and W(CO)4(,2-phen), res­

pectively [17].' Reaction with pyridine (py) produced, large 

amounts of W(CO)s (py) 1l7). Cr(CO)s (CX) (X z S, Se) reacts 

with tetrabutylammonium halides to glve a mixture of 

(Cr(CO)5(Y)]- and trans-[Cr(CO)4(CX)(Y»)- in a ratio of 2/3 

for X z Sand Y- z ~, Cl- [5), while for X = Se a 5/4 mix­

ture is obta ined for Y- = Cl- and a 3/1 mixture for Y- = r-

(5,20]. In order to establish if [Cr(CO)s (Y)]- was produc~d 

by thermal decomposition of the trans-[Cr(CO)4(CX)(Y»)- ion, 

thermal decomposition of a [Cr(CO)s(Y)]-/trans-[Cr(CO)4-

(CX)(y)]- mixture was monitored by IR spectroscopy; no 

increase in the intens i t ies of the y (CO) bands due to the 

[cr(CO)5(Y»)- ion was observed (20). On the other hand, 

W(CO)s (CS) reacts with tetrabutylammonium halides in a 

coordinating solvent (e.g., acetone, THF) to produce only 

one product [17], trans-(W(CO)1t (cs)(y)]- (r = Cl-, Br-, r-). 

1 
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The iodide complex undergoes halide abstraction and ligand 

substitution forming exclusively the trans produc~ according 

to Eq. 2. 2 [l 7) • 
\ 

-[trans-w(CO) .. (CS)( I)] - + Ag+ + L + 

trans-w(CO) .. (CS)(L) + AgI (2.2) 

Halide abstraction and subsequent coordination of bpy 

or ~phen in the presence of a coordinating solvent yields 

!!!!.!:-W(CO)3 CCS)Cbpy) or ~-W(CO)3(CS)(Q-phen), respectively 

[211. These products were inaccessible through direct reac-

tion of the bidentate ligand with W(CO)s(CS). 

It should be mentione~ that M(CO)s (CX) (X .. S, Se) 

complexes exhibit other types of thermal reactivity, in 

addition to ligand substitution. Both chromium and tungsten 

thiocarbonyls as weIl as the chromium selenocarbonyl deriva­

tive undergo reactions with primary amines to produce 

M(CO)S (CNR) CR = alkyl group) [20,22]. W(CO)s (CS) has also 

been found [22] to react with secondary amines forming" thio-

formamide complexes, W(CO)s(S-C(H)NR 2 ). Kinetic investiga- 0 

tions of the reaction of WCCO)s (CS) with primary amines 

revealed a second-order dependence on amine concentration 

and a first-order dependence on the concentration of the 

thiocarbonyl complex [22 L. The mechanism proposed on the 

basis of these data involves attack of a hydrogen-bonded 
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amine Molecule, RHN-H ••• NH2 R, at the carbon of the thiocar­

bonyl ;igand. Thus a second amine Molecule acts as a cata­

lyst, presumably by increasing the nucleophilicity of the 

attacking amine [22). The reaction ot cis- and trans-

WCCO) ... CCS)(Ph3 P) with primary amines was found to be mu ch 

slower than that of WCCO)s (CS), with the 'cis isomer reacting 

faster than the trans [22]. The low react i vi ty of trans-

WC CO) .. (C S ) ( P h3 P) [approx. 20,000 times slower than 

W(CO)s (CS) ] has been attributed to increased electron 

density at the thiocarbonyl carbon due to the trans Ph
3

P 

ligand, rendering attack by a nucleophile less favo~rable. 

The kinetics of carbonyl substitution in W(CO)5(CS) by 

Ph3 P were studied [17] to gain quantitative information 

about the reactivity of this complex compared to that of 

W(CO)6. The rate wa~ound to have a ligand-independent 

term and a ligand-dependent term as shown in Eq. 2.3. 

rate • k1 [W(CO)!)CCS») + k2 {WCCO}sCCS)] [Ph 3 P) C 2.3) 

This is analogous to the accepted mechanism for CO 

substitution in WCCO)6 [23]. Compar ison of k land k 2 for 

the thiocarbonyl complex with values obtained for the reac-

tion of W(CO)6 with Ph 3 P reveals that the dissociative 

mechanism is approximately 75 times faster in" W(CO) 5 (CS) 
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while the ~ssociative (k2 ) route is 250 times faster -(17). 

Another kinetio study (l7r involving the associative reac­

tion of W(CO)5 (CS) vith r- showed that W(CO)s (CS) reacts 

more than 1000' times faster vith r- than does W(CO)6 under 

the same conditions. 

The reaction of trans-W(CO)~(13CO)(CS) with 1- revealed 

that the trans co is lost vith high specificity [19). The 

mechanism was postu1ated to involve attack by r- at the 

meta1 accompanied by dissociation of t~e trans co. Alterna-

tively, the r- l11ay attack the C atom of the trans CO: sub-

sequent rearrangement and 105s of the trans CO wou1d give 

the ob5erved product. These tVQ poss ib i 1 i t ies cou1d not he 
, 

d ist ingu ished on the bas Is, ot. the k inetic dat'a av~ ilable 

( 19) • 

A kinetic study of carbonyl dissociation from W(C'?)3-

(CS)(o-phen) has also been reported [Eq. 2.4) (21). 

WCqlJ3 (CS) (~phen) + L. W(CO)2 (CS) (2-phen) (L) + CO 

[L - (!4eO)3 P ' (EtO)3 P , Ph3 P) 

.. 

The rate of the reaction fGl1ow8, a general two-term rate 

expression [Eg. 2.5) in which k
obsd 

:8 k 1 + k 2 [L) under' 

pseudo-first-order conditions. 
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Rate = kl. [WC CO) 3 (CS) (,Q-phen)J 

+ k 2 [W(CO)3 (CS) (Q-phen)] [L) ( 2.5 ) 

At higher t:emperatures, the k1 term pr'edomi,nates and k
obs

; 

is independent of the concentratlon and the nature of the '" 

ligand [21]. At lower temperatures the rate shows a small 

but significant dependence on ligand co~entratlon. A 

direct comparlson of tbe rates of the dissociatlve pathway 

for the thl6carbonyl complex and W(CO)4 (2-phen), made by 

extrapolatlng the rate constant. for the thlocarbonyl reac-

tion to the temperature at whlch the reactlon of W(CO)4 (,2.­

phen) was studled [24J, ylelds a k
1 

value approxlmately 140 

tlmes faster for CO dlssoclatlon frOm the thiocarbonyl com-

plex than from the carbonyl analogue. 

The only kinetlc, data obtained for the reaction of 

Group' VIB mataI thlocarbonyl complexes have been those 

presented above for W(CO), (CS) "and its derivatlves. These 

data h.ave illustrated the difference between carbonyl and 

th iocarbony l react i vi ty. The CS ligand, being a stronge~ 

x-acceptor than CO, llmits the electron density available at 

the metal for n-backbonding to the carbonyl groups, 

especially the carbonyl trans to it. The CS 1 igand thus 

J 
activates the complex to substitutlon by weakenlng the M-CO 

bonds (predomlnantly t~e trans M-CO bond), thereby reducing 

the activation energy and enhancing the rate of CO dissocia-

t ion [17]. 

( 
\ 
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A~stri king example of labil i za t ion of ligands other 

than ·co res\Jlting from the presence of a thiocarbonyl or a 

selenocarbonyl ligand in a complex is th~ arene labilization 

observed for ('Tl-Arene)Cr(CO)2(CX) (X = S, Se) [2,5,20]. 

Cr(CO)5(CS) can be prepared by neating (mbz)Cr(CO)2(CS) 

under CO pressure (10 atm) at 65'C for 5 h. These condi-

tions are much milder than those required to produce Cr(CO)6 

fr:om (mbz)Cr(CO)3 (65'C, 20 atm CO, 6 days). In add i 'lion, 

the labillty of the arene in (Tl-Arene)Cr(CO)2(CSe) complexes 

is ev~n more pronounced; (mbz)Cr(CO)2(CSe) reacts with CO at 

10 atm pressure ln 1 h at 65'C to yleld Cr(CO)5(CSe). 

Apart from the re-actions 'Nl th CO ment Ioned above, the 

thermal reactivity of 'Tl-Arene)Cr(CO)2(CX) (X = S, Se) has 

not been prey IOUS 1 y Invest.lqa ted. In the present chapter, 

reactions of these complexes involving arene displacement by 
Cl 

trialkyl- and triarylphosphites and selected tridentate 

phosphine ligands will be described. 

\ 

2.2 Bxperimental 

AIl synthetic reactions were performed under an atmos-

phere of prepurified nitrogen. AlI solvents were freshly 

distilled over sodIum strlps under nitrogen prior to use 

wi th the except ion of l, 2-d ichlor;oethane and CS 2 wh i ch were 

distilled over calcium chloride and molecular sieves, 

respectively. 

r 
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Trialky 1:- and tr ia rylphosphi tes were purchased from 

Aldrich Chemical Co., with the exception of (C 6H 11 0l 3P which 

was obtained from Strem Chemicals. Carbon diselenlde, 

chrom l um he xacarbony l and the tr lden ta te ligands bis ( 2-

diphenylphosphinoethy1lpheny1phosphine (trlphos l, 1,1,1-

tris (d ipheny lphosph l nome thy 1) e thane (tnphos-U) and 1,1,1-

tris (dipheny1phosphinolmethane (tripod) were purchased from 
1 

Strem. (chtlCr(COl 3 was elther prepared by the Uterature 

method [25], or pu rchased from Strem. 

FT- IR spect ra were recorded on a N1CO le t 60 0 0 spectro-

meter (32 scan", 1 cm- 1 resolutionl. Proton, 13C and 31p 

NMR spectra were measured on a Varlan XL-200 or XL-300 spec-

tromete r equ 1 pped ""1 th a broad-band probe. The chem ica l 

shifts reported here are relatlve to TMS (lH and 13C) and 

Chromatographic separatlon of the products was per-

formed by co 1 umn chroma tography (s lllca ge l 6 0- 2 00 mesh) 

under N 2 a tmosphe re or on prepara t 1 ve TLC pl a tes (1 rmn) 

prepared from a slurry of 80 9 sillca gel G (Macherey, Nagel 

& Co., 516 Ourn, West Germany) and 180 ml water. The plates 

were activated prlor to use by heatlng them at 110·C for 1 

h. 

r 
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2.2.1 Synthesis qf (n-Arene)Cr(CO)3 

AlI (11 -Arene) Cd CO) 3 complexes were prepared accord ing 

to a literature method [26], outlined below for {Q-xyl)Cr-

Al-liter three-necked flask fitted with a reflux 

condense r and a co Id fi nge r .... as used. The add i t ion of the 

cold finger is a new modIfication that has been found to 

el im ina te the poss lb il i ty of the condenser block l ng .... i th the-

easily sublimable starting materiai cr(CO)6. '. 

Preparation of (o-xyl)Cr(CO)3. Cr(CO)o (9.6 g), Q-xylene 

(50 ml), THF (35 ml) and Bu
2

0 (~30 ml) were added under a 

stream of N
2 

to the I-llter flask. The mIxture was heated 

slowly (at- the reflux temperature of THF) overnight wlth 

magnetic stlrrlng, allowing the Cr(CO)b to dissolve. The 

temperature .... as then Increased to the reflux temperature of 

BU
2 

0 for 2 days. An IR spectrum was measu red to conf i rm the 

complete disappea["ance of C["(CO)o [v (CO) 1980 cm- 1 J. The 

flask .... as then cooled and the [,'reaction mIxture filtered in 

aIr using a slntered glass funnel 

rem ove a ny decompos l t lon produc ts. 

(medium porosity) to 

The solvent .... as then 

evapora ted on a rotary evapora tor us l ng a liqu Id nl t rogen 

trap tC'J collect the solvent. 

obtalned (Yleld 9.4 g, 88%). 

Brigh t yellow crystals were 
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2.2.2 Synthesis of (ry-Arene)Cr(CO)2(CS) 

The procedure for arene chrom ium th ioca rbony l synthes is 

was identical to that in the literature [271. However since 

a large amount of (bz)Cr(CO)2 (CS) was needed for kinetic 

studies, the procedure was modified to allow bulk synthesis 

of this complex. 

(bz)Cr(CO)3 (6 g) was dlssolv-ed ln 1.8 llter of benzene 

and 300 ml of cis-cyc looc tene under N2 ln a 3-1 i ter f lask. 

A stainless steel transfer needle (18 gauge) was then used 

to transfer 700 ml of the solutlon to a quartz reactor [271. 

The solutlon was then irradlated wlth a 450-W quartz mercury 

vapour lamp for 60 mln. The react ion was mon ltored by the 

Increase ln the IR carbonyl peaks of (bz)Cr(CO)2(Ca H14 ) 

(" (CO) 1 9 0 0 , _ 1850 cm -1 J • The lrradlated solutIon was then 

transferred to another 3-11ter flask. After two addltlonal 

. 
cyc les of th 1 s procedure, 500 ml of CS 2 were added to the 

irradiated solutIon. The wor:-kup at this pOInt was identlcal 

to the established method (27). 

, 2.2.3 Synthesis of (ry-Arene)Cr(CO)2(CSe) 

(Tl -Arene) Cr( CO) 2 (CSe) complexes were synthesized 

aeeording to the previously reported procedure [281: 

attempts to seale up the reactlon resulted in paor yields. 

1 

\ 

-r 

\ 
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2.2.4 Synthesis of Cr(CO) 2(CX) [(RO) 3n3 (X - S, Se), (R • 
'K 

Me, Et, n-Bu, Ph) 

AlI Cr(CO) 2 (t X ) [( RO) 3P1 3 complexes were prepared 

according ta the method outlined below for Cr(CO) 2-

(CS) [(MeO) 3 P ] 3 and Cr(CO) 2(CSe) [(MeO) 3 P ] 3' 

Preparation of Cr(CO) 2 (CS) [(MeO) 3.!:l3' (mbz)Cr(CO) 2(CS) (200 

mg, 0.69 lmIol) was dissolved in toluene (25 ml). 

( 1.5 ml, 12.7 mmol) was ad~ed and the reaction mixture was 
~ 

heated for 12 h at 65·C under N2 • After a110wing the, solu-

tion ta codl ta room temperature, aIl volatile material was 

removed und..er reduced pressure on a rotary evaporator. The 

yellow ~o~'td' remalning was purified by preparative TLC on 

si 1ica ge 1 plates (eluent: l, 2-d lch loroethane ) • Yie Id 275 

mg (15\). Anal. (Guelph Chemical Laboratories, Guelph, 

Ontar i 0, Canada) Calcd. for C l 2 H 2 70 l l P 3 SC r : C, 27.6; H, 

5.19; P, 17.7. Found: C, 27.2; H, 5. 15; P, 17.0. FT-IR 

(methy1cyclohexarre): v(CO) 1976(w), 1899(vs) cm-~ v (CS) 

1199-(m) cm-l. 3.40 (d, J '* 11 Hz, 1), 

3 • 72 ppm (d, J .,. Il Hz, 2 ) • l 3 C NM R ( CD 2 Cl 2 ) : 224.2 (q, J 

- 2 2 Hz, 2 CO), 3 3 6 • 5 pp m (t d, J t ,. 30 Hz, J d ,. 6 Hz, CS). 

31p NMR (C
b

D5CD
3
): 181.2 (t, J. 65 Hz, 1),188.6 ppm (d, J 

- ~S Hz, 2). Crystals were grown in pentane at -20·C. 

.. ' 

" 
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Preparation of Cr(CO) 2(CSe) [(MeO) 3Rl3' The same procedure 

as described above was utilized for the synthesis of 

Cr(CO)2(CSe)[(MeO)3P]3 from (bz)Cr(CO)2(CSe) (250 mg, 0.90 

mmol) and (MeO)3P (2.1 ml, 17.8 mmol). Purification by TLC 

as above gave a bright yellow sol id. Yield 355 mg (69%). 

Anal. (Guelph Chemical Laboratories, Guelph, Ontario, 

Canada) Calcd. for Cl 2H 27 0 11 P 3SeCr : C, 25.26; H, 4.74. 

Found: C, 25.09: H, 4.90. FT - IR ( CS 2 ) : v(CO) 1980.l(w), 

1902.B(vs) cm-li v(CSe} 1018(m) cm-l. 3.37 

( d, J = 10 Hz? 1), 3. 8 l ppm ( d, J = 10 Hz, 2). l 3C NMR 

223.8 (q, J = 22 Hz, 2CO), 356.5 ppm (td, J
t 

= 29 

Hz, J
d 

= 6 Hz, CSe). 3 l P NM R" (C b D ~ CD 3 ) : 177.5 (t, J :r: 65 

Hz, 1),184.9 ppm (d, J = 64 Hz, 2). Yellow crystals of 

upon cooling a 

saturated pentane solution of the complex to -20·C. 

2.2.5 Preparation of (triphos-U)Cr(CO)2(CS) 

Triphos-U [(Me)C(CH 2P(Ph)2)3] (985 mg, 1.58 mmol) and 

(bz)Cr{CO)2(CS) (197 mg, 0.855 mmol) were dissolved unde~ N2 

in 25 ml of toluene. The reaction was heated at 90'C over-

n ight. The resulting solution was evaporated under reduced 

pressure, affordlng a yellow solide The product was puri-

fied by TLC on silica gel plates using CS 2 as the moving 

phase. The yellow fraction was extracted Wl th methylene 

chloride and evaporated to dr~ess. The sol id obta i ned was 



35 

dissolved in a minimal Ulount of benzene and hexane vas 

ad.ded s10wly to precipitate bright yellow crystals. Yield 

617 mg (93%). Anal. (Guelph Chemical Laboratories, Guelph, 

Ontario, Canada) 

5.02. Found: C, 67.87~ H, 5.25. v(CO) 

1927.7(s), 1866.1(s) cm-li ,,(CS) 1190(m) cm-l. 

2.2.6 Preparation of (triphos)Cr(CO)2(CS) 

T~iphos [(Ph2PCH2CH2}2PhP] (1.02 g, 1.91 I11III01) and 

(bz)CrCCO)2 (CS) (203 mg, 0.88 J11TIo1) were dissolved in 25 ml 

of toluene and heated at 9S·C overnight while stirring under 

ni trogen. The workup was identical to the procedure 

described above for (triphos-U)Cr(CO)2(CS). At tempts . ta 

separate the isomers of (triphos)Cr(CO)2 (CS) by TLC using 

various e1uents (1,2-dich10roethane:hexane 3:1, benzene:CS
2 

2: l, ethyl acetate: petroleum ether 3: 2) were unsuccessful. 

Yield 570 mg (94%). Anal. (Guelph Chemical Laboratories, 

Guelph, Ontario, Canada) Calcd. for C, 
64.66: H, 4.85. Found: C, 64.24; H, 5.02. 

v (CO) 1924 • 0 ( 5 ), 1860 • 9 ( s) cm -1: " ( CS ) 11 9 1 • 4 ( m ) cm -1 • 3 1 P 

NMR (C6 Ds CD) ): isomers A and A * 67 • 4 ( dd, l - 1), 79.8 

Cdd, l z 1), 107.5 ppm (dd, l - 1): isomer 8 100.9 (t, 1. 
~ 

1 ) , 7 1 • 9 ppm ( d , l • 2). 
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2.2.1 Synthe.l. of (L-L-L)Cr(CO) 2(CSe) (L-L-L • triphos-U, 

~ triphos) 

These complexes were prepared in quantitative yield 

according to the methods outlined above for the correspond-

in9 thiocarbonyl derivatives. 

2.2.8 Reaction of Tripod [HC(P(Ph)21l) with (bz)Cr(CO) a(eX) 

(X • S, Se) 

583 mg (1.01 nnol) of tripod and an equimolar amount of 

(bz)Cr(CO)2(CX) were dissolved in 25 ml of benzene. Decom-

position occurred upon heating the reaction mixture with no 

new peaks appearing in the carbonyl region of the IR 

spectrum. 

2.2.9 Synthesis of Cr(CO) 3 [(RO) ~3 (R • Me, Et, n-Bu, Ph) 

and (L-L-L)Cr(CO)3 (L-L-L - triphos and triphos-U) 

The above complexes were prepared from (cht )Cr(CO) 3 by 

the same procedures as described above for the corresponding 

thio- and selenocarbonyl derivatives. 

2.2.10 Attempted Synthesis of (cht)Cr(ÇO) 2(CS) by Photoly-

S i I!I 0 f ( ch t ) Cr ( CO) 3 \ 
(cht}Cr(CO)3 (200~ mg) was irradiated in 150 ml of 

toluene in the presence of excess cis-cyclooctene (50' by 

volume) under N2 for periods ranging from 1 to 4 h using a 
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4S0-W quartz Mercury vapour lampe No changes in the v (CO) 

absorptions were observed in the FT-IR spectrum. "Warming 
J 

the solution during irradiation brought about decomposition. 

2.2.11 Reaction of Cr(CO)5 (CS) with Cycloheptatriene 

Cr(CO)s(CS) (30 mg) (prepared aeeording to Reference 

20) was refluxed in neat eyeloheptatriene (30 ml) under N2 • 

No product formation was detected by FT-IR spectroseopy. In 

the presence of THF or aeetonitrile "( 101& by volume) deeom-

position occurred. 

2.2.12 Attempted Synthesfa of (cht)Cr(CO) 2 (CS) by Aren. 

Exchange 

(mbz)Cr(CO)2 (CS) 00 mg) was dissolved in 10 ml !lf neat 

cycloheptatriene, or in cyeloheptatriene containing lOt tby 

volume) THF or acetonitrile and heated at 6S·C under N
2 

for 

per iods of 6-48 h. The prog ress of the reae t ion was 

monitored by difference FT-IR spectroseopy. In aIl case." 

graduaI decompos i t ion was observed wi th no appearance of new 

v (CO) peaks in the IR spectrul1J. 

2. 3 Resul ta and Discussion 

Sinee the synthesis of the first C,,-Aren.)Cr(CO)2 (CS) 

and ,(11-Arene)Cr(CO)2 (CSe) complexes a decade ago, few ch •• i .. 

-, 
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cal reactions have been reported for them. However, a vari-

et y of spectroscopie techniques have provided a clear indi-

cat i,.on of the bond ing properties of the CS and CSe ligands. 

The synthetic investigations described here have probed fur":' 

ther the chernical behaviour of arene chromium th io- and 

selenocarbonyl complexes. The thermal reactivities of 

(,,-Arene)Cr(CO)2 (CX) (X z S, Se) complexes established in 

this study together wi th those reported in the li terature 

are summar i zed in Figure 2.3., 

• The major reaction Qf (,,-Arene)Cr(CO)2CX complexes 

identified in this work, the kinetics of which will be ,the 

sub j ect of Chapter 4, i9 the d isplacement of the arene by 

three tertiary pho~phite ligands under relatively mild 

~ond i t ions: 

(11-Arene)Cr(CO)2 (CX) + J(RO)3 P + 

Cr(CO)2 (eX) [( RO) l Pl 3 + Arene 

(R • alkyl or aryl) 

(2.6) 

The spectroscopic properties and the crystal and 

'E) molecular structure. of a typical product, Cr( CO) 2 (CS)­

[(MeO)] P]], are presented in this and the next section. 

Following this, the crystal structure of the analogous gele-

nocarbonyl derivative will be described. 

The Cr(CO)2(CS)[(MeO)]p]] complex is the first example 

r 

, ' , 
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of a subst i tuted Group VIB metal th iocarbonyl complex con-

taining more than one monodentate 1 igand other than co. 

Attempts to prepare such complexes from Cr(CO)5(CS) by ther-
. 

mal replacement of the co groups have only resulted in the 

10ss of the cs ligand following the first substitution step, 

i.e., yielding first Cr(CO)4(CS)L and then Cr(CO)4L2 [171. 

Thus, arene substitution provides the flrst entry into 

multi-substituted complexes of the type Cr(CO)2 (CS)Llo 

Arene displacement ln (~-Arene)M(CO)3 complexes affords 

fac-M(CO)3 ~ (M = Cr, L :: CH 3 CN [29J ~ M = Mo, L .. (MeO) ]p, 

CI3 P, Ph2 CIP, ~-Bu3P [30,31); M = W, L:: (MeO)3P [32J). 

fac-M(CO)3 [(MeO)3PJ3 (M = Cr, Mo, W) has aiso been synthe­

sized by the substltutlon of cycloheptatrlene ln (chtlM(CO)3 

by ( MeO ) 3 P [ 25 J • The fac stereochemistry of the products 

was establ i shed by the appeara nce of two st rong v (CO l peaks 

in the IR spectra, in accord wi th the C3v loca l symmet ry of 

the M(CO)3 moiety [r(CO) :: al + eJ. In the present work, as 

weIl as in other studies [25J, It has been observed that 

cyc10heptatrlene displacement from (cht)Cr(CO)3 by {MeO)3P 

in ref l UX l ng methy lcyclohexane yle Ids a mi x ture of fac- and 
f 

) 

~-C r ( CO) 3 [( MeO ) 3 P J 3 0 Slmilar mixtures are obtalned from. 

the reac t ions of (Tl -Arene) C r( CO) 3 complexes wi th monoden tate 

ligands at hlgh temperatures, as ev Idenced by the appea rance 

of a third v (CO) band in the IR spectra and the splitting" 

patterns in the 31p NMR spectra of the products [331. 

f 

\' 
1 

1 
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Wh i le the react ions of the tr icarbonyl complexes 

described above give predominantly the fac isomer under the . 
conditions employed in this work, the ,,(CO) region in the 

FT-IR spectrum of Cr(CO) 2(CS) [(MeO) 3 P )3 with one very strong 

and one very weak band be ing observed ls clearly at vari ance 

wi th the intens i ty pattern expected for the fac isomer. The 

spectrum of the latter should most likely resemble that of 

fac-Cr(CO)3L3 with two strong peaks of comparable intensity. 

The FT- I R spect rum of the crude product of th is react ion, 
, 

prior to TtC puriflcation, exhibits an addltional peak in 

the co stretchlng region at 1961 cm-lof weak intensity 

(-10% of that of the 1899 CJn- 1 peak) (Figure 2.4). It will 

be shown below that this peak can be assigned to fac-

Cr (CO) 2 (CS) [ (MeO) 3 p) 3· 

'The very low lntenslty of the 1976 cm- 1 peak of the 

major product ls immediately suggestive of the mer geometry 

(~ l, F igu re 2.5) in wh ich the two CO groups are trans to 

each other. The ~ stereochemistry is further indicated by 

the similarity of the Hp NMR spectrum to that of mer-

C r ( CO) 3 [ ( M eO) 3'P) 3 ln C6 DsCD 3 solution (Table 2.lP), even 

down to the 2J 3 l 31 couplings ( 64 Hz). The sol i tary l3C 
p P 

resonance for the CO groups ls evidence of the absence of 

mer II and its appearance as a quartet is ln complete agree-

ment with the splltting pattern expected for!!!!.!. 1 provided 

that the two di fferent tert iary phosphite environments are 

, 
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sufflClently slmllar to afford cOlT1parable 2]ClS 1 3 3 l 
C fil 

values. The observed coupllng constant (22 HZ) 1S very 

2 ClS 
close to the ] 1331 valuereported fè>rCr(CO)s[(MeO)3 P ] 

~ C P 
and trans-Cr(CO)4[(MeO)3 PJ 2 (21 Hz) [34). The DCS reson-

ance appears as a doublet, due to coupllng w1th the trans 

Hp nucleus, spllt Into a trlplet by the other two equlva-

lent 31p nuclel, agaln ln accord wlth the predlctlons for 

mer I. 

AS mentloned above, the CO stretchlng reg10n of the IR 

spectrufT1 ~f the crude product obtained syn t hes us of 

Cr(CO)2(CS) [(MeO) 3PJ 3 contalns, ln addltlon to 6) peaks of 

mer-Cr(CO) 2(CS) [(MeO) 3 P )3' a ...,eak peak at 1961 cm- l • Sub-

traction of the spectrum of the pure mer product from this 

5 P e c t ru fT1 r e ve a l 5 a 5 e con d p e a k a"'t l 8 9 9 CJTl- 1 0 Eco m par a b le 

Intenslty to that at 1961 cm-l, as ...,ell as a peak ln the 

v(CS) reglon at ll99 cm- l . These data Indlcate that SOlT1e 

quantity of elther the fac or mer II Isomer lS present ln 

the crude produc t. Further exarllnatlon of the crude product 

uSlng dC and 3lp 'JMP spectr0scopy provlljelj de~l'lltlve eVl-

~ 
dence that the mlnor component present 15 fac-Cr(CO)2(CSl-

[ ( M eO) 3 P) 3 • In addlt Ion tl") the peaks attrlbutable to the 

mer l lsomer, the l3C NMR 5pectrum exhlblts a slngle 13CO 

resonance (6 226.3 ppm) 5pllt 1nto a doublet of tnplets 

and a 13C5 resonance (6 = 335.3 ppm) also spllt lnto a 

doublet of tnplets. It 15 weIl establlshed [8,34J that 

chalcocarbonyl resonances exhibit a downEleld Shlft when 
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they are trans to a stronger o-donor or a weaker .-acceptor 

than co. On th isbas is the mer Ir isomer would be expected 

ta exhl.bit a thiocarbonyl resonance at hlgher field than 

observed for the mer l lsomer and two dlst inct carbonyl 

resonances, one at hlgher fIeld than that of t.he mer 1 for 

the CO trans to the CS Ilgand, and the other at lower field 
<-

for the CO trans to the phosphIte group. Therefore, the 13C 

NMR data are Inconsistent wlth the IdentIfIcatIon of the 

mlnor product as the mer II lsomer. For the fac 150mer a 

single carbonyl re50nance ~ltuated at lower fléld than that 

of the mer l lsomer lS expected, wh1le the thlocarbonyl 

resonanée 15 antlclpated to appear at hlgher f1eld on the 

qasls that the CO groups should remove a larger share of the 

electron denslty donated by the tertlary phosph1tes to-rle 

metal ln the Eac lsomer (CO trans to phosphlte) than in the 

~ l (CO ClS to phosphIte) 150mer. The5e predlctlons ar~ 

comple~ely ln ac~ord wlth the observed 13C NMR spectra. The 

peaks ln the 31 P NMR spectrum attributed te the minor 

product are also conSIstent wlth ltS ldentlflcation as 

fac-Cr(CO)-.: (CS)[(MeO)3PJ3 wlth the tw~ equlvalent phosphorus 

nuclei (tran5 to CO) belng SplIt into a doublet by/ the third 

phesphorus (trans to CS) wh 1 ch ln tu rn lS Spll t l nto a tr ip-

let. The fact that th1s doublet 15 at hlgher fIeld than the 

doublet of the mer l 15 ln 11.ne Wl th the 3 l P NMR observa­

tians made by POllblanc and his 
)1-

coworkers that two trans 

., 
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phosphorus ligands appear at lover field than a phosphorus 

ligand trans to CO for M(CO)3 [(MeO)3P)~ (K· Cr, Mo, W) 

( 33] • 
, 

The IR, 13 C MMR and 3 l P NMR spectrà of the crude and 

the purified product from the reaction of <,,-'Arene)-

Cr(CO)2 (CSe) with (Me-O)3P exhibit the same Intensity 

patterns as observed for the thlocarbonyl product. Thug, 

the characterlzation of both the mer land fac lsomers was 

establlshed ln a Slmllar manner to the spectroscoplC analy-

sis descnbed for Cr(COl 2 (CS){(MeO)3 P )3' The rr-IR spectrum 

of the crude Cr(COl1' (CSel[(fIoIieOl 3 PJ 3 product lS shown ln 

Flgure 2.6, whlle that of the yellow crystals obtalned by 

TLC 'purlficatlon 15 dlsplayed lI) F'lgure 2.7." The difference 
• 

1-
spectrum generater1 by subtract 10n of F'lgure 2.7 from Flgure 

2.6 lS dlsplayed ln F'lgure 2.8, reveallng the hldden ,,(CO) 

peak of the fac Isomer. The 13C NMR spectrum (Flgure 2.9) 

clearly shows the patterns expected for the mer land fac 

isolllers. The spectroscoplC properties of Cr(CO)2 (CX)-

[(RO») Pl 3 (X '"' 0, S, Sei R .. "Me, Et, ~-Bu, Ph) derlvatlves 

will be dlscussed more fully ln Sectlon 2.3.3. 

2.3.1 Crystal and Molecular Structure of Cr(CO)2(CS)­

{( MeO) 3fl3 

The!!!!.! stereochemlstry (~ r) of the chrOlllium thiQ-

carbonyl derlvatlve was confirmed by slngle-crystal X-ray 

r 



op 

Z· t O· l Z· O' N 

, . 

-­..... -. Uu -
• fOI .. --0 

u .­:1 .. 
"u 
"­u • ... ... ---'N ... 0 
1 .... 
"'0 .­
.II" 
"U • _. 
o .. 
CI • 
0": -" • .... 
.. 0 

-" Ou 
U :1 -~-: · .. .II" 

47 

.. • • 
"al • 

• :I~ 
~"O 
.... u • 

• --­.. If:. ," .. · " 
_ ...... .0. 

• 

-



2 .. • 1 

'. 
01· t aL· 
~ 

( ) 

N 
fil • 

• .s= ... 
.... 
0 

• 2 ... ... 
u -"" . • N 

Cft .. U -, a ... ..... .. ,., -­.s=D.o 
~ ,., -_0 
o • 

lE 
12-
o­.­•• • ·u 
... -N --00 
uu -­.. ... 

u 

• .s=-
... 0 

... 
• • .... . 
• 0 N • 

• ...-
2 

!' =1 .... 

48 

," 



-

r 
j 

LSO" \80" fLa" 

" 

ISO" S""o 2&0" 
%JI"""'" 

\ , 

{ 

~I~ ...... 
o 0 

49 

... 
::t 0 .... .... 
ù ù • 
e •• .. . ...... .. ..... 

.... ::t .. 
1 • ::t ... . 
.... = ... 
A CI .. .,. .... .... ., 
o ... 

... .1: ... ., 
0., ..... 
_00 
e .. .. ",,'" --,... 
O. • 
U ...... ---·O~ 
e • Il .... ... -'" - .. -.... ...... 
·U N_. 

Nil .- .. "0., 
::t u Col --. ..... 
... U. 



(. 

, ,-

co 

cs. 
o 

- ~ 
2X 

"'"', ' 

• 1\ 

\ 
'~ 

1 1 l Îl l '-111T -Tl 
358 356 354 226 224 222 

PPM 
Pi.ute 2.9. The chalcocarboDJl r •• ODanc •• in th. 1lC N"I .p.ctru. (iD C,Dt) of a 
.illtur. of the ill and !!.t 1 i.o •• r. of Cr(CO)2(CS.)(".0)1~ll. Condition.: 0 tain.d VI 

on a Varlan XL-100 FT .p.elro •• t.r oparatina at 7~.41 MHz. H-d.coupl.d ••••• p .idth 0 

• 30,200 Hz; off •• t • 7,100 Hz; flip anale • 20°; r.p.tition ti •• ·'0.6 ai Du.b.r of 
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diffraction (see Appendix A for, crystal parametera, final 

positional parameters and structura factors). The rasultino 

perspective diagram including the labe1ling scheme is shown 
; 

in Figure 2.10 .• The arrangement of the 1 igands around the 

central Cr(O) atom is s1ightly distorted from idealized 

octahedral geometry (see Table 2.1 for the interatornic 

angles) • The OC-Cr-CO angle is 175.2(4)·, while the trans 

phosphorus atoms are bent away from P(2) with p(l)-Cr-p(3) 

• 174.0(1)·, presumably to minimize steric interactions 

between the three (MeO)3P groups. . -' 

The interatomic distances are given in Table 2.2. The 

trans Cr-P bond lengths are equa1 within experimental error 

[mean value" 2.262(3) A), while the Cr-P bond trans to CS 

is apprec iab1y longer [2.346 ( 3) A), i. e., an increase of 

0.084(3) A. This lS attributed to the strong electron-with-

drawing capacity of the CS ligand, leading to less 'It-back-

donat ion from the meta 1 to the phosph i te and thus to a 

weakening (and 1engthening) of the trans Cr-P bond. 

A comparison of the Cr-C(S) and C-S bond lengths repor­

ted here wi th those in related metal th iocarbony 1 'complexes 

containing terminal CS linkages [35) revea1s that these 

distances are among the longest C-S and shortest Cr-C(S) 

distances known. This effect is also ref lected in the low 

value of the CS stretch ing mode (1199 cm- 1 ). The Cr-C(S) 

bond distance is sionificantly shorter than the mean Cr-C(O) -, 
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Augles about chro.1u •• to. 
f.!!. an~le8 

. 
C l-Cr.-C2 

CI-Cr-C3 

CI-Cr-Pl 

CI-Cr-P3 

C2-Cr-Pl 

C2-Cr-P2 

C2-Cr-P3 

C3-Cr-PI 

C3-Cr-P2 

C3-Cr-P3 

PI-Cr-.P2 

P2-Cr-P3 

Trans angles 

CI-Cr-P2 

C2-Cr-CJ 

PI-Cr-Pl 

96.0(4) 

87.8(4) 

87.6(3) 

87.8(3) 

86.9(3) 

89.6(3) 

89.7(3) 

90.4(3) 

86.6(3) 

93.4(3) 

91.6(1) 

9l.3(1) 

174.4(3) 

175.2(4) 

174.0(1) 
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Angles about phosphorus ato •• 

Cr-PI-Oll 

Cr-PI-012 

Cr-PI-013 

Cr-P2-021 

Cr-P2-022 

Cr-P2-023 

Cr-PJ-031 

cr-P3~ 

cr-Pl-033\ 

011-P1-012 

011-P1-013 

012-P1-013 

021-P2-022 

021-P2-023 

022-P2-023 

031-Pl-032 

031-Pl-033 

032-P3-033 

120.3(2) 

114.9(2) 

118.8(2) 

119.4(2) 

111.4(2) 

120.2(2) 

119.6(2) 

119.4(2) 

116.0(2) 

100.2(3) 

96.5(4) 

102.6(4) 

101.3(3) 

97.9(3) 

10,4.0 ( 3 ) 

96.2(J) 

98.8(3) 

103.0(3) \ 
• 

.. 
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Table 2.1 (Cont'd) 

Angles in Cr-C(X) linkages 

Cr-Cl-S 

Cr-CZ-Ol 

Cr-C3-03 

, 
,./ 

176.4(6) 

177.1(8) 
1 

178.7(8) 
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Angle •• bout oxygen atoa. in 
phosphite ligands 

PI-0II-Cll 119.8({) 

PI-OI2-Cll 121.6(6) 

PI-013-C13 120.3(6) 

P2-0l1-C21 124.1(6) 
\ 

P2-022-C22 121.6(6) 

P2-0l3-C23 121.7(6) 

P3-031-C31 119.5(6) 

P3-032-C32 122.1(6) 

P3-033-C33 122.0(6) 

·V.lues in parentheses are estiaated standard deviations in the 
last figure quoted. 

l 
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Table 2.2. Bond Lengths (i) in Cr(CO)2(CS)[(KeO)3 P ]3 

Cr-Pl 2.265(3) P2-02l 1.581(6) 011-Cl1 1.434(12) 

Cr-P2 2.346(3) P2-022 1.582(6) 012-C12 1.488(11) 

Cr-P3 2.260(3) P2-023 1.591(6) OI3-C13 1.440(13) 

Cr-Cl 1.782(9) P )-0 31 1.607(6) Oll-C21 1.433(11) 

Cr-C2 1.844(9) P3-032 1.586(6) 022-C22 1.465(11) 

Cr-C3 1.834(9) P3-033 1.577(6) 023-C23 1.424( 12) 

P 1-011 1.597(6) Cl-S 1.585(9) 031-C31 1.430( 12) 

P1-012 1.569(6) C2-02 1.148(11) 032-C32 1.465( 12) 

P 1-013 1.594(7) C3-03 1 • 157 ( 11) 033-C33 1.474(11) 

aNu.bers io pareotheses are estl.ated staodard deviations 
in the laat fllure quoted. 

55 
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value [l.839(9~ A). These different observations are attri­

buted to the relatively large amount of electron density 

available for n-backbondlng at the metal centre resuiting 

from the presence of the three stronçly a-donating tertlary 

phosphIte lIgands. 

Woodard et al. have reported a linear relationship 

between the CS stretching frequency and the C-S bond length 

ln a serIes of termInal thlocarbonyl complexes (35). Least­

squares analys1s of the currently availahle data given ln 

Table 2.3 [excludlng Fe(OEP) (CS) J ylelds a correlatlOn coef­

ficient of 0,.99. InclusIon of Fe(OEP)(CS) reduces the cor-' 

rel a t Ion SIg n l fI c a n t1 y (r :: O. 9 4 ) . Th 1 s d 1 f fer e n c e m a y be 

attributed to appreciable m1xlng of v (CS) with v [M-C(S) l, as 

observed in analogous porphinato th10carhonyl compl~e5 

[ 36) • 

2.3.2 Crystal and Molecular Structure of Cr(CO)2(CSe)­

[ (MeO) 3fl3 

In thls sectIon, the crystal and molecular structure 

determlned by a sIngle-crystal X-ray dIffractIon study at 118 

K of a typicai seienocarbonyl product, Cr(CO)2 (CSe)­

[(MeO)3 Pl3' of the react10n of (Tj-Arene)Cr(CO)2(CSe) with 

trialkylphosphlte 1S presented. These data conf1rm the mer 

l confIguration postulated on the bas1s of spectroscoplC 

properties (FT-IR; 13C, 31p NMR) and' the established struc-
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Table 2.3. v(CS) Frequencies and C-S Bond Distances in 
Selected Transition Metal ThiocarbonyI Complexes 8 

. 
COllplex Ile CS) d(C-S) 

cm- l X 

[(~-C5H5)Fe(CO)2(CS)]PF6 1348 1. 50 1 

[Ir(Ph 3P)2(CO)2(CS)]PF 6 1321 1. 5 Il 

(", -CSHS)Mn( CS) (NO) (1) 1291 1. 513 

trans-RhCI(Ph 3 P)2(CS) 1299 1'.536 

Fe(OEP)(CS)b 1292 1. 559 

trans-W(CO)4(CNC 6Hll )(CS) 1240 1.564 

(",-C 6HSC0 2CH)Cr(CO)2(CS) 1225 1. 5 70 

Cr(CO)2(CS)(MeO)3 P ]3 c 120 5 1.585 

(",-C10H100)Cr(CO)(CS)(Ph3P)d 1.59 

~-[(",-C5H~)Fe(CO)(CS)]2 !) 1124 1.592 
(bridging t iocarbonyl 1. 587 
ligands) 

agata from Reference 35 and references the rein except 
from Reference 42 (OEP - 0âtaethylporphyrin), cfrom this 

thesis (in KBr pellet), and from Reference 43. 
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turè of the thiocarbonyl analogue described in the previous 

section. 

The final atomic coordinates are given ln Appendix 8 

(along with the crystal par~meters and structure factors), 

wh i let h e bo n dan 9 les and d 1 S tan ces are lis t e d 1 n Ta b les 2. 4 

and 2.5, respectlvely. A perspectlve vIeW of the structure 

indicating the atom labelling scheme used lS shown ln Figure 

2.11. The coordInation around the central Cr atom is essen-

tially octahedral. 

[l 7 6 • 9 ( 2) • 1 w i th bo n d 
\ 

C-Se = 1. 750(3) Â. 

linkage are much more 

The Cr-C-Se lInkage is li ne a r 

distances of Cr-C ::: 1.785 (3) A and 

These values for the selenocarbonyl 

\. 
precise ,than those in the literature 

trom the room temperature studles on (mbz)Cr(CO)2(CSe) 

(Cr-C-Se = 179.0(7)', Cr-C 1. 79 ( l) A, C-Se = 1. 73 ( 1) Â i 

= 1.07(2) Ai [38J). The Cr-C(Se) distance in the present 

case is O. 108( l) A shorter than the mean Cr-C(O) distance 

[1.893(3) Al and the Cr-P dIstance for the (MeO)3P ligand 

trans to CSe is 0.091 (1) A longer than the mean Cr-P value 

[2.282(1) A 1 for the other two (MeO)3P ligands. Whi le these 

trends are ident ica1 to those observed for the thiocarbonyl 
\ 

analogue, the lengthening in the Cr-p bond trans to CSe is 

about 0.02 A more than the correspondlng lengthening for the 

thiocarbonyl complex suggesting that CSe is slightly better 

tha'- CS in te rms of electron-w i thdrawi ng capac i ty. A 

• , 

" \ 

, 
! 
1 
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Ftlure 2.11. A perapectlve dr.vin, of th ••• r 1 lao •• r 
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Ta b 1 e 2. 4 • Bon dAn g l e 8 (d e g) in Cr ( CO) 2 ( CS e ) [ ( Me 0 ) 3 P:J 3 a 

Angles about chroalua atoa 
Cis angles 

CI-Cr-C2 

CI-Cr-C3 

CI-Cr-PI 

CI-Cr-Pl 

Cl--Cr-Pl 

Cl-Cr-Pl 

Cl-C r- Pl 

Cl-Cr-Pl 

Cl-Cr-Pl 

Cl-Cr-P3 

PI-Cr-P2 

P2-Cr-P3 

-Trans angles 

Cl-Cr-P2 

C2-Cr-C3 

PI-Cr-P2 

( 

96.4(1) ., 
88.1(1) 

88.4(1) 

87.8(1) 

87.4(1) 

89.0( a.) _ 

89.4(1) 

91.3(1) 

86.5(1) 

92.)(1) 

90 .9-2 ( 3 ) 

93.18(1) 

174.5(1) 

175.)(1) 

174.75(4) 

\. 

• 

... 

Anglè8 about phosphorus ato.s 

Cr-PI-Ol1 

Cr-PI-012 

Cr-PI-al3 

Cr-P2-021 

Cr,A,'2-022 
" 

Cr-P2-013 

Cr-P)-a31 

Cr-P3-032 

Cr-P3-033 

Oli-PI-012 

011-PI-OI3-

OI2-PI-OI3 

Oll-P2-022 

021-P2-0n 

022-P2-023 

031-P3-032 

031-P3-033 

032-P3-033 

/ 

120.44(9) 

114.48(9) 

118.24(9) 

119.30(9) 

111.34(9) 

110.91(9) 

119.26(9) 

118.88(9) 

115.45(9) 

100.1(1) 

96.4(1) 

103.8(1) 

101.2(1) 

97.8(1) 

103.3(1) 

96.8(1) 

99.8(1) 

103.1(1) 

r 
1 

1 

) 



( 

Table 2.4 (Conc'd) 

Angles in Cr-C(X) link.ages 

Cr-CI-Se 

Cr-C2-0Z 

Cr-Cl-O) 

176.9(2) 

178.3(3) 

176.7(3) 

61 

Angle. about oxygen ato •• in 
pho.phite ligands 

P 1-0 lI-CIl 119.2(2) 

PI-012-CI2 121.1(2) 

PI-Oll-CU 120.1(2) 

P2-021-C21 121.9(2) 

P2-022-C22 120.6(2) 

P2-02l-C23 119.8(2) 

Pl-031-C31 119.8(2) 

Pl-032-C32 122.0(2) 

Pl-033-C33 121.1(2) 

·Values in parentheses are estiaated standard deviations in the 
last figure quoted. 
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Cr-P 1 2.285(1) P2.i021 1.600(2) 011-C11 1.457(4) 

Cr-P2 2.373(1T P2-022 1.590(2) 012-C12 1.456(4) 

Cr-P3 2.279(1) P2-023 1.613(2) 013-C13 1.442(4) 

Cr-C 1 1.785(3) P3-0H 1.612(2) 021-Cl1 1.440(4) 
"f-

Cr-C2 1.891(3) P)-032 1.614(2) 022-C22 1.461(4) 

Cr-C 3 k 895 (3) P3-033 1.600(2) • 023-C23 1.430(4) 

. 
P 1-0 Il 1.608(2) Cl-Se 1.750(3) 031-C31 1.431(4) 

P 1-012 1.597(2) C2-02 1.153(4) 032-C32 1.444(4) 
., 

1 P 1-013 1.612(2) C3-03 1.142(4) 033-C33 1.451(4) 
, 

aValues in pa1rentheses are estlmated standard deviations 
in the last figure quoted. 

-

J 
" 
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similar very strono electron-withdrawing affect vas found 

for CSe in RUCl2 (CO)(CSe)[(C6 HS )3 P )2 sinee the Ru-Cl dis­

tance trans to CSe is 2.480 ( 5) A, wh i le the one trans to CO 

i8 2.427(5) A [38J. 

2.3.3 FT-IR and 31p NMR Spectra of Cr(CO)2(CX)[(RO)3fl3-1.! 

- 0, S, Se) 

Arene displaeement from (Tl-Arene)cr(CO)2 (CX) (X ,. S, 

Se) by tert iary phosph i te ligands af fords a var iety of novel 

complexes of spectroscopic interest. The IR data for these 

complexes give added support as to the effectiveness of the 

thiocarbonyl group in decreasing the net electron density at 

a metal centre compared to CO in the analogous parent carbo-

nyi complexes. This can be clearly seen from the increase 

in the mean IR wavenumber for the carbonyl groups in the 

thiocarbonyl complexes in Tables 2.6 and 2.7 resulting from 

the decreased back-donation of electron dens i ty from the 

• metal to the 1t orbi ta l s of the co groups [l J • 

The number of known Group VIS metal selenocarbonyl 

complexes is qu i te lim i ted and res tric ted to chrom i um for 

reasons d lscussed elsewhere [5]. The compounds listed in 

Tables 2.6-2.8 are the first examples of Group VIS metai "-

complexes containing both phosphorus and seienocarbonyi 

ligands. These complexes tr iple the number of selenocar-

bonyls known for Group VIS metals and provide further sup-
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Table 2.6. V(CX) Frequenc1es (c.- 1 ) in the FT-IR Spectra of 

Co.ple x 

1 
Cr(CO)3[(MeO»)P]3 

Cr(CO)Z(CS)[(MeO)3 P )3 

Cr(CO)2(CSe)[(MeO)3 P ]3 

Cr(CO)3[(EtO)3 P )3 

Cr(CO)2(CS)[(EtO)3 P )3 

Cr(CO)2(CSe) [(EtO)3P]3 

Cr(CO) 3 [(!!.-BuO)3 P ]3 

Cr(CO)2(CS)[(!!.-BuO)3 P )3 

Cr(CO)2(CSe)[(!!.-BuO)3 P.3 

Cr(CO)3[(PhO)3 P ]3 

Cr(CO)Z(CS)[(PhO)3 P ]3 

Cr(CO)2(CSe)[(PhO)3 P ]3 

1962(8), 1875(8) 

1957(8). 1895(8) 

1962(8). 1903(8) 

1957(8), 1867(s) 

1950(8), 1889(8) 

1 1957 (s). 1898(8) 

1956(s). 1867(8) 

1950(8). 1889(s) 

1956(8). 1897(5) 

1982(8), 1910(s) 

1973(s). 1929(5) 

1974(s). 1940(5) 

Average 
V (;f0 ) 

':. 
1919 

1926 

1933 

191Z 

1920 

1928 

1912 

1920 

1927 

1946 

1951 

1957 

v( CS) / 
v(CSe) 

1199(a) 

1018(a) 

1193(11) 

1016(a) 

) 

1192(11) 

1016(11) 

1120~s) 

1023(m) 

a In CS 1 solution; 5 • <,trong, m .. medium. 
b For ~-Cr(CO)3L3' rCO· al + e, with the al mode a5signed to 
the higher-frequency peak; for fac-Cr(CO)2(CX)L 3 (X ,. S. Se). rCO 

a' + a", with the a' code assigned to the higher-frequency 
peak. TheBe symmetry assignments are based on the assumption of 
C 3v and Cs local 5y'mmetry of the Cr(CO») and Cr(CO)Z(CS)/Cr(CO)2-
(CSe) moieties, rApectively; the valldity of this assumptlon 18 
indicated by the appearance of only two (CO) modes in the spectra 
of the t~icarbonyl species. 

r 
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Table 2.7 • .,(CI) Frequencle. (c.- l ) in the PT-Ill Spectr& of 

!!!.!.-Cr(CO)2(CX)[(RO)3 P ]3 (X - 0, S, Se)&,b 

Co.pIes 

Cr(CO)3[(MeO)3 P)3 1979(w). 1875(vs) 

Cr(CO)2(CS) [(MeO)3 P ]3 1974(w) • 1895(vs) 

Cr(CO)2(CSe)[(MeO)3 P )3 1980(w) , 1903(vs) 

Cr(CO)3[(EtO)3 P]3 1973(w) , 1867(vs) 

Cr(CO) 2 (CS) [( EtO) 3 P ] 3 1970(w). 1889(vs) 

C-r(CO)2(CSe) [(EtO)3 P ]3 1975(w). 1898(vs) 
-, 

'Cr(CO)3[(,!!.-8uO)3 P]3 1973(w) • 1867(vs) 

Cr( CO) 2 ( CS) [ (.!!. - B u 0) 3 p ) 3 1971(w). 1889(vs) 

Cr(Co)2(CSe)[(,!!.-BuO)3 P)3 1974(w) • 1897(vs) 
~ 

Cr(CO)3[(PhO)3 P )3 2004(w) , 1910(vs) 

Cr(CO)2(CS)[(PhO)3 P ]3 1987(w) , 1929(vs) 

Cr(CO)2(CSe) (PhO)3P)3 1996(w) , 1940(s) 

Average 
,,(CO) 

1927 

1935 

1942 

1920 

1930 

1937 

1920 

1930 

1936 

1957 

1958 

1968 

.,(CS)/ 
"(CSe) 

1199{.) 

1018{.) 

1193(11) 

1016(11) 

1192(11) 

1016(11) 

1220(8) 

1023(m) .. 
aIn CS 2 solution; vs • very strong, s - strong, m • medium, 

w - weak. 
b In the case of X - S or Se, mer • mer l. 
cFor ~-Cr(CO)3L3' rCO - 2al + ç with one of the al modes 
ass1gned to the higher-frequency peak; the al and b l components 
of the lower-frequency peak were not resolved. For the mer l 
1somer of Cr(CO)Z(CX)L 3 (X - S, Se), rCO - al + b l , with "ëhë al 
mode assigned to the higher-frequency peak. These symmetry 
assignm~nts are based on the assumption of CZv local sy~metry for 
aIl species. ( 

( 
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Table 2.8 • .,(CX) Frequencles (c.- 1 ) in the FT-IR Spectra 

of (t~ipho8-U)Cr(CÙ)2(CX) and (triphos)Cr(CO)2(CX) 

(X - o. S. Se)a 

Coaplex 
.. 

(triphos-U)Cr(CO)3 

(triphos-U)Cr(CO)2(CS) 

(triphos-U)Cr(CO)2(CSe) 

(triphos)Cr(CO)3 

(triphos)Cr(CO)2(CS)b 

(tripho8)Cr(CO)2(CSe)b 

., (CO) 

.:t 

1931(s) • 1830(8) 

1929(s), 1871(s) 

1937(s), 1881(s) 

1934(8), 1844(8) 

1924(8) , 1861(8) 

1940(8), 1885(8) 

V(CS)/ 
V(CSe) 

1190(a) 

1031(s) 

1191(m) 

1037(s) 

a 1n CS2 solution; 8 - strong, m - 'medium. 
b The peaks due to lsomers A and B were not resolved. 
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port of the superiority of CSe to either CS or CO in 

depleting electron density from metals and other coordinated 

ligands, as indicated by the further increase in the 

stretching frequencies of the carbonyl ligands. 

The poor correlation between the CX (X a S, Se) wave-

number and the cr -donor/lt -acceptor- propert ies of the other 
[ 

bound ligands in chalcocarbonyl complexes has been reported 

by English et al. and attributed ta appreclable mixing of 

the v (CX) and v [M-C(X)] modes [3,4]. However, a qualitative 

trènd can be seen for the v (CX) modes as the a-donor/lt-

acceptor propert ies of the ligands are var ied. This trend 

appears to be sensitlve to the net electron density at the 

metal rather than the ster-eochemistry of the ligands reIa-

t ive to each other. This is illustrated by comparison of 

the data for the fac and mer isomers in Tables 2.6 and 2.7. 

A similar result has also been noted by Woodard et al. for 

cis- and tr-ans-W(CO)4 (CS) (L) derivatives [lB] .... 

- To 9ate, no 31 P NMR data have been obta lned for phos-
. 

phorus-containing thio- or selenoca~bonyl complexes of Group 

VIS metals. The 31p NMR spectra of M(CO)6 [(MeO)3P] (M = -n n 

Cr, Mo, W) complexes have been examined by Mathieu and 

co-workers (Table 2.9) [33]. From their investigation, the y 

concluded that the nature of the central atom appears to be 

the major factor influencing the chemical shifts, and that 

the resonance of the phosphorus atom trans to a carbonyl 



--
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Table 2.9. 31 p NHR Che.ical Shifts and IR ~(CO) Frequenciea of 

Selected Group VIB H(CO)6_n[(HeO)3 P ]n COllplexes 4 

COllplex &(31 p )b .,(CO)e 

PP" c.- 1 

) Cr(CO)s(HeO)3 P 179.6 \ 2073, 1985, 1963, 1948 

cis-Cr(CO)4[(MeO)3 f1 2 180.2 2026, 1947. 1939. 1913 

trans-Cr(CO)4[(HeO)3 P )2 193.1 1914 

fac-Cr(CO)3[(HeO)3 P ]3 186 d 1966. 1888 sh. 1879 

~-Cr(CO)3[(MeO)3P13 189.1(1 - 1) d 1981 , 1891 ah. 1878.1 
197.4(1 • 2) '" , 

cis-Cr(CO)2[(MeO)3 P ]4 187(1 - 1 ) 
198(1 • 2) 

190 l , 1847 

<\ 
MO,(CO)s(MeO)3 P 162 2080, 1993, 1965, 1952 

cis-Mo(CO)4[(HeO)3 P ]2 164 2037. 1945, 1926. 1921 

trans-Mo(C~)4[(MeO)3P12 174 1972 , 1921 

fac-Mo(CO)3[(MeO)3 P ]3 168.S d 1976, 1893 sh, 1883 

~-Mo(CO)3[(MeO)3P13 164.5(1 - l)d.e 1993, 1919. 1890 al 

174.2(1 • 2) cm 

cis-Mo(CO)2[(MeO)3 P ]4 166.9(1 - 1 ) 1909. 1856 

-. 



--

• 

-' 

, 

• 

Table 2.9 (Cont'd) . , 

W(CO)5(MeO)3 P 137.3 2081 , 1988, 19 H, 1936 

cis-W(CO)4[(MeO)3 P ]2 141 • 1 2035, 1947 , 1939, 1915 

:trans-W(CO)4[(M.O)3 P )2 147 1915 

fac-W(CO)3[(MeO)3 P }3 146.6d 1973, 1894 sh, 1880 
• 

~-W(CO)3l(MeO)3P)3 144.4(1 - l)d 1989, 1890 IIh, 1871 

cis-W(CO)2[(MeO)3 P )4 148.6 1905, 1845 

" 
a Data from Reference 33. 
b MOSt compounds were exaœined 1n benzenej che.1cal shifts are in pp. 
dow~field from 85% H3 P0 4 • 

c In hexadecane solution. 
dRemeasured in this study on a Varian XL-200 spectroaeter. 
eAssigned to the fac isomer in Reference 33 • 

~ 
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group occurs at higher field than t.hat for a phosphorus atom 

t rans to anothe r phosphorus. The la t ter trend lofa s rat ional-
1 

ized uSlng Eq. 2.7 derived by Van Wazer and Letcher [39] 

where the 31 P chemlCal shift is treated as the summatlon of 

the a-bond and n-bond contributions: 

6 - 6 :z 6 + 6 a cr 'Il 
( 2. 7) 

where 6
0 

is a constant assoc iateQ Iofith the particular 

reference standard employed. Both the 6 and 6 terms are 
a 1t 

negative and so an lncrease in the amount of metal dn elec-

tron dens lty transferred to the dn orbitaIs or a decrease in 

the a-donatlon from the phosphorus atom to the metal r~sults 

in a c;hlft of the 31p resonance tOlofards Iower flelds [33]. 

Table 2.10 summarlzes the 31 P NMR data obtalned for the 

Cr(CO)2 (CX)((R01
3

PI
3 

(X = 0, S, Se; R = Me, Et, .!!-Bu, Ph) 

complexes. A comparison of the 31 P resonance for the tlofO 

phosphorus a toms trans to each othe r ln the cha l coca rbony 1 

triad reveals an upfleld Shlft of about 7 ppm for the thio-
, 

carbonyl derlvatlve and about ILS ppm for the seienocar-

bonyl derivatlve Iofhen compared to the trlcarbonyl complexe 

These upfield shifts are lndlcative of a net decrease in 

e lect ron dens l ty at the me ta l cen tre • ava i l able fo r dona t ion 

to the dn; orbitaIs of the phosphorus atoms and are consis-

tent Iofith the established arder of n-acidity for chalcocar-

\ 

\ 

\ . 
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Table 2.10. J1 p NMR Data a for ~-Cr(CO)2(CX)[(RO)3P]3 

(X - 0, S, Se)b and fac-Cr(CO)2(CX)[(RO)3 P ]3 (X - S, Se) 

Complex 

aer isomers 

Cr(CO)3[(MeO)3 P ]3 

Cr(CO)2(CS)[(MeO)3 P ]J 

Cr(CO)Z(CSe)[(MeO)J P ]3 

Cr(CO)3[(EtO)3 P ]3 

Cr(CO)Z(CS)[(EtO)3 P ]3 

Cr(CO)2(CSe)(EtO)3 P ]3 

Cr(CO)3[(~-BuO)3P]3 

Cr(CO)2(CS)(~-BuO)3P]3 

Cr(CO)Z(CSe)(~-BuO)3P]3 

Cr(CO)3(PhO)3 P )3 

Cr(CO)2(CS)(PhO)3 P )3 

Cr(CO)2(CSe)(PhO)3 P ]3 

fac isomers 

Cr(CO)Z(CS)[(MeO)3 P )3 

Cr(CO)2(CSe)[(MeO)3 P ]3 

Cr(CO)2(CSe)(PhO)3 P ]3 

2 J pp 
Hz 

64 

65 

64 

60 

65 

64 

59 

64 

64 

65 

62 

62 

72 

72 

68 

0(31 p ) 

(d, r"2) 
ppm 

197.4 

188.6 

184.9 

193.3 

186.3 

181 .6 

193.0 

186.Z 

181. 5 

17 7 .7 

170.5 ~, 

166.0 

180.7 

17 8.4 

160 .1 

o(J1p) 
(t, r-1) 

ppm 

189.1 

181 .2 

177 .5 

184.9 

177 .4 

172.5 

,184.6 

177 .2 

172.8 

168.6 

162.6 

159.9 

178.2 

174. 7 

a 1 n C 6 D 5 C D 3 sol u t 10 n; che mJ cal s h 1 f t s are 1 n P ,P m (+ a • 1 P pm) 
downf1eld from 85% H3 P0 4 • . J 

b ln -the case of X - S or S~t ~er - mer 1. 

i 

\ 
\. .. 

", 
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bonyl ligclnds (CSe ) cs ) CO). . An increasè in electron 

density donation from the phosphorus atoms to the relativeiy, 

f electren-deficient metal in the thio- and seIenocarbonyl 

complexes may aIse contribute to the observed effect. 

The signal for the phosphorus atom trans to the CX 

l,igand is shifted upfield from that for the two trans phos-

phorus atoms. This resonance aiso is observed to shift te 

higher f ieids wi th increasing n -ac id i ty of the CX ligand. 

The magnitudes of the stlifts with variation in the ex ligand 

are comparable to those for the resonances of the two trans 

phospherus atoms. 

2.3.4 Reaction of (T)-Arene)Cr(CO)2(CX) with Tridentate, 

Phosphine Ligands 

Reaction of triphos-U with (Tj.-Arene)CrC.cO)2 (CX) .(X = S, 
l, , 

Se)" yt-e1ds novel complexes characterized as fac-(triphGs-

U)Cr(CO)2 (eX) (Figure 2.12). The IR and 3 l P NMR data are 

presented in Tables 2.8 and 2.11, respect ively, together 

with data for the corresponding tricarbonyl complexe As 

expected, the mean IR \1 (CO) frequency shifts to higher wave­

number on descend i ng the chalcocarbonyl tr iad. The 3 l P NMR 

spectrum of the (triPho~J)cr(CO)3 complex exhibits only one 

s igl)al s ince the three phosphorus atoms are equi valent. In 

the case of (triphos-U)Cr(CO)2 CCX) (X = S, Se), one phosJ'" 

phorus atom is trans to CX while two phosphorus atoms are 
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, Table 2.11 • 31 p NHR Data for (t r,lphos-U)Cr( CO) 2 (CX) and 

(trlph~s)Cr(CO)2(CX) (X • 0, 

COllplex 

(tri phos-U) 

(tri p.hos-U) Cr( CO) 3 

/ (triphos-U)Cr(CO)2(CS~) 

tripho8 

(t r i p hos) C r (. CO) 3 j 

(tr1phos)Cr(CO)2(CS) (A) 

.. 
(tr1phos)Cr(CO)2(CSe) (A) 

.. 

S, Se)a 

J pp 
Hz 

31, 

28 

12 

O. 

10,24 

/ 

9 

." . . 
10,24 \' 

(triphos)Cr(CO)2(CSe) (8) 10 

aln CD2C1 2 solutiQn; chelllicai shifts (+0.1 ppm) are glven 
vith positive values downfield from 85% H3P04. 
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trân's to ,co. The different environments result in a doublet 

and a triplet 

the 3 l P signal 
. ./ 

splittfng' pa'ttern for these complexes whefe 

trans to CX (triplet) is fu;:ther upfield than 

the 31 P resonance (doublet) of the two phosphorus atoms 

trans ta co. Comparison of the 3 l P resonance 
. 

for 

~ (triphos-U)Cr(CO)3 with that of the corresponding resonance . 
of the ~hosphorus .atoms trans to co in (triphos-U) Cr( CO) 2-

(CSe) ind icates an upf ield sh ~ ft of 8 pprn in the se lenocar­

bonyl complex. The phosphorus trans to eSe is approximately 

5 ppm upfield from the other two ph os ph orus atoms trans to 

co in the sarne complexe 

Arene displacement by .triphos from (n-Arene-}Cr(CO)2-

(eX) (X c= S, Se) affords three new in~erest ing types oe fac 

isomer (A, A* and 8, where A * is an enan t iomer of A) (Figure 
J 

2.1~) that are not avail,able to the parent tricarbonyl 

"complex. The ~R spectra (Pigure 2.14) of the complexes in . 
the carbonyl st~etching region display only two strong 

absorptions with mean values at higher energies than those 
~ 

for the 'corresponding tricarbonyl complexes [40]. Moreover, 
, 

the mean v (CO) value in the case of the selenocarbonyl deri-

vative is higher than, that for the thiocarbonyl derivative. 

The v (eX) (X = s, Se) modes for the A and 8 isomers appear 
. 

as one unresolved peak. As will be shown below, the 31p NMR 

data for the complex.es proved crue iiil ,in veri fy i ng , the 

presence of the two isomers' and in establishing their rela-
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tive concentrations. 

Isomer A (and A*) of (triphos)Cr{CO)2 (eX) (X = s, Se) 

is .e~peet~d to ,e_~hibit thr~l P NMR signaIs sin'c;e the two 

terminal phosphorus atoms of the triphos ligand are trans to 
~~ 

different ligands and th~ bridging phosphorus atom is in a 
l 

different enITironment from the oth~r two phosphorus' atoms in 

the pure ligand. IsomeL.B wi th 'the bridg ing phosph ine trans 
" 

to the CX ligand is expecFe'C3 to halTe two sig'nals sinee the 

terminal phosphorus nuelei experience identieal enITiran-

ments. The isomers were det,ectF'd in th~ 3 l P NMR speetrum 

(Figure 2.15) in a 4:1 ratio (A:B). T~e assignment of the 

resonances for isomer A was faeilitated by comparison with 

the speetrum of the parent tricarbonyi which enabled the 

~~ 
resonanee due ta th\ bridg'i ng phosphorus atorn to be eas 1ly 

iden tif ied. The resonances due to the term inal phosporus 
r::-' ~ {] 

atoms' were assigned on the basis of the trend observed for 

31 P resonances in the chalcocarbonyl complexes presented in 

\. Othis chapter. Thus, the resonance at higher field wa~ 

l:làSS igned to the phosphorus atom trans to CX (X0 = S, Se·). 

The 31 P NMR spectrum of isomer B was direetly ass igned by 

comparison with the spectrum 'of (triphos)Cr(CO)3 [411. 
. ' 

2.3.5. Attempted Synthesis 6f (eht}Cr(CO}2(CS) 

In Chapter 4 of th is thes i5, a Hne t ie investig aqon of 
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. arene displ,acement· react:,ions of (Tl-Arene) Cr(CO) 2 (CX) 

ex~:oI S, Se) complexes with (ROJ 3P ligands will be presented. 

Similar kinet·ic stud ies have been reported in th~ li terature 

for Jcht)M(CO) 3 (M = Cr, MO', t-J) and.·( TT-Arene)M(CO) 3 (M = 110' 
, '" 

W) but not for (Tl-Arene)Cr(CO)3 co~plexes because thê 

reactions are too slm'l. It would be of interest to compare 
'V 

k inet ic data for tricarbony l, . th iocarbony 1 and selenocar-

bonyl complexes. However, it appéars that molybdenüPl and 
. 

tungsten arene thiocarbonyls are not accessible (5) due to 

the. inability to photochernicat"ly or thermally generate the 
. 

(,,-Arene)M(CO) 2(L) (L.' = CaH14 ';,,,THF) precursoJ:' necessary to 
." 

afford (Tl-~rene)r1 (CO) 2 (CS) [ 1] • Therefore, synthes is of 
.' ' 

, 
<7 

(cht)Cr(CO) 2(CS) was at tempted in an ef fort to obtain a 

basis Éor direct comparison 0\\ the effects of CS and CO" 

ligands on the lability of the meta'l-arene bond in analogous 

complexes. The conventional . synthetic "route to thiocar\ 

bonyls through photoly,sis of "the parent tricarbonyl complex 

in cis-cycloocte,ne and subsequent addition of CS;; ta yield 
~ ~ 

the thiocarbonyr' complex [1]- proved unfeasible because 

',(cht)Cr{Cq) 3 was ,photochernically inactive under the condi-

t ions employed. Only one research group has obtained spec~ 

tJ!oscopic ~vidence for photochemical formation of (cnt )-
y 

Cr (CO) 2 (L) 

h at -40·C 

'detected. 

[L =, py, (PhO) 3P], this after irradiation for 40 
, 

[42). For L = CaH 14 , no product tormat ion was 
\ 

Cons_quently, they postulat,d initfal forma-

r 
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tfOn of (1l4 -cht )cr(~o)] '(L) prior to CO .dissociation for the 

reactions where L :' py and. (PhO)] P. The peor nucleophili-

ci'ty and the size of the cyclooctene ligand may ,hinder its 
fi 

binding to the metai at such a" low temperature [42l. In tbe 

r.present work uv photc?lysis of (cht)Cr(COJ 3' in 1: 1 toluene1. 

cyclooct~ne at O'oC and at room 'temperattfre proauced no 

detectable concerttrat ion qf the cyclooctene complexe Heat­

ing the sample in conjlmction with pho!b'olysis resu'lted in '!. 
~ ~ 

decompos i t ion. The r,ing ~change procedure, which was 
Il 

reportèd for the synthesis of (cht)H(CO)3 CM::: Mo, W) from 

(" -Arene ) M ( CO) 3 in ex cess cht [251, resu{ted in decCfmposi-
'1. • 

Üon in the case' Qf 

route to (cht) Cr(CO) 3 

-
(mbz)Cr(CO)~ (CS) • 

o 

Another synthetic 
\ 

in volves ref~uxing a mixture of cht 

and Cr(CO)6 ~ither in neat ligand ·or in a high-boiling sol-

ven t such cas 
\ . 

heptane [251. Therefore, Cr(CO)5(CS) was 

syn thesfzed folïowing the estê1bl ished procedure [20 J, and 

its react'ion wi th cht' was investigated. After refluxing for 

24 h, no pr~uct was obtained. F,inally, attempted synthesis 
Q 

of Cr(Cç)2 (CS) (CH3 CN)3 from either (T}-Arene)Cr(CO)2(CS) or 

,Cr(CO)s (CS) resulted in decomposition. This compl~x .would , 
have proviged another route to the c~o['(Ùnation of cht ta ~ 

(1 
, 1 

the chrom ium thiocarbonyi mOle ty, ',as demonstra ted by the 
f 
\ 

synthesis of (C?t)W(CO)~ 'from W(c,o)j (RCN)3 CR = al1$.yl) 
~ 

[43} • 

" . 

-'-

'\ 
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Chapter 3 

,;:.I.;.:n..;::t;.::r:.,;:a::;;m;;.;:o;...:l:..;;e;.;c::;.;u::;.;l::;.;a::;.;r:::..-...;;I:..;;S:..;;O;.;;m;;.;e;.;r=-=.;i z::;.;a::;.;t::;.;1::;.;" o=n--..;;...=..-.-;;;"'r"';;;C",;;;O~) 2 ( ex) [ (MeC) 3!l3 ( X = 

0, S, Se) Complexes 

3.1 Introduction 

(An unexpected feature of the arene displaceme 

tions of (n-Arene)Cr(Co)i(CX) C. = S, Se) 

gated in Chapter 2 is the involvement of an isomerizat" n 

process. The major product isolated from these 

has been characterized as the mer l isomer and not the fac 

isomer observed as the major product in triene displacement 

reactions of Group VIS (cht)M(CO)3 and arene displacement 

reactions of (Tl-Arene)M(CO)3 (M = Mo, W). The formation of 

the mer l isome~ may be postulated to result from the --
isomerization of an intermediate in the l'~action pathway. 

However, in recent years several reports have appeared in 
Cl 

the li te ra ture [1-10] of intramolecu lar isomer i za tion of 

Group VIB metai carbonyl complexes. Accordingly, the possi-

bility that ~-Cr(CO)2(CX)[(MeO)3P]3 complexes are formed 

as a result of the intramolecular isomerization of the cor-

responding fac isomers was investigated. 
" . 

Intramolecular rearrangement of octahedral complexes is 

thought to' proceed through eith~r a trigonal prismatic' [11] 

or bicwped-te trahedral [12] intermediate or transition 

r-
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state. ~ 
The schematic repres~ntatlon of these processes is 

shown in Figure 3. 1. O\,,!e of the first examples reported of 

intramolecular rearrangernent in Group VIB metal carbonyl 

cqmplexes was the isomerization of Cr(CQ)4[C(OMe)Me1(R 3P) (R 

= Et, Cy) [l , 2] • Shortly after, the thiocarbonyl-containing 

complex trans-W(CO) .. (13CO)(CS) was investigated by Angelici 

and his co-workers and was also shown to undergo isomeriza-

tion through a non-dissociative mechanism [3]. Since then, 

Darensbourg and his research group have found tha t other 

complexes such as M(CO)6 (R)P) (M::: Cr, Mo, Wj n ::: 1,2; R -n TI 

= Me, Et, ir-Pr, n-Bu, OMe'; OEt) undergo isomeriza tion by a 

}non-dissoc iative pathway [4-7), wi th the rate of rea-irange­

ment decreasing in the order Cr :> W > Mo (6,7]. Similarly 
. (, , 

intramolecular isomerization of M(CO) .. (PF 3 )2 (M = Cr, Mq, W) 

has been reported [8]. Activation parame~ers were deter-

mined for sorne of the al;>ove complexes (Table 3.1). In the 

c-ase of thé chrom ium and tungsten complexes trans:-Cr (CO) 4-

(UCQ) (Et 3 P) .[7] and trans-W(CO)4 (13CO) (CS) [3], large posi-

tive enthalpies .. 
activation were 

isorners. On the 

of activation and posi tive ,entropies of 

obtained for the isomerization to the cis 

bas i s of the large en thalp ies of acti va-

tion, significant bond lengthening in the activated states 

was postulated to occur. For trans-W(CO)1j(13CO)(Et 3 P) [7], 

isornerization exhibited a smaii enthaipy and a large nega-

tive entropy, supportive of a trig6nai prismatic twist. 

_ '1!'3;Iho 

" 

., 
, 
r 
1 



F ... 

( 

(, 

/. 

.1 

( 

-

". 

.1 

.* .. --. 
" • • 

• 

- .:d. .. . 
t 
-oô 

(;-<3 
~ 

t 
• 

(.~ .. -. 

, t 

\ 

:v" 
~. 

" .. 

.. ~ . 
\ 1 

t 

t 

-

'\ 

• 

1 
1 
1 • 

*' .... .. 1 .. .. 

88 

\ 

• 



~ 
\ 

>Ii 

,-. 

~ 

-­/' 

~ 

Table 3.1. Activation Parameters Reported for Intra.olecular Iso.er~zatlon8 of 

Group VIB Metal Carbonyl Complexes 

Complex Process 

cr(C~)4[C(OMe)Me]'E~3P) cis ---) trans 

, trans ---) cis 

cr(CO)4(13 CO )(Et 3 P) cis ---) trans 

p 

Ho(CO)4(.!!- Bu 3 P )2 cis ---) trans 

'trans ---) cis 

W(CO)4(13 CO )(Et 3P) cia ---) trans 
-',--

;;.. 

W(CO)4(13 CO )(CS) trana ---) cis 

\. 

\ ,-----

·f 

.1 H il 
kcal mol- l 

21.2+0.5 

22.5+0.5 

26.6+4.3 

24.5+1.6 

24.2+1.3 

~ 

9.2+3.7 

31.5+1.9 

.1 sil , 
cal mol- l deg- l 

-6.5+1.5 

-3.5+1.5 

1. 8!13.1 

) 

-5.6+4.8 

-9.8+4.0 

-54.9+11.4 

9.1.:t5 

,..~ 

Reference 

1 t 2 

7 

4 

7 

3 

co 
\D 

\ 
! 

~ 

1 
i Il,~ 

, 
f 

,j 

!-
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3.2 Experimental 

3.2.1 Synthesis of Cr(CO)2(l3fQ)3(CS) 

(mbz)Cr(CO)2(CS) (10 mg) was disso1ved in 10 ml of THF 

and transferred under N2 to a specially èonstructe~ high­

pressure stainless steel react ion vessel, lined wi th a Tef'-

Ion jacket and connected to a second stainless steel chamber 

containing a measured amount of 13CO (transferred on a 

vacuum line throughf a manometer and adsorbed on cflarcoi'll at 

77 K). The 'solution was degassed by three freeze-thaw 
.1 

cycles and frozen in liquid nitrogen. The 13CO was 

transferred to the solution chamber to gi ve 20 atm pressure. .' 
1 

The va 1 ve to the 13CO storage chamber was then closed. The 

solution was heated at 65°C for periods of 6-24 h. 

Unreacted 13CO was then readsorbed on the charçoal in the 

storage chamber by opening the valve between the chambers 

while both were submerged in liquid N 2 • The product was 

isola ted by evaporat üm o,f the sol ye nt under reduced 

pressure with the temperature maintained at -15°C due ta the 

volatility of Cr(CO)s(CS) [13J. _l3C NMR (10"-scans) (rela­

tive to TMS): 212.1 (d, J ± 5 Hz, cis CO) and 209.2 ppm (t, 

o 

J = 5 Hz, trans ÇO). FT-IR (CS 2 ): \1 (CO) 2066 (m), 2056 (w) , 

1 
2008(m), 1988(m), 1978(s), 1958(vs), 1956(vs), 1945(m) cm-l. 

The h igh'-reso1u t ion mass spectrum of ,-the produc,t was 
, 

obtained wi th a' DuPont 21-492B spectrometer interfaced to a 

Hewlett Packard computer. Mol. wt: calculated for 

, 
1 

1 
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'When the abo've reaction was carried out wi th less than ,( 

1 atm 13 CO pressure, partial decomposi tion of the st-arting 

material was observed. Wi th the use of octane in place of 

THF as solvent under identical condi tions to those described 

in the above procedure, ,no reaction occurred' and the start:­

ing material was recovered with no observed 'decompositi~. 

3.2.2 Kir:tetic Investigation of Isomerization of Cr(CO)2'::' 

(CX) [ ( MeO) 3 P] 3 (X = 0, S, Se) 

The fac -~ l isomerization reactions of Cr(CO)2 (CX)-

[(MeO)3 PJ 3 (X = 0, S, Se) were ITlonitored by FT-IR spectro­

scopy. Solut ions of complex in DCE wer,e prepared/ and trans-

ferred urider ni trogen ta a thermostatted IR cell (0.1 mm 

pathlength, NaCl windows) (constructed in-ho,use in accord-
-

ance wi th a design publ i shed in Reference 14). The thermo-

statted cell assembly was placed in the 1R beam, and ~R 

spectra were acquired at recorded time intervals. The rate 
, 

oÉ fac.. mer isomer izat ion for the tricarbonyl complex was 

followed by monitoring the decrease of the al v (CO) peak of 

the fac isO!~er, while the rate of mer l -+- fac isomerization 

for the thio- and selenoC~nYl derivatives was monitored 

by the growth of the al v (CO) peak of the fac isomer. Rate 

cons tan ts (k1 + k_1 ) were calculated from the first-order 

rate plot of In[Ae/(Ae-A t }] vs. time, where At is the 

absorbance a t time t and A ïs the absorbance at equ,ili-e 

1 



. . 
~ 

( 

\ \ 
92 

'brium, using a linear least-squares program (Plotrax 2 from 

englneering-Science Inc., Atlanta, GeQrgia, U.S.A.), The 

rate constants for the for/ward and rever.se reactions were . " 

obtained by solving the equations: 

r . ( k = kl + k , 
c -1 , , (/---

~ -. 
K = k/k_l 

,-

.' eq / 
1 
\' 
1 

where k is the calculated ratë constant and Kwas det'er-c eq , 

mined from the .integrated areas of the resonances of the 

isomers in the 31 P NMR spectrum recorded o,n a Varian XL-300 

NMR spectrometer •. The act ivation parameters were ca1culated 

from the rate constan ts at three different temperatures. 

3.2.3 Monitoring of Stereochemically Nonrig id BehaviQur of 

Cr(CO)2 (CX)[(MeO)3 P ]3 (X = 0, S, Se) Complexes 

Two-dimensional (2-D) NOE 3Ip NMR experiments were 

performed on a Varian XL-300 spectrometer, equipped wi th a 

S-mm broad-band probe. Cr(CO)2 (eX) [(MeO)3 P] 3 (X = 0, s, Se) 

was dissolved. under N2 in deuteroto1uene and heated in the 

probe at temperatures ranging fr.om 30-80·C. usua1~y 4-32 

transients were co-added to achieve a good signal-to=-noise 

ratio • A total of 128 or 256 FIDs ~ere acquired and zero 

filling was perforrned in the-.e.!.ZO..l..ution domaine The 2-D NOE 

Accordian pulse sequence used was: (1t/2, t 1 , n/2, mix, n, 

~) wi~h a repetition delay of 2 sand incrementing the 
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rilixîng time according to the equation t. = le x t 1" with le = 
mlX 

3Q,. 31p nuclei ~ere proton-decoupled during the evolution 

and detection periods. The "FIDs were collected i~ :ither a~ 
[512 X 512] or [1024 X· 1024] matrix. 

1 
Tl1e data matrix was 

Fourier transformed in two dimens'ions and plott;d by a con­

tour plot program. The digi,ta'l reso1ution in the evolution 

domain is S\>12/N1, wh~re SW 2 is the spectral wldth in the 

evolution domain and NI i8 the, number of Increments or FIDs, 
, ' 

whi le the dig i tàl resolut ion in the detection domain . is 
, 

equal ta llAT (AT = acquisition time) and is approximately 8 

Hz. 
.' 

" 
3.3 Results and D{scussion 

The i~omerization of .mer-Cr(G:O)2(CX) [(MeO) 3P1 3 (X = SI . , 

Se) in soluti~n at roorq' temBerature was establJsh~d by moni-
, 

toring the changes with time in the carbonyl region of the 

IR spectr'ûm of 'the pure mer I isomer, obtained by TLC puri~/ , --... 

fication as described ~n Chapter 2. The mer) to fac inter-

converpion is il1ustrat~d in Figure 3.2 for the case of the 
~ . 

selenocarbonyl der.ivative, displaytni the growth of the peak 

at 1962 cm- 1 characteristic of the fac isomer (Figure 2.8). 

The study was alsa extended ta -the analogous faé-• 

)<CO) , [< MeO) ,Pl 3 comple~ The higher-frequency v(CO) mode 

i the FT-IR spectrum of this ~comp1ex in solution at room 

" ~ 
1 

v, 

\~~ ... 

.' 
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temperature was observed to· ,decrease wi th time, accompanied 

by the growth of .a. new peak at 1977 crn-1 (Figure 3.3) at tri-
. ~ 

butable to ~-Cr(CO)3 [(MeO)3!?]3 (see, Table 2.7). The in-

tensity of the second v (CO) mode of the fac isomer increased 
~ 

with time due to its coincidence with the intense Iower-fre-

quency v(CO) mode of the mer isomer (Figure 3.4). Thus fac­

Cr(CO)3 [(MeO)3 P]3' has been shown to aiso undergo rearrange­

ment in solution at rQom temperature. In a recent publica-

tion [9], electrochemical oxidation has been repor-ted to 

induce intramolecular- isomer-izat ion of fac-M (CO) 3. [ (MeO) 3 p] 3 

(M = Cr-, Mo). This pr-oceSs occur-s through the generation of 

thé ~-{M(CO}3 [(MeO)3 P}3}+ cationic complex which undergoes 

rapid conver-s ion Addition of 
i 

one electr-on to the catfonic mer- isorner generates ~-

The authors mention that the neutral 

l'~ .. , ' 
-,' 

chromium complex aiso exhibits intramolecular isomerization~ 

·0 

but at a much slower rate than the cation. 

" l n 0 r der- t Cl est a b lis h th a t the' i som e r- i z a t ion 0 f 

Cr (CO) 2 (eX) [ CMeO) 3 P] 3 (X = S, Se) proceeds throug h a non-
, 

dissociative mechanism" the isomerization of ~-Cr(.cO)2-

(CX)[(MeO)3 P ]3 was followed in solution in the presence of 
, 

excess (PhO)3 P at 60"C us'ing FT-IR spectros.copy. .No incor--

'po>ation of (PhO)3P into the complex was 6bser-ved, as evi-

denced by the lack of any peaks in the FT-IR difference 

speqtrum of the equiIibr-ium mixtures obtain'ed tn the 

" 

\ 
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dichloroethane) in' the "carbonyl: 
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presence and 

shift in the 

ab'llr.nce of ( PhO) 3 P. Furthe rmore. ther e wa. no. 

yIs i tion of ,the isosbestic point obta ined for 

the isomer i za tion process. The above ev idence ind ica tes "'--_ 
, 

that the isomer i zation occurs thrGU9h a non-dissoc iat ive 

pathway. 

In a (second experiment, arene displacement from 

(mbz)Cr(CO)2(CS) was effec'ted in the presence of 13CO at 

60·C for 6 h in THF to yie1d·Cr(CO)2(13CO)3(CS). The sp1it­

ting patte'rn in the 13C NMR~pectrum of this product (Figure 

3.~) reveals tha t only three labelled carbonyl groupS are 

present, while a fourth 13CO ligand would have been 
\ 

incor-

porated if isome~iza~on occurred by a dissociative mech­

anism subsequent ta product tormat ion 0_<_ The two 13CO reson-

ances observed were identified on t~ basis of the previous 

assignment of the 13.C NM~ spectrum of Cr(CO)5(G;S) (13]. '!'he < ~ 
. 
higher-field resonance (209. 2 pp~) is attFibuted to 13CO 

~.-/ 
trans to the cs ligand and is split into a tr~plet, while 

the lower-f ield resonance (212.1 ppm) due to l3CO in the 

equatoria1 plane is spI i t in to a doublet. This splitting 

pattern is consistent with both th~ fac and mer l configura-

tions of Cr(CO)2 (CS)L 3 (L = 13CO), whereas thè mer 

ha~ng three 13 CO ligands ..... in plane, 

II, iso-

mer, the equatorial 

wou1d give rise to a singlet whic.b may be 'hidden under the 

doublet. While the number of isom~rs of Cr(CO)2(13CO)(CS) 
t' 

in the sample thus cannot be establ ished from the 13 C NMR 

r' 
.. 
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spectrum, the abundance of peaks in the carbony I reg ion of 

the IR spectrurn (F igure 1.6) estabi ishes that more than a 

single isomer is _present. The observed frequencies are 

tabulated in Table 3.2, together with th~ frequencies calcu- , 

. lated in the energy-factored force field approximation on 
cS 

the basis of force" constants reported for Cr(CO)s(CS) [15]. 

The comparison of the observed and calcu lated frequencies 

reveais that fac-Cr(CO)2 (13~tO)3 (CS) is present togther with..; 

sorne amount of ei ther the mer l Dr the mer II isomer or 
-;:,' 

both. These resui ts do not demonstrate defini tively that 

Cr(CO)2 {13CO)3 (Cp) aiso undergoes intramoiecular isomeriza-

t ion, s ince the ,observat ion of at least two isomers of this 

complex: rnay be the resui t of a rearrangement process during 

the course of the arene displacement reacbion. However, 

they do establish that if Cr(CO)2 (13 CO)3 (CS) does isomerize, 

it does 50 by a non-dis50ciative mechanism, as does 

W(CO)4 (13CO) (CS) [3]. 

The rate constants for fac -. mer and mer -. fac isorner-

ization of Cr(CO)2 {CX)[(MeO)3 P ]3 (X = S, Se~ mer :: ~ I) 

and Cr(CO)3 [(MeO)3 Pl3 were calculated from the opposing 

f irst-order' reactions 

k •. 
1 

.ill-Cr(CO)2 (CX) [( MéO)) Pl) , . ~-Cr(CO) 2 (eX) [( MeO») P] 3 
k_1 

(X = 0, S, Se) 

, c 

.' 
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Table 3.2. Obset'Vèd and Calculated Frequenc:ies (cm- 1 ) for 

V(CO) Modes of Cr(Co)2(13 CO )3(CS) in CS 2 

Observeq Calculated a 

fac Iller 1 JJier II 

2066 2067 2069 2066 

2056 
"... 

2008 2007 2014 

1988 1991 1986 
1989 

1978 1978 

:> 
" ~ 1972 

195~ 1958 

1956 1955 1957 

1945 1945 1945 

aCalculated from energy-factored anharmonic force con-

~ants report~d, in Reference 15 for Cr(CO)~(CS) in CS 2 

s.olution: kCO(ax)" 16.63; kCO(eq) • '16.46; kCO CO(ax,eq) . , 

~ 0.22; kCO,~O(E.!!!)(eq,eq) - 0.24; kCO,CO(trans)(eq,eq)-

0.47 ~dyn X-I. 

\ 

i 

1 
• 1 
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using the equations: 

and 

= [~-Cr(CO)2(CX) [(MeO) 3P1 3] 

[fac-Cr(CO)2(CX) [(MeO) 3P] 3] . , 
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where At is the absorbance a t time t and A is the absor­, e 

bance at.equilibrium of a v(CO) mode in the FT-IR spectrum. 

In order to determine the rates of the forward and 

reverse reactions, it was neeessary ta measure the distribu-

tion of the isomers at equil ibrium. 31 P NMR sp~ctroseopy 

was the techn ique chosen. The rela t ive intens i ties .of the 

peaks in a 3lp FT-NMR spectrurn are a reliable measure of 

relative concentration providi"ng the nuelei are given suffi .... 
" 

c ient time to relax' between pu Ises. Consequently 1 the spin-
, , 

Iattice relaxation times 1 Tl"'" were determined for the iso-

m,ers under invest igation ·and the values obtained
o 

are shown 

in Table 3.3. It is of interest to note that the relaxation 

tirnes decrease in the order P -trans to P > P trans to CX (X 

= 0, S, Se). This trend has been observed for other 

M (CO) [R3Pl 6 complexes and is attributed rnainly to d ipole-n -n 

dipole relaxation [16]. Using gated decoupling, with an 

intervai between pulses approxirnately ten times longer than 

, 1 
1 

1 
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Table 3.3. Spin-Lattice Relaxtion T~mes (Tl) for Phoaphorus Nuclei in 

Cr(CO)2(CX)[(MeO)3 P]3 (~ = 0, S, Se) 

Complex. . 

" 
fac-Cr(CO)3[{MeO)3P]3 

~~Cr(CO)3[(MeO)3PJ3 

~-Cr(CO)2(CS)[(~eO)3P]3 

mer 1 Cr(CO)i(CS)[(MeO)3 P ]3 

mer II Cr(CO)2(CS)[(MeO)3 P ]3 

fac-Cr(CO)2(CSe)[(MeO)3 P )3 

mer 1 Cr(CO)2(CSe)[(MeO)3P]3 

P trans to P 

1.84+0.03 

1.762:.°. 05 

1.86+0.05 

2.40+0.14 

--------- --

T1 '(8) 

P trans to CS/CSe P trans to CO 

2:35+0 .. 03 

2.37+0.06 

2.40+0.04 2.28+0.03 

2.45+0.02 

2.41 +0.10' 

3.17+0.24 2.84+0.22 

3.18+0.23 

'II 
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Tl' thus allowing the nue lei sufficient time to relax, t,he 

relat1ve ratios of the isomers present were obtained 

(Figures 3.7-3.9). The equilibrium constants were not found 

to be temperature dependent in the range of 20·C to 80·C. 

For al! three comp1.gxes, the mer isomer (~ 1 in the case 

of the CS and CSe complexe s) is predom i1')an t and the equ i li-

brium ~/fac ratio j.s approximately the same (Keq = 5.0). 

Although 
~ 

the mer II isol11er has nct been observed spec-

troscopically by FT-IR or 13C NMR, the 3 l P NMR spectra of 

both the thiocarbony 1 and ,selenocarbonyl c<?mplexes prov ided 

sorne empirical evidence of a minor compohent (- 5% of the 

mer l isomer) with a spI i tting pattern and chemical shift , 

values consistent with the ~ II configuration (Figures 3.8 

and 3.9) The appearance of a doublet and a tripl~t wi th a 

coupling constant similar to that 'of the mer 1 isomer indi-

cates a structure in which two (MeO)3 P ligands are trans to 

each other' and cis ta a third (MeO)3P. 'The location of the 

triplet resonance downfield from the tr iplet of both fac and 

mer l isomers is ind icati ve of a phosphorus trans to a CO 

rather tti.an a ex, wh ile the upf ield shift of the dou blet 

resonance rela t ive ta tha t of ~-C r (CO} 3 ,o( (MeO) 3 P13 ( see 

Table 2.10), indicating a 
~ 

lower electron densi ty at the 

meta 1 cen tre, confirms the pres~nce of a ex 1 iga~d. The Iow 

concentra t ion of the !!!!!:. II isomer re lat.i ve to the fac or 
. .-' 

mer 1 isomer can be interpreted in terms of a site 

~ 

1 
• 1 
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Fig ure 3. 7 ~ 3 1 P • N K R s pee t ru m '( in de ut e rot 0 1 u e ne) 0 fan 

, 
equ:111brlum mixture of the isomers of Cr(CO)3[(MeO)3 P]3. Keq 

• ~ Ifae '" 5.0. Conditions: obtained on a Varian XL-300 

FT spectrometer operating' at 121.42 MHz; IH-decoupied; sweep 

wldth • 2~700 Hz; offset - 22,900 Hz; fllp angle· 66°; 
1 

repetltion time - 20 Sj numher of scans' - 4. 
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" 

F 1 g ure 3 • 8 • 31 P N'K R s pee 1: ru Il (1. u de u t ,e rot 0 lue ne) 0 fan 

equl11br1um mlxt:ure of the lsomers of Cr(CO)2(CS) [( MeO)3 P ] 3. 

- ,mer I/~ • 5.0, mer limer Il - - 20.3. Conditions: 

obt,1ned on a Varian XL-30G FT spectrometer operatlng at 

1 ~ 1 .42 MHz; • l H - de cou P 1 e'd ; s w e e p w 1 dt h - 2.600 Hz.; .0 f f 8 e t: -

22,100 Hz; flip angle - 90°; repetition Ume - 40 s; number 

of scans - 400. 
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Fig ure 3 .9. 3 1 P N H R s pee t ru m < 1 n de u ter' q toI u e ne) 0 fan 
Il 

equ'1l1br1ulII mixture of the isomers of Cr(CO)Z(CSe)[(MeO)3 P ]3 • . . 
'Keq ,. ~ I/fac - 5.0, mer I/~ II • 20.3. Conditions: 

obta1ned on a Varian XL-300 FT sp~ctrometer operat1ng at 

~ 
121..42 MHz; IH-decoupled; sweep wldth· 3,400 Hz; offset-

20,900 Hz;' flip angle" 90°; repetition time" 40 S; number 

of scans - 400. 
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preference of the CX ligand. In studies of the trans ~ cis 

isomerization of a series of W(CO)4 (CS) (L) complexes [l7), ,', 

it was found that K = [cis)/[trans] decreased with an eq 

increase in the ratio of a-donor/1t -acceptor strength of the 

ligand L. Therefore, the thiocarbonyl ligand appears ta 

exhibit a preference for a site trans ta a strong a-donor/ 

weak 1t -accepto~. Consequently, the fac and mer l isomers of 

Cr(CO)2 (CS) [(MeO)3 P)3' . in which the CS ligand is trans to 

(~eO)3 P, would be predicted to be favoured with respect ta 

the mer II isomer« in which CS is trans to CO. While the' 

s i t~ preference of the' CSe ligand has not been inves t igated, 
, ~ 

i t is expected' to b~ the sarne as tha t of CS, due to the 

similêl-rity in the bonding properties of these ligands. 

The 'tate constants for the' fac mer isomerization 

of Cr(CO)2JCX)[(MeO)3P]3 (me:r l for X = S,..Se) revealed that 
1 

~ kl ) JCl (Table 3.4) and tha t kl decreases in the order X '= 

Se > S > ,O. The ln k 1 ' \fs liT plots ,are shown in Figure 

3.10. The activation parameters for the forward and reverse 

processes are given in Tabre 3.5 • . The activation enthalpies 

are large and ppsitive 'while the entropies are negative. 

" 
Moreaver, far the three cha l coèarbonyl complexes examil)~d, 

the fQrwa~d and reversé reaçtions di ffer mainly .;n the 

entropy value, indicat(ng steric factors determine the 

eguil ibriùm ratio. The grea ter stabili ty of the mer or mer 

l isomers may th us bé postulate'd ta result fram the 
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. " . the Isomerization Processes Table 3.4 •. First-Order R'ate 
"':' 

'-' 
\ 

Cr(CO)2(CX)[(MeO)3 P]3· (.l' • 0, Si' Se) in Dichloroethane 

J Observed T Rate constants X 10 4 (s-l) .. ex 
""-

pracees Oc k l + k_ 1 k l k-ll 

CSe mer l ---.) fs,e 50.4 8.82 7 ... 35 1.47 
'.., 

38.0 3.28 2. 73 0.55 

./ 32.6 2. \ 4 1. 78 0.36-

CS ill --;--) !!!.!!. 1 61.8 15.28 12.73 ':> 2.55 

\ '4543 3.88 3.23 ' 0.65 
ç. 5.96 0.50 . 0.10 23.4 

'1 
CO i.e ---) Iller 59.0 3.58 2.98 0.60 

( -- -- ,r--- , 
1 

49.1 1.64 1. 37 0.2,7 

'22 .. 0 0.12 0.10 0.02 
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2",88 2,94 3 .• 3.07 3.13 3.19 3.25 3.'31 3.38 

. (1/T) X 103 (K-1 ) 

3.44 1. 5IJ 

" fig ure 3. 10. _ Plo t Bof i n k 1 v s,. liT for the fa c ~ • ~ r 
1Io.erl&.tlon of Cr(CO)ll(HeO)3 P )') (t> and the fa"c1-+ltIer 1 
iao.eriz.tion of Cr(ÇO)2(CS)[(HeO)3 P )3 (À) and 
Cr (C 0) 2 ( CS e ) 1 ( M e 0 ) 3 P ) 3 (-). 
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Table 3.5. Acti VAt ion Parallete~s for 

cr(CO)Z(CX)[(KeO)3P )3 (X - o. S. Se) 

COllplex. 

Cr( CO) 2 (CS,e) [( MeO) 3') 3 

cr(CO)2(tSe~[(MeO)3P)3 

Cr(CO)2(CS)(KeO)3P )3 

C~(CO)2(CS)(MeO)3P13 

C-l'( CO) 3 [-( MeO) lP} 3 

Cr(~O)3[(MeO)3PJ~ 

. -. 
'C 

ProceS8 

fac -_ .. > !.!.!. 1 

,,je r 1 ---) fac 
., 

fac ---) ~ 1 

.er 1 ---) fac 

'fac 

.aer 

L . 
., 

---) 

---) 

--.:-

.er 
--'--

fac 

ut 

• « 

Isollerizatiot\ Processes of 
41 

AH' 
kcal 1101- 1 

AS' 
cal mo1- 1 deg- 1 

15.6+0.3 -25+1 

15.5+0.3 -28+1 

16.6+0.4 -'22,!1 

16.6+0.4 -.25+ 1 

-( 
18.0+0.3 -20+1 

la.O+O .. ~ -24+1 

1 
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decreased steric interaction between phosphite ligands in 

these isomers relative to the fac isomers. 

Large enthalpies of activa t ion have been measured for 

the intramolecular isomer i zation of other Group VIS metai 

carb~nyl complexes (Table 3.1) and have been accounted for 

,in terms of bond lengthening ,in the activated comple'x prior 
~ 

to or during the course of rearrangement [7]. In comparing 

the activation parameters of the selenocarbonyl and thiocar-

bonyl complexes to those of their tricarbonyl analogue, it 

is of interest to note" that the enthalpy of activation is 

smaller for the former complexes. This is in line with the 

observed trans labi 1 izing effec t of CS and CSe 1 igands in 

dissociative processes. The increasing negative entropy of 

activation in the order 0 < S < Se 'can be related to the 

relative sizes of the,se atoms (Se> s' > 0). 

Two~dimensional NMR spectroscopy [18] has recently been 

employed in the study of chemical exchange processes of 

organometallic complexes [19,20]. "In the presen t work, a 

2-D NOE 31 P NMR investigation demonstrated dynamic intra-

. molecular interconversion between the mer l and mer II 

isomers of Cr(CO)2' (CX) [(MeO)3 P]3 (X = S, Se) taking place on 
\ 

the time scale of the NMR experiment at temperatures above, 

so·C (Figures 3.11-3.13). The intramolecular nature of the 

process was demonstrated by the lack of correlation in 2-D 

NMR between resonances of the complexes and those of excess 

ligand present lin solution. However, the f ac to mer l or 
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Figur~ 3.11. 2-D 31 p ~ontour map for Cr(CO)2(CS)[(M(o~3 in 

deuterotoluene at 61°C on a Varian XL-300 spectrometlr; an NOE 

accordian pulse sequence was employed with K =- 30. AlI three lf 

isomers exhibit an AB 2 coupling pattern (chemi~al shifts are 

relative to H3P0 4 as external stahdard): 'V .. ~ II P2,P 3 (d) 

1 9 1 • 4 p pm, P 1 ( t) 1 8 4 • O., p P m (J = 6 4 Hz); • "" mer l P 2 ' P 3 ( d ) 

188.6 ppm, Pl(t) 181.2 ppm (J '" 64 Hz); X ... ~ac P 2 ,P3(d) 181.1 

ppm, P1(t) 178.5 ppm (J '" 72 Hz) • .-- , 
1 

o 
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Figure 3.12. 

deu tero to 1 uene a t 61,0 C on' a, Va rian XL-300 s pect romete r; an NOE 

accordian pulse sequence was employèd w1th K. .. 30. AlI three 

isomers exh1bit an AB 2 coup11ng p~ttern (chem1cal shifts are 

relative to H 3 P0 4 as external standard): V == mer II PZ,P3(d) 

187.2 ppm, Pl(t) 180.3 ppm (J "" 63 Hz) ; • == mer l P 2 ,P 3 (d) 

184.9 ppm, P 1 (t) 177.5 ppm (J = 63 Hz) ; X .. fac P2,P3(d)_ 
~~ 

178.6 ppm, Pl ( t) 174.7 ppm (J ,. 72 Hz). 
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fac ~o mer II interconversion was not observed at tempera-

tures rang in?! up to 80·C for ei ther the selenocarbonyl or 

the thiocarbonyl complex. Temperatures higher than 80·C 

resulted in sorne decomposition of these complexes. 

The 2-~ NMR studies of the ~ 1 to mer II is6meriza-

tion of Cr(CO)2 (CX)[(MeO)3 P ]3 (X = S, Se) provided informa­

tion f on the possible nature of the intermediates involved. 

The bicapped-tetrahedron mechanism would preserve the coup-

ling pattern for each phosphorus nucleus in the two isomers 

(Figure 3 .. 14). On the other hand, for the trigonal prisma-

tic twist, the triplet of the ~ 1 isomer would corre'l.ate 

. wi th the doublet of the mer II isomer while the doublet of 

the mer 1 isomer would correlate wi th both the - tr iplet and 

the dou.blet in the spectr~ of the mer II isomer. 

NMR spectra (Figures 3.11.~12) illustrate both 

The 2-D 

NOE and 

possible chemical exchange between the phosphorus nuclei of 

the same molecule by the distinct symmetrical off-diagonal 

contour on the exchange map. More importantly, however, the 

exchange of the mer 1 to mer II isom'er provides convincing -- -- . 
proof of dynarnic rearrangement via a trigonal prism rather 

than a bicapped tetrahedron, as seen from the correlation of 
, . 

the off-diagonal peak of the doublet of the mer II isomer 

, (bot tom left-hand side of the contour map} to the doublet 
~ 

and triplet of mer l, while the triplet o( the mer II - is 

exchang ing wi th the doublet of mer 1. 

, 
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? 

On the basis of the observation t~a.t jTler l + mer II 

isomerization 'Of Cr(CO)2 (CX) [(MeO)3 P ] 3 eX' = S, Se) proeeeds 
'. ' 

through a trigona1 prismat.ic twist, it is highly probable 

that the mer 1 + fae isomerization of' thes~ complexes, as 

~ well as the fac .... mer isomeri'zation J of the tric?rbonyl 

analogue, occurs in the same manner. The failure to observe 

.the dynamic interconversio~ of the ,fae and mer )J0mers may 

imply that 
, ' /', 

the rearrangement is taking place,~ at tao slow a 

rate ta 'be observed on the NMR time scale, Le., that· the 

p,t),osphorus nuclei are r:ela~ing at a faster rate than. the 

time required for rearrangement to take pla~e at thes~ tem-

peratures. This in turn indicates that the.energy"barrier 

'for'mer 1 to mer II isomerization is lower than that for mer 

fac exchange. Figure 3.15 shows the schematic repre-

seotation of the rearrangement 'of the thio- oi: selenoear-

bonyl c,?mplex. through a tr igona1 prisma tic twist. This 

mechanism should involve a "large neg~tive entropy for in~rr­

conversion from mer l to Eac due to the steric hindrance 

resulting from the ecl ipsing of two phosphites in the acti-

vated state. However, the interconversion of the mer l to 

mer II isomer shouid take plac~ wi th ci 9maller entropy of 
. 

activation:' in this case, the activated state wou1d have the 

'phosphite ligands eclipsing CO and ex ligands,' tl)us minimiz-: 

ing the sterie effect. The activation parmeters obtained 

for thè interconversion of Eac and mer isomers suggest that --, 
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ln the assumed trlgonal pnsmatic lntermediate the unfavour-

able s teri c inte ractions be tween eclipsed pa i rs of llgands 

are minimized by the occurrence of SOf'le bond lengthening. 

Figure 3.15 illustrates that a 2-D NOE 3,lp NMR experirnent 

would allow the trigonal ptisl'1atic and bicapped-tetrahedron-

pathways to be distinguished in the case of fac .. mer l iso-

merization as weIl, if this process could be detected. 
\ 

These two pathways would not be distinguished by }D 3Ip NMR 
, 

1 
in the case of the tricarbonyl complex due to ).trre simplicity 

of the spectrum of the fac isomer, with only a single 

resonance. 

The observa t ion of an of f-di agonal corre la t ion between 

the' doublet and triplet of the fac isomer in the 2-D 3Ip NMR 

spectrUJTl of Cr(CD)2(eX) [(MeO) 3 P )3 (X = S, Se) (Figures) .• 11 
) 

and 3. 12 l may be due to chem i cal excITr,tnge between equ i vale nt 
~ , 

f ac isomers. The energy barr ier for such a rearrangement by 

a trigonal prisma tic rnechan i sm wou Id be 
~ 

expected to be of 

comparable size to the barrier for mer l to mer II inter-

conversion sinee the activated state would involve ln this 

. \ case as weIl the eclipsing of eacp phosphite by a CO or CX 

o J 
ligand, rather than by a second phosphite ligand. However, 
. 

the possibility that the observed correlation is solely due 

to NOE cannot be ruled out at the present tirne. l t is, 
# 

however, po~...sible to distinguish chemical exchange between 

fac îsomers and NOE in the case of (triphos lCr (CG) 2'(CX) (X = 
• v 

S, Se), since tWQ fac configurations of these complexes are 

. , 

l, 

1 
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ehemieally ~istinguishable. Initial 2-D NOE 3 l P NMR inves-

tigation ,of these complexes in deuterotoluene at tempera-

tures rang ing from 60-90·C revealed no off-diagonal eorre-

lation between the A and B isomers. However, the sterie 

eonstra ints and electron ic properties of the tr ipj10s ligand 

are qu i te di fferent from those of the -trimethylphosphi te 

ligands in fac-Cr(CO)2 (CX)[(MeO)3P]3 so that the evidence 

obtained for the triphos complexes is not necessarily perti- '4 

nent ta the tr imethylphosph i te complexes. 

Vancea et al. have exam ined the stereoc he;rn Ica l non-- - l 

rigidity of cis-M (CO)1t (ER
3 

)2 (M = Fe, Ru, Os; E = Si, Ge, 

Sn, Pb: R = organ ic group or halogen) derivatives [21] • In 

these complexes', the ax ia land equa torial carbonyls exh ibi t 

one signal in the carbonyl reg ion of the 13 C NMR spectrum at 

room tempera ture s igni fying tha t the ax ial and equa torial 

earbonyls are exchanging extremely "fast on the NMR tiIne 

scalé, through an intramoleeular rearrangement- process. 

These complexes become stereoch'emical~y rigid at, or beloW', 

approximately -50·C. The crystal structures of cis-Fe(CO)4-

(SnPh3 )2 [4,2] and cis-Fe(CO)It) (SiMe 3 )2 [23] are significant­

ly distorted from octahedral geometry wi th the latter com-

p1ex being partieularLy dlstorted, its structure being 

described as na pseudo-bicapped tetrahedron wi th the trime-

thylsilyl groups a~ capping ligands" [23]. The most sttik-

ing fea ture of this complex is the 141. 2 ( l)· angle betwee~ 

• 
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the two CO trans ligands instead of the 180· expected for a 

regular octahedron. Also, the Si-:Fe-Si angle is 111.8(1)·. 

The cis-Fe(CO)4(SnPh 3 )2 complex is similar1y distorted with 

an angle between trans CO groups of 159'. 6( 4)·, and an Sn-Fe-

Sn angle of 95.95·. The above d istort ions prov ided support 

for the poss i b i 1 ity tha t· rearrangement occurs through a 

bicapped-tetrahedral intermediate. the authors further 

showed that this rearrangement involved a cis to trans to 

c is sequence where the carbony ls become equivalent in t;~ 
trans isomer. 

The crystal structures of Cr(CO) 2 (eX) [(MeO) 3 P ] 3 (X = s, 

S~), described in Chapter 2, exhibit no m%irked distortions 

of the magnitude reported for cis-Fe(CO)4(SiMe 3 )2 or cis-

Fe(CO)tt{SnPh 3 ) 2· 1\11 the ,angles between t~ans ligands are 

approximately . 174 ± 1· for both comp.lexes. On this basis, 

r;earrangement by a bicapped-tetrahedron mechanism would not 

appear to be favoured. 
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Chapter 4 

Kinetic l'nvestigations of Arene Labilization in (n-Arene)­

Cr(CO)2 (CX) ex = 0, s, Se) Complexes 

4.1 Introduction 

The study of arene labilization in Group VIB metal 

tricarbony1 complexes, has been of cons iderable interest for 

many years ,[ 1-8 r, and the, mechanism of arene displacement ' 

reactions remains under investigation to date [9-11 J. Such 

interest stems from the importance of these complexes in 

catalyt ic hydragenat ion [5,12 J as weIl as the potential 

utility of arene exchange processes in the liberation of 

arenes fram such comp1e'fes _ fol1owing' their derlvatization 

by, for example, Friedel~Crafts reactions [12J. 

Arene and triene displacement from (n-Arene)M{CO)3 and 

(cht)M(CO)3 (M = Cr, Mo, W) by a monodent;ate ligand L IL = 

" (RO)3 P, ~ P, RCN, RnCI3_nP (n = 1,2; R = a1kyl or lrYl)] has 

been' 'reported [2-7] to yie1d fac-M(CO)3L3. Kinet1c investi-. 
gations of arene displacement reactions of (,,-Arene)M(CO)3 

(M = Mo, W) [2,3,5] an~ (n-naphthalene)Cr(CO)3 [5] complexes 

revealed that they 1;o11ow a second-order rate equation, 

first order with respect to both the complex and the attack-

ing ligand. In the case of the (cht)MCCO)3 CM = Cr, Mo, W) 
. 

complexes, initial studies involving cht displacemel'lt by 



---------. 
1 

~27 

(MeO)3 P indicated that these reactions aiso foilow a secand-

'~order rate law, first order' wi~h respect to the complex and 

with respect ta the ~ttacking ligand [3J. In 'later studies, 

employing RCN (R = alkyl and aryl) as entering ligand, the 

react ion was found to be second order in the case of Cr bu t 

third order for Mo and intermediate between second and third 

order for: W [ 6] • 

A rnechanism for arene displacement reactions of this, 

type was first proposed by Zingales ~ al. [1J in their 

study of arene substitution by R Cl 3 P (n = 1,2: R == alkyl n -n 

or aryl) 'in (TJ-AreneH1o(CO)3 complexes, and has been widely 

accepted. In a recent kinetic investigation of arene 

excha'hge, and arene displacement rea,ctions, Traylor et al. 

[10J dernonstrated that this sarne mechanism can account for 1 

the observed kinetic behaviour of both arene displacement 

and arene exchange, as weIl as ca talyzed arene ex change , 

reactions of (n-Arene)Cr(CO)3. The mechanism involves a 

slippage process whereby the ring ini tially undergoes a 

transformation. from an TJ6 to an ,,4 bonding mode prior to 

attack by the incoming nucleophile. 

k 1 

(,.~ .... ) M (CO" < li 

k.:t ~L 

~L 

M(CO), LJ 

+ 

Ar .... 

1 

1 
i 
!. 
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If the ra te constant for the reverse process, k_1 , were 

small, then the reaction would be zero order wi th respect to 

the incoming ligand. Since this is not the case in any of 

the arene displacement reactions studied, where no dissocia-

tive term has been found, it is assumed that k_1 » k2 • 

Thus, the arene displacement reactions exhibi t a first-order 

dependence on the concentration of both the incoming ligand 

and the complexe Subsequent steps leading to total dis-

placemen t of the are ne are rapid, and genêra11y do not con-

tribute to the observed rate. The variation in the reaction 

order observed . for cht displacement from "f'" 

( ch t ) M ( CO) 3 (M = 
Mo, W) by nitriles was attributed to the weak nuc1eophilic 

strength of the ni triles resul ting in comparable rates of 

nitrile dissociation from 'and coordination of a second 

nitrile to the proposed intermediate (TjIt-c ht)M(CO)3 (RCN) (M 

= MO, W) [6 J • 

The above mechanism is consistent with various con-

s iderations that. have been put forward in the litera ture 

regarding the reaction pathways available to complexes of 

this type. Basolo [13] has stated that '"Substitution reac-

tions of 18-electron transition metal organometallic com-

pounds may proceed by an associative mechanism provided the 

o metal complex can deloca1ize a pair of electrons onto one of 

its ligands.~ Muetterties et al. -- [14] postulated for the 

reaction Q'f (bz)~t.3 compl.exes with L' that "Hechanistically 

'1 \' 
_ -" .L' 

• j 

! , 
1 
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a reasonable intuitive scenario wouid start with an ~6 to ~4 

dissociation of the -coordinated arene ... An associative 

mechanism (or an interchange mechan ism of assoc ia t ive 

intimate character) ~or the attack of an external ligand on 

1')6 -benze~e-ML3 would seem unI ike ly.;' Such a n ring sI ippage" 

creates a vacant orbital at the metal, providing a low-

energy associat ive reaction pathway [14']. Muet terties et 

al,.. also stated tha t the resul t ing n 4 compl'ex should be 

sens i t ive to sterie ef fects induced by either' a subst i tuent 
, ' 

on the ring or on the incoming nucleophile, and that the n4 

ring must unde rgo d istor-t ion from planari ty to allow the' 

incom ing ligand access to the metal. They est ima ted . that 

the energy requ i red to bend the coord ina ted benzene ring in 

(bz)Cr(CO)3 from planarity, as weIl as to distort the 

Cr(CO)3 group to Eacilitate acceptance oE the incoming 

l,igand, is about 15 keal mol-1 [14]. 

In this chapter, an investigation of the kinetics of 

arene displaeement from (n-Arene)Cr(CO)2(CX) (X = S, Se) 

comp lexes by te rt i a ry phosph i tes i s reported. This 

represents the first kinetic study of an organometallic 

selenocarbonyl der iva t ive, ever undertaken. These stud ies 

will provide a quantitative measure of the influence of the 

chalcocarbonyl ligands on arene lability in these complexes. 

il 

, 
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4.2 Experimental 

4.2.1 ,Sources of Materials 

AlI (ll-Arene)Cr(CO) 2(CX) (X ... 0, S, Se) complexes and 

(cht)Cr(CO)3 were purified by TLC prior to use, and their 

purity was established by the absence of any- superfluous 

peaks in the v(CO) region of their FT-IR spectra. 

Trirnethyl- and triphenylphosphite, gold label purity (99+%), 

triethylphosphite, 99% purity, and trimethylphosphate, gold 

label puri ty (99+%), were purchased from Aldrich Chemical 

Co. and were used without further purification. Tri-n-

but yl- and tricyclbhexylphosphi te were obtained from Strem 

Chemicals. 
~ 

The phosphites were handled under an atmosphere 

of prepurified N2 (3 ppm °2 , 5 pprn H20). 31 P NMR spectra of , . 
the phosphites over a full spectral window (40,000 Hz) were 

measured periodically to verify the absence of any 

phosphorus-containing impurities. Fresh bottles 'of 

phosphite (100 ml) were used every third run or within four 

days ,lOf opening the" bottle. The methylcyclohexane (9-9%) 

solvent· was distilled over sodium under nitrogen and trans-

ferred under ni trogen to a ni trogen-purged flask containing 

a weighed amount of the complexe Dicnlor:oethane (99%) was 

distilled over calcium chloride under oitrogen and trans-

ferred according to the above procedure. 



( 

131 ' 

4.2.2 Preparation of Sample~ 

AlI procedures were performed under a ni trogen atmos­

phere in a stainless steel glove box which was periodically 

evacuated and pu rged wi th ni trogen. The ni trogen purge was 

mai ntained throughou t the sample preparat ion procedure. 

Typ ically two samples of 1. 40 mg of (T]-Arene) Cr(CO) 2CX (X = 

0, S, Se) were weighed out on a Cahn electrobalance 

(precision ±0.01 mg) and were transferred to two 2S-ml 

volumetrie flasks fi tted wi th hollow Teflon plugs capped 

with rubber septa. The flasks were then purged wi th 

nitrogen prior to transferring the solvent. A third flask 

was -filled with~ distilled solvent under bitroÇ1en. The three 

flasks were then transferred to the glove box, together wi th 

at least four matched quartz cuvettes (l-cm pathlength) 

fitted with Viton O-rings, the bottle containing the 

phosphite ligand and two l-ml (±l%) Hamilton syringes with 

Teflon barrels. A measured. volume of . the solution was 

syringed ou t and replaced by an equal volume of phosph i te 

(protiding [ L 1 800-3000 times in excess of 

'[(Tl-Arene )Cr{CO) 2 (CX)] ). The f lask was then capped and 

shaken vigorously. One cuvette was filled with the solution 

containing only (TJ-Arene)Cr(CO)2(CX). Another cuvette was 

filled w·ith the solution containing both phosphite ligand 

and complex. The.other two cuvettes were filled with pure 

solvent. 

1., 
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The cuvettes ~ere transferred to a Varian Cary 210 uv-

vis spectrophotometer equipped with a therrnostatted mult-i-. 
samp1e support assemb1y. Due ta the elevated temperatures 

used (> 4S·C), two water-cooled jackets (suppl ied by Varian) 

were placed on ei-ther side of the heating assembly to pro-

tect the spectrophotometer optics. The t ime to equ il ibra te 

the cuvettes ta the des ignated kinet ic run temperature was 

17 min. The kinetic run temperature was determined by plac-

ing a calibrated thermocouple wire into a cuvette containing 

methylcyclohexane un\ler the exact candi t ions of the k inet i c 

rune -No 1055 of solvent was observed up ta 72 h at 8S·C. , 

The spectrome~er was equipped with a cell programmer acces­

·sory and was interfaced to an Apple II+ computer (64K). The 

programs "Mas ter Scan Storage n and .. Ma·~te r Kine-t ic Storage· , 

both suppl ied by varian, were uti! i zed' to collect and sto're 

wavelength scans' (500-280 nm) and absorbances at three 

se1ected waveleng ths, respectively, at- programmed' time 
.' 

intervals. Usually a run was between 10 h and 48 h in dura-

tion and the data acquisition was triggered every 10 or 15 
1 

min. The data acquired for the disappearance of the ~tart-
~ 

i n 9 mat e ria 1 we r e a n a l y z e d, Y i e 1 d i n 9 ka b s d' us i n 9 the 

"Advanced Order Kinetic program" supplied by Varian and 

based on a multiple-linear-regressian program described in 

Refer,ence 15. 
.... 

Least-squares analysis for the calculation of k1 and k2 

~ . 
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and the activation parameters was performed with no data 

smoothing or da ta averagi ng, us ing a "Curve Fitter" program ." . 
wri tten By P. K. Warm for Int~racqve -Micro,ware, Copyright 

(C) 1980. 

4.3 Results and Discussion 

The kinet,ics of aren-e displacernent in ('l')-~rene )Cr(CO) 2-

(CX) (X = S, Se) by trialkyl- and tri.~["ylphosphtas were . 
rnonitored by UV-vis spectroscopy. AlI reactions exhibited 

one isosbestic point {Figure 4 •. U, indicating only one cpro­

cess was tak ing place, wi th no s ide react ions. The ra te 'of 

reac1:ion under Qseudo-f irs t-orde r cond i t ipns (800-3000 fold 

excess of tertiary phosphite) was deterrnined from the 

decrèase in absorbance of the startcing materïal with. timé.;; 

The pseudo-first-arder 'rate constants, kobsd ' were deter-

mined by a multiple-linea~-regression progratn [l5J.. .. 

The dependence of reaction rate on ligand concentration 

was inves.t igated foc the react ion of (bz ) C r (CO) 2 (CX) (X = 

Sr 
~ SeLwith trimethylphosphite (Tables 4.1 and 4.2),' Plots 

of kobsd vs. [ (MeO) 3 Pl we re li near for the range of concen-

trations used (Figure 4.2). Least-squares analysis was used 

to fit the dat·a ta the equation kobsd = kIt k 2 [(MeO) 3 P]. 

The value of k 2 was obtained from the slope. For bath com-

plexes the intercept was zero wi thin the' standard deviation 

} 
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Figure 4.1. Typical UV-vis spectra obtained in kinetic 

investigations of (I7-Arene)Cr(CO)2(CX) (X- S, Se): (à) 

, (bz)Cr(CO)2(CSe); Cb) reaction of (bz)Cr(CO)2(CSe) with 

(l1eO)3 P at 53°C, shJWi~g isosbestic point; (c) 

1 
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Table 4,.1., Pseudo-Fiut-Order Rate Constants for the 

Reaction of (bz)Cr(CO)2( CS)' with, Tr:f...aethyl.phosphite 
~ 

in Methylcyclohexane at 83.3°C a 

~.37 

2.37 

4.07 

4. C1'7 

4. 0) ~ 

~.10 

5.10 

6.10 

6'. la 

6.10 

, '6.78 

6.78 

, 

" 

-1 s 

1 .52 

1,43 

2.2-4 

2.24 

3.24 

3.20 

3.35 

3.38 

'-.;3 .43 

3.96 

3.74 

a A ~east-s,quare8 fit of these' data· to the equation 

kob~d - k 1 

k 2 • (5.4,6 

+ k 2 [ ( Me 0 ) 3 l'] .Y i e l d ski - (1. 4, .! 1. 7[X 1 0 - 6 

+ 0.34) x: 10- 5 M- 1s-1 ; r • 0.98. 
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Table 4.2. Pseudo-First-Order R4te Constants for the 

Reaction of (b.z)Cr(CO)2(CSe) vith Trlmethylphosphite 
\ 

in Hethylcyclohexane at 72.6 o C4 

{(MeO)3 P ] l{ 10 k obsd X 10 5 

M B 
-1 

2.71 4.06 

2. 71 4.06 

3.39 4.73 

3.39 4,.72 

3. 39 4.57 .. 
4.06 I~ 5.84 

4.06 5.93 

4.06 5.85 

5.08 6.95 

5.08 7.02 

6.10 a.58 

6.10' a. 7 3 

6.10 a.79 

aA leas t - sq.ua re 8 fit of these data to the equation 

k obsd " k 1 + k2[(MeO)3P]- ylelds k 1 - (1.2 .!. 1.8) X 10-6 s-l, 

k. 2 - (1.39 + 0.04) X 10-4 M-- i s-l; r - 0.99. 

r 
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1.'1 
7,13 

1 /- ) 

~.15 

5.21 
4.48 

1.52 

2.'4 
1.16 

8.88 

8.88 pr • • • 1 1 1 1 1 1 1 

1.118 a.868 a.136 9.293 a.271 8.33' 8.417 1.415 ,1.542 a.611 8.678 

[(Ueo)3p ] (M) 

".~r. 4.2. Plota of kp-~~4 Ya. (KaO)3P) for cha ra.ctloD'of 
('.)Cr(CO)Z(CX) vith (NeOI3" •• 1 • S, •• X • Se. 
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and hence k1 is zero (Tables 4.1 and 4.2). Therefore, the 

rate of tbe reaction can be accura'te1y represented by .. the 

râte express ion: 

d [ (Tl -Arene ) C r (CO) 2 ,( CX) 

dt 

= k
2 

f (1l-Arene)CrCCO)2 (CX)] (MeO)3 P ) (4.1) 

50, k2 = kobsd/ [ (MeO) 3P1 for the range of (MeO) 3P concen tra­

tions used. It is of interest to note that aIl of the kine-

tic investigations reported to date on arene and triene 

displacement from chromium(O) tricarbonyl derivatives by a 

range of bath strong and weak nucleophiles or another arene 

or triene did not reveal any contribut ion from a dissoc ia-

tive terme 

The activation parameters ware' obtained by least-

squares analysis of the kinetic data for the variation of k2 

vith temperature (Tables 4.3 and. 4.4) employing the follow-

ing equation: 

(4.2) 

J 

The enthalpy of activation was calculated from the r( 
slope of the usual ln k2 vs. liT plot and is small and posi­

tive whi1e the entropy of activation is large and negative 

in both the thiocarbonyl an~- selenocarbonyl case (Figure 

4.3). Tnus the rate-determin~? )step appears to involve a 

1 
1 

r 
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Table 4.3. Variation vith Te.perature Qf k 2 for the.,., 

Reaction of (bz)Cr(CO)2(CS) with Trlaethylphosphite 

in Kethylcyclohexane 

T 

83.3 5 ;'46 + 0.34 

76.6 3.27 + 0.09 -
72.4 2.42 + 0.12 -
67.0 -1.69 + 0.05 -
59.9 ~" 0.92 + 0.06 -

\ 
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Table 4.4. Variation with Temperature of k 2 for the 

Reaction of (bz)Cr(CO}2(CSe) with Triaethylphosphite 

in Kethylcyclohexane 

T 

Oc 

0;) 

72.6 

63.2 

57 .9 

53.0 

/ 
i 

1 

\. 

> 

'" 
/ 

k 2 X 105 A 

K- 1 s -1 

13.9 + 0.4 -
5.92 + 0.04 -
4.31 + 0.13 

2.72 + 0.01 -
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-8.8 

-8.4 

-8.8 

-'.2 
-'.6 

-11.1 
-18.4 

--18.8 " 

-11.2 
-11.6 

-12.1 
a.8a 2.83 2.8' 2.8~ ~,~2 2.'5 2.98 3.11 3.14 3.87 3.11 

( lIT) x 103 (,,1 ) 

'1lure 4.3. Plote of ln K2 vs. lIT for the reactlon of 
(bz)Cr(CO)2(CX) vith (HeO)3 P } :.t X • S._, X • Se. Leaat­
squares , anal ysl. of the.! data_1ields AH ,. 17.7+°/4 k~al 'a01- 1 
and AS - -28+1 cal ao1 1 deg for X· S and AH • 17.9+1.3" 
k cal .0 1 - 1 and AS. - 2 4 +' 2 cal .0 1 - 1 d e 1- 1 for X • Se. -
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bimolecular associative process. Similar activation para-

meters (Table 4.5) were obt~ined in previous kinetic studies 

of the reactions of (rl-Arene)M(CO)3 (M = Mo, W) with a 

ligand L (L = (MeO)3P' R C1 3 P (n = 0-2~ R , alkyl or n -n 

~ 

1 . 

aryl)] [1,2,4] and of (cht)M(CO)3 CM = Cr, Mo, W) with \,/1 

( MeO ) 3 P [3}. The5e data were interpreted in terrns of the 

mechanism described in Section 4.1, involving a partial 

displacement of the ~&-coordinated arene or triene to an ~4_ 

bonding ~ode prior te attack by the ligand. This sarne rnech-

anism rnay, therefore, be postulated te account for the kine-

tic data reported here for arene displacement from (~-

Arene)CrCCO)2 (CX) ex = s, Se). 

Comparisen of the activation parameters in Figure 4.3 

reveals that the entropy of activation is the factor govern­

ing the difference in reactivity between (bz)Cr(CO)2 (CS) and 

Jbz)Cr(CO)2 (CSe), while the enthalpies of activation are 

sirnilar for the two complexes. That t1S# i5 more negat;ive 
Jf ... 

for Cbz)CrCCO)2 CCS) than for {bz)Cr(CO)2 (CSe) may imply a 

cfoser proximity of the arene and the incorning ligand to the 

metal in the transition state in the thiocarbonyl complex, 

leading to more unfavaurable sterie interactions. Thfs 

possibil i ty ls supported by the longer meta1-arene bond in 

(mbz)Cr(CO)2 (CSe) compared ta (rnbz)Cr(CO)2 (CS), established 

by X-ray diffraction studies of th,ese complexes (16]. Fur-

thermore, the P-Cr, bond 1eng ths observed in the crystal 

~ , 

l' , 



. " 

\ . 

Table 4.5. Activation Parametere for Ring Displaceaent Reaction. 

of (cht)Cr(CO)3 and '(71-Are~e)Cr(CO)2(CX) (X - 0, S, Se) 

Coaplex Entering ~H' -AS' 
ligand kcal mol- 1 cal 11.01- 1 deg- l. 

(cht)Cr(CO)J 4 (HeO)3 P 16.5 + 0.7 -25 + 2 

(cht)Cr(CO)J b ' C6 HSCN 17.7 + 0.5 -26 + 1 

(cht)Cr(CO)1b CH 3CN 21.6 + 1.0 -15 + 3 

(naphth)Cr(CO)3 b CH 3 CN 16.8 -20 

(bz)Cr(CO)3 C C6 (CH 3 )6 29.6 + 1.0 -4 + 3 

(~-xyl)Cr(CO)3 c C6 (CH l )6 29.9 + 1.0 -12 + 3 

(mes)Cr(CO)3 c C6 (CH 3 )6 25,1 :t. 0.9 -18 + 2 

(~-Arene)cr(CO)2(CS)d Arene*e decompoaltlon 

(bz)Cr(CO)2(CS)f (KeO)3 P 17.7 + 0.4 -28 + 1 

(bZ)Cr(CO)2(cse)f . (HeO)3 P 17.9 + 1.3 -24 + 2 . 
1 
~ 

a From Reference 3; methylcyclohexane solution. 
b From Refer~nce 6'; dichloroethane solution. 
:From Reference 8; cyclohexanone solution. 
A~eoe a C6H6 • C6~5C02CH3' C6 HSCH 3 • 

eThls ~prk; Arene • COH
l

(CH 3 )3' C6 (CH l )6' C7US (neat or vith THF). 
fThis'work; ln methylcyc ohexaoe,801ut 00. 

i 

''; 
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structure of Cr(CO)2 (CSe)[(MeO)3 P ]3 (especially for the P-Cr 

bond trans to the CSe ligand (Table 2.4») are longer than 

the corresponding bond lengths in the thiocarbonyl analogue 

(Table 2.2). These longer P-Cr bond distances suggest a 

less significant steric effect due to the incoming ligand 

dur i ng bond format ion in the act i vated complex in the case 

of the selenocarbonyl derivative. 

A second factor that may be considered in accounting 

for the observed difference in t:, S# is the ease of distortion 

of the arene ring. The complexes (~-1,2,3-trimethoxy-

benzene) Cr {CO)3 and (~-diethylaniline)Cr(CO)3 have been 

fourrd to exhibit a greater degrée of arene lability than 

would be ant ic ipa ted on the bas i s of the 'Tletal-arene bond 

strengths in these complexes [181. Recently, crystal struc~ 

ture invest igat ions of the se complexes [191 revealed SIg ni-

f icant dis tort ions of the arene from a p1anar geometry in 

both cases; it has been proposed [19) that these distortions 

allow an incoming nucleophile greater accéssibilty ta the 

metaI centre, thereby effecting an enhancement in ring 

lability. Analysis of the crystal structure data' for the 

complexes (mbz)Cr(CO)2 (CX) (X = 0, S, Se) [16J revealed 

minor var iat ions in the me tal-C ( ri ng) dis tances. No ev i-

dence was found for: ai-ene distortions of comparélble magni-

tude to those cibserved for (~-diethylanilJne)Cr(CO)3 or 

(Tl-l,2,3-trimetho}Cybenzene)Cr(CO)3. However, the lack of 

.' 1 

'. 
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ring distortion in the solid-state structure does not 

preclude the
6 

possibility that the lower entropy of act,iva­

tion in the arene displacement r~action for (bz)Cr(CO}2 (CSe) 

relative to the thiocarbonyl analogue may be due ta a more 

facile'distortion of the arene ring ln the activated state. 

Subsequent ta establishing the rate expression for 

arene displacement, an examination of the effect on arene 

labillty of substituents on the ring was undertaken. 

Increasing the number of methyl groups on the ring generally 

decreases the rate of the reactlon (Table 4.6). The reac-

tion of (Tj-mesltylene)Cr(CO)2 (CS) with (MeO)3P was tao slow 

to measure accura tely sa tha t only the rate for react ton 

with the much more nucleophilic (~-BuO)3P (see Table 4.7) is 

glven in Table 4 .. 6. NO attempts were made to investigate 

react ions of arenes Wl th more than three electron-donat inçf 

substltuents because these would be tao slow to monItor with 

any degrée of accuracy. The results in Table 4.6, including 

the anomalous ly f as t ra te of 2-xylene d isplacemen t, are in 

l ine wi th k i net ic stud 1.es reported by othe r groups who have 

investigated the are ne displacement reactions of 

(n-Arene)M(CO)3 (M = Mo, W) [1,2,4). The decrease in reac­

tion rate upon addition of electron-donating sUbstit~ts on 

the arene ring may be attrlbuted to the strengthening of the 

metal-arene bond resulting from the increased electron den-

sity at the ring. Steric effects may also contribute ta the 

! 

-
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Table 4.6 Pseudo-First-Order Rate Constants for Arene 

Dlsplacement by Trlmethylphosphlte from (~-Arene)Cr(CO)2(CS) 

Complexes at 83.3°C a 

Complex Arene in 

() (~-Arene)Cr(CO)2(CS) 

1 1,3,5-C6 H3 (CH 3 )3 0.99 + 0.02 c 

Il ~-C6H4(CH3)2 
d 

III ~-C6H4(CH3)2 2.06 + 0.04 

IV C6..!;ls CH) 1 .~9_9 + 0.04 -
V C6 H6 2.91 + 0 •• 17 e -
VI ~-C6H4(CH3)(C02CH3) 4. 15 + 0.14 -
VIt C6 HS C0 2CH) 7.33 + 0.08 -
VIII ,2,-C 6 H4 (C0 2 CH 3 )2 10.2 + 

IX ,2.-C6 H4(OCH)2 20.2 + -
X C6 HS N(CH 3 )2 24.8 + -

aIn methylcyclohexane at [(MeO)3P] - 0.508 M. 
bAverage of at least ) runs; uncertaintles are standard 
deviations. 

o.i 

0.2 

0.2 

c Rate constant for (~-BuO)3P; cf. value for reaction of 
d(bz)Cr(CO)2(CS) with (~-BuO)3P in Table 4.7. 

Reaction too slow to yield an accurate rate constant. 
eValue interpolated from plot ln Figure 4.2; uncertalnty 19 
standard error of the least-squares-fltted line. , 

\ 
"-.. 
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observed t~~that the uents on the ring may 

hinder the at~aêk of the at the meta! centre. 

The presence O'f electron- i thdrawing groups 9'n the ring 

enhances ring labi1ity (Tab 4.6) in. accord wi'th the 

abi li ty of these groups tQ decrease the electron densi ty 

availab1e at the ring for bonding to th~ metal. The ." 

presenc-e of both an electron-donating and an e1e?tron-with-

drawing group on the ring gi~es an interrnediate rate ,for the 

ring di splacemen t react ion, wh i le the presence of a second 

electron-withdrawing group in the para position has a 

cooperative effect in enh~ncing the rate of displacement. 

In order to probe further the relationship between the 

rate of are ne displacement and meta1-arene bond strength, 

force constant calculations for the meta1-arene stretching 

vibrations in these complexes would be in order. These 

force constants can really ~nly be acquired through detailed 

normal coord i na te calcula t ions [20). Fortunately, 'however, 
~ 

the CO stretching force constants are known to reflect the 

electron densi ty at the metal in complexes of this' type and 

~an\ be corrslated with the electron-donating/withdrawing 

properties of the substituents on the arene [21]. There-

fore, the rate constants for arene displacement for a series 

of (Tl7(Arene)Cr(CO)2 (CS) complexes as a function of the CO 

stretching force constants of thé complexes are plotted in 

Figure 4.4. The latter were calculated from the positions 

'\ 
1 
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(~l' ~2) of 1:-he two v(CO) peaks in the IR spectrum according 

to the energy-factored force field approximation: 
'f 

\ / 

( 4.3 ) 

• 
wh,ere À. = 1/(41i2c2~?), c is the speed of light and ~ is the 
'1 l 

reduced mass' ot CO. A ~ast~squares analysis of these data 

yields a linear relationship between the CO force constant 

an-d ln- k
obsd 

(Figure 4.4) (r = 0.98, for compounds 
"'" 

III-VIII). Howevetj, the points corresponding to the 
\. 

dimethylaniline and Q-dimethoxybenzene complexes exhibit 

(r = O. 11 ~or compounds rr)-x). The anomalous behav iour 

same observ(tion. has been reported by Pidcock et f..1. in 

the i r stud ie5 of arene disp lacement from (T)-Arene) M (CO) 3 (M 

= Mo, W) . [ 2,41 •• This may be proposéd to result from distor-

tions of the arene from a planar geometry, as observed ~ for 

the diethylanil ine and trimethoxybenzene chromfum tricar-

bonyl derivati'Ves discussed above. Thus, in the thiocar-

bony 1 cQmplexes studîed here, a similar distortion 
• l.. -
ln con-

j uns:: t-ion .1ith the labilizing effect of the thiocarbonyl 

ligand can explain the .~nomafou~ly fast rate of arene dis-

from (1l-Q-dimethoxybenzene)Cr(CO)2(CS) and 

(T]-di~ethylanil i ne )Cr (CO) 2 (CS). 
,~ 0 

The, rate of ring .displacement can also be affect4ed if 

. the ccarbonyl groups are replaced by weaker 1t-acceptors or 

- , 

... 
" 

r' 

1 
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Figure 4.4. Plot of ln kobad values for the r.actions of 
('l-Arene)Cr(CO)2(CS) co.plexes vith (MeO)3P va. the carbon,l 
stretching force constants (kCO ) of t~e arene co.plexes. The \ 
followlng kCO values for the coaplexe, ~iven in Tabl~ 3.6 
vere calculated fro. Eq. 4.3: III. 1.5.32; H'. 15.36. V, 
15.42; VI, 1~"t52; VII, 15.58; VIII, 15.75; IX, 15.30; 'X, 
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stronger o-donors. The react i vi ty of (mbz !C,r (CO) L (CS) was 

compared wlth that of (mbz)Cr(CO)(CS)[(PhO)3P1. The 

monoca'rbony l complex 1S seen to be unreac t l ve over a ~l'er iod 

of 24 h at 87·C while (mbz)Cr(CO) 2(CS) reacts at 60·C in 

half the tlme. The lack of reactivlty may be attributed to 

two factors. F'lrs t, the wea ker iL-accept lng and s tronger 
/' 

a-donating properties of the tert1ary phosphlte relative to 

"-co increase the electron density at the rrtetal available for 

1l-backbond i ng ta the a rene, thus· streng thening the metal-

.... arene bond. Second, a sterl"c effect mpy also contribute' in 

.. 

, 
~ / 

that the phosph i te may block the access of the at t.ack ing 
plJ 

~, 

nucleophile to the metaI. 
1 • 

The decreased catalyt ic ac t i v'i ty 

. '. 
of (rj-Arene)Cr(CO)2(R 3 P) (R = Ph, OPh) compared to 

(n-Arene)Cr(CO)3 has been attributed to the above factors 

[22,23] • 

Table 4.7 shows' the effect observed wi th the var iation 

irt the sterie and nucleophilic character of the attaeking 

ligand. The react ion ra te increases i'ith. i ncreas ing nueleo-

philicity for ligands of comparable--size (similaro cone 

angles) and decreases wi th inc reas ing si ze of the 1 igand. 

This trend has also been reported in the study of arene 

displacement from (Tl -Arene) Mo( CO) 3 complexes (l J • Thus, the 

rate of arene displ acement by tertiary phosphi te deereases 
< • in the order (~-BuO)3 P > (EtO)3 P > (MeO) 3 P > (PhO) 3 P > 

(C6H110)3P [no reaction was o'bserved for (C6 H11 0)3 P]. 

éatalytie enhancement of ring displaçement from 

r ... 

.. 

'\ 
'\. ) 

\ 
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Table 4.7 Pseudo-First-Ordèt Rate Constants for Arene Displacement by 

Tertiary Phosphites fr~m (~-Arene)Cr(CO)2(CS) Complexes at 83.3 0 CB 

Arene in Phosphite Cone angle b k obsd x ,lOSe 
(~-Arene)Cr(CO)2(CS) 

deg -1 .. 8 

:Jr':,,~ C6 H6 (E,-BuO)3 P 14.4 + 0.3 

_ 1 

f 
i-' .. --

"\ 

" 

C6 H 6 (EtO)3 P 109 

C6H6 (MeO)3 P 109 

.E-C6H4(OCH3)2 (HeO)3 P 107 

C6H5 N(CH 3 )2 (MeO) jp 101 

.P..- C6H4(?CH 3 )2 (PhO)3 P 128 

C6HSN(CH 3 )2 (PhO)3 P 128 

" 
C6-H6 (C 6 Hll O)3 P 135 

aIn methYlCYClOhexane!at [(RO)3 P ) • 0.508 K. 
bFrom Reference 25. 
CAverage of at least 3 runs; uncertainties are 
dValue interpolated from plot ln Figure 4.2, 
error of the lea8t-8quare8~fltted line. 

i 

! 
1 
t , 
, 

e.: 

7.16 + 0.28 -

2.91 + O.17 d 

~0.2 .:!:. 0.2 

24.8 + 0.2 

4.82 + 0.38 

5.68 + 0.18 

no rxn. 

/ 

standard deviationa. 
~ncertalnty 18 atandard 

,. \ , 
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Cbz)Cr(CO)2(CSe) was seen with the addition of (Me)3PO 

(Table 4.8). DecolTIP<?s i t ion was observed in the absence of 

tertiary phosphite. The strong labilizing effect of oxygen 

donor bases has been noted prey iOU51y [241. Trialky1phos-

phine oxide5 have been used in various systems to catalyze 

co subst i tu t ion [25,26] and have been reported to enhance 

ring lability in (Tl-Arene)Mo(CO) 3 [2]. In the present case, 

the catalytic enhancement can be postulated te involve 

nucleophilic attack on the metal by the oxygen, forming 

The kinetic study of arene disp1acement in (n-Arene)Cr-

(CO) 2 (CSe) by (MeO) 3P was also perfot"med in dichloroethane 

The reaction rate is 

,s1ightly ~igher than that observed in methylcyclohexane (k 2 

= 2.72 x 10- 5 M- 1 s-l at 53.0·C) providing evidence that the 

act ivated complex may be pôlar in character and poss ibly 

solvent stabilized [11. 

No kinetic data are avai~ablEt for aren~ displacement 
1 

from (T)-Ar~ne)Cr(CO) 3 complexes due to their slow reactiv-. 
ity. Attempts were made in this study to measure the 

kinetics of ar:ene substitution reactions of arene chromium 
~ r.., 

tricarbonyls under rigorous conditions (83.3°C, [(MeO)3 P1 : 
1 ;. ~ 

[(Tl-Arene)Cr(CO)3] = 3000:1) and even for (Tl-dimethyl-
, ~ 

aniline)Cr(CO)3' one, of the most reactive tricarbonyl' com-

plexes, after heating for 48 h,there was no decrease in its 

, 

r" 
i 

1 

'" 
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Table 4.8 Pseudo-First-Order Rate Constants for Arene 

Displacement from (bz)Cr(CO)2(CSe) by Trimethylphosphite 

in the Presence of Varylng Concentrations of 

Trimethylphosphlne Oxide at 42.6°C a 

1 
.{(Me)3 PO ] 

M 

0.510 0.61 b 

0.510 0.171 2.60 

0,.510 0.343 10.2 

0.510 

. 
aIn methylcyclohexane solution. , 
b ' Reaction too slow to mea"sure; value estimated as l,., 

k 2 x [(KeO)3P]' with k 2 calculated using Eq. 4.2. 
c Rate of decompositlon. 
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UV-vis ible absorbance nor was there any evidence of product 

forma t ion. Under the sarne conditions, ( TJ-d irnethy 1-

aniline)Cr(CO)2(C5) reacts completely in less than 3 h. 

C lear-ly, the effect of the th iocarbonyl ligand- on the reac-

tivity of chromium carbonyl 1:5 , quite the complex arene 

signif icant. From these data it can be seen that e{j~n plac-

ing the must electron-withdrawing substituent on the arene 

ring in a tricarbonyl complex would not result in a labiliz-

ing effect on the metal-ar-ene bond as great as that result-

ing from the, substitution of one carbonyl group by a thio-

carbonyl ligand. Furthermore, the effect of substitution of 

a selenocarbonyl ligand in place of a carbony l ligand has 

even more dramatic effects on arene lability. These first 

k inet i c r-esu l ts for- a se lenocarbony l complex reported here 

have provided a quantitative measure of the increased reac-

,l 

tivity of (TJ-Ar-ene)Cr(CO)2(CSe) complexes with r-espect to t 

l, 

their thiocarbonyl counterparts, the enhancement in ring 

lability being close to fivefold at 50·C. 

Table 4.9 shows the ra tes recorded for various ring 

d isplacemen ts from Group VIB meta 1 complexes by (MeO) 3 P. 

Ring lability decreases 
~ 

in 

(cht)W(CO) 3 »'(cht)Cr(CO) 3 » 
+ 

the order (cht)Mo(CO)3 ;. 

(b~}"~(CO) 3 ) (bz)Cr(CO) 2(C5e) 

> (bz)Cr-(CO)2(CS) > (bz)Cr(CO)3' The react i vi ty of the 

cycloheptatriene derivatives' has been attributed to the 

relative weakness of the bonds between the metal and the 'U 

.. 
1 , , 
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Table 4.9. Rate Constants for Ring Displacellent froll .i> 

(,,-Arene)M(CO)2(CX) and (cht)M(CO)3 Complexes by (MeO)3P at 

50.0 oC 

Complex 

_ (cht)Cr(CO)3 a 

( 'o( b z ) C r ( CO) 3 b 

(bz)Cr(CO)2(CS)C 

(bz)Cr(CO)2(CSe)C 

(cht)Mo (CO) 3 a 

(cht)W(CO)3 a 

(bz)W(CO)3 d . 

( 11.0 

< 
(4.11 

(2.17 

2.43 

( 3.94 

( 2.29 

k 2 

M- 1 8- 1 

~ 

+ 0.2) x 10- 4 
-

10-6 

+ 0.26 ) x 10-6---
+ 0.06) x 10- 5 
-
+ 0.03 

+ O. Il ) x 10- 1 
-

~ 
10-5 + 0.10) x 

aFrom Reference 3, in methylcyclohexane. 
b Est i m~ t e d val u e f rom the pre sen t s t u d y j the rat e 0 f the 

reaction was too slow to measure accurately under the con­
ditions employed. \ . 

cFrom this work. in methylcyclohexane. 
d From Reference 4, in l, 2-d1chloroethane. 

-
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ring carbons adj~cent to the methionine group in the cht 

ligand while the relative rates down the metal triad have 

been correlated to the ring-metai force constants and metai 

size (3]. 

A striking feature of the arene displacement reactions 

of (1l-Arene)Cr(CO)2(CX) (X = S, Se) complexes is the 

invo1vement of an isomerization process, as evidenced by the 

predominant formation of the mer l isomer rather than the 

fac isomer which is the major product in the cht displace-

ment from (cht)Cr(CO)3. Tt has been shown in Chapter 3 tt\at 

in the temperature range at which the react'ivity of 

(ll-Arene)Cr(CO) 2(CX) with (MeO) 3P has been studied the fac 

and mer l isomers of the products, Cr(CO)2(CX}[(MeO) 3P ]3' 

are in equilibrium, with the mer T isomer predominating (K 
eq 

= 5). Fu rthermore, compar i son of the ra tes measured for the 

fac .. mer l isomerization process with results of the kin-

et ic stud ies reveals tha t the isomeri zat ion of fac-Cr( CO) 2-

(CX) [(MeO) 3P]3 is at least an order of magnitude faster than 

the rate of reaction to form Cr(CO)2(CX)[(MeO)3P]3 at aIl 

temperatu res studied. Tt is therefore likely that fac-

Cr(CO)2(CX) [(MeO) 3P]3 is formed first in the reaction of 
-

(ll-Arene)Cr(CO) 2 (CX) )with (MeO) 3 P , and then isomerizes ta 

the mer l isomer. However, the possibility that isomeriza­

tion 'also takes place in the intermediate steps of the reac-

tion prior to th,e formation of the final product cannot be 

, 
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ruled out. Sorne evidence against this latter possibility 

was obtained by monitoring the reaction of (bz)Cr(CO)2 (CSe) 

with (PhO)3 P by 31 P NMR spectroscopy. 

[( PhO)3 p] 3 was detected in a higher concentration than the 

mer l isorner in the ini t ial stages of the react ion wi th 
r 

(PhO)3 P (Figure 4.5), while the final' product was predomi-

nantIy the mer l isomer. This observation suggests that 

rearrangement to the therrnodynamically more stable mer l 

isomer occurs subsequent to the formation of the kinetically J 

expected fac product. The ini tial detection of the fac 

isorner wi th the (PhO) 3 P ligand bu t not wi th (MeO) 3 P may be 

the resui t of a slower ra te of isomer i zat ion in the former 

case due to steric effect,s imposed by the bulky phenoxy 

subst i tuen ts. 

The react ions of the triden ta te 1 igands tr iphos-U and 

triphos with (fJ-Arens')Cr(CO)2 (CX) afford fac-(L-L-L)­

e't(CO)2 (CX) complexes in quantitative yield, giving added 

support to the hypothesis that the fac product is formed., 

first in the reactions 'with the monodentate phosphite 

ligands. If the formation of the"rner l isorner in the latter 

ca&es was the result of isornerization of an intermediate in 

the reaction pathway, then reaction with tridentate ligands 

,might be expected to re~;ul t ei ther in bridg ing of the tr i-

dentate ligand across the metal or, if such a structure were 

unfavou,rable/' in a low, rather th an quantitative yield of 
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Figure 4.5. 3L p NMR spectrua recorded at t - 60 ain of the reactlon of 
(bz)Cr(CO)2(CSe) with (PhO)3P at 60°C. revealing the initial for.atlon of 
.!...!E.-Cr(CO)2(CS~)(PhO)3P13. Conditions: obtalned on a Varian XL-300 FT 
spectrometer operat1ng at 121.42 MHz; ll!-decoupledj sweep width - 30,000 
Hz; 'Offset .. 12.400 Hz; fl1p angle - 40 , repetition tiae - 0.5 s; nuaber 
of scans - 400. . ..... 
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the fac product. However, the high effect ive local concen-

t ra t ion of incoming ligand af ter coord i na t ion of the f irs t 

phosphorus atom of the tridentate ligand to the metal would 

not provide much time for rearrangement of an intermediate 

to oecu r. 

It is of interest to note that in earlier studies of 

tOi arene displacement from (n-Arene)M(CO) 3' kinetic investiga­

tions of the reactions of (T)-Arene )Cr(CO) 3 with ligands L 

were not undertaken because they yielded products other than 

the expected f ac-C r (CO) 3 L 3" Although we were unable ta 

obtain kinetic data for arene displacement from (n-Arene )Cr-
, 

(CO) 3( by (MeO) 3P, we were able ta characterize the products 

of t~ese reactions as mixtures of mer- - and fac-Cr (CO) 3-

[(MeO)3 P ]3 with the mer isomer predominant. Furthermore, 
<J 

the rat.e measured for fac -+- mer isomerization of this com-

p1ex (Chapter 3) is faster by at least three orders of mag­

ni t.ude t.han the rate of are ne d isplacement in the (l1-A\"ene)-

Cr~CO)3. systems (Table 4.9). Tt{erefore, just as for the 

t.h io- and se 1enocarbo.ny l analogues, the formation of pre-
, 

dominantly ~-Cr(COl,3 [(Me?) 3 P ] 3 in the reaction of (T)-

Arene)Cr(CO) 3 with (MeO) 3P may be attributed to isomeriza-

tion of the exp'ected fac isomer at a muc,h faster rate ~ha~ 

its rate of formation. In the case or the react ion of 

(cht)Cr(CO)3 with (MeO)3P' the reaction rate at, for è'Kam-
" 

pIe, 50 D e [3] iS eight times faster (for [(MeO)3pr = lM) , 
1 
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than the rate of isomerization of Cr(CO) 31(M~O} 3 P]3 at ,this 

temperature, thus accounting for the formation- of the fac 
) 

isomer. 

4.4 Conclud i ng Remarks 

The studies of arene labilization for the thiocarbonyl 

complexes were initially undertaken to elucidate why such 

complexes lack the catalytic activity exhibited by the cor-

respond ing tr icarbony l complexes. The resul ts des cribed 

here demonstrate that the products of arene displacement 

react ions of the th iocarbony l complexes exhibi t a faster 

rate of intramolecular isomerization than the parent tricar-

bonyls. The rapid occurrence of rearrangement processes of 
1 
\, 

the type observed in th is study would not afford the neces-

sary in termed iates requ i red for ca talyt ic act i vi ty to take 

place, since it has been shown that the ~ configuration is 

crucial in effect ing hydrogenation through the mechanisms 

outlined in Chapter 1. ,In addition, the cr:(stal structure 

of Cr(CO)2(CS)[,(MeO)3 P]3 obtained provided evi<;ience for a 

very large arnount of electron dens i ty on the th~ocarbonyl 

1 igand the c-s 

bridging CS group. 

bond distance approximating that of a • 
Nucleophilic attack by the sulfur atom 

of the thiocarbonyl ligand has been reported [27] for com-

plexeS' exhibiting low v(CS) frequencies and, accordingly, 

long C-S bond lengths • Since hydro~enat ionA studies take 

place in the presence of "\donor solvents, Cr(CO) 2 (CS)L 3 

c 

1 
/ 

,1 

1 
1 
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species are probably forrned. It is likely that the el_ectron 
\ 

dens i ty on the CS ligand in such species is suff ic lent to 

cause the thiocarbonyl to act as a nucleophile lead ing to 

side reactions or autodecomposition. 

Al though, to da te, no ca talyt ie 5tud ies have been per-

formed with selenoearbonyl complexes, their catalytic acti-

vit y will almost certainly be the same as that of th~ thio-

carbonyl cQmplexes because of the similar reaetivities of:, 

these ehalcoearbonyl derivatives. 
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PART II 

Applications of FT-IR Spectroscopy 
; 

and Metal Chalcocarbonyl Chemistry 

in Biological Sy,stetns .' , .. 
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APpl icat(ons of FT-IR, Spectroscopy in the S tudr of 

Bio1ogica1 Systems 

In the 1984 ~1ay-June issue of Appl ied Spectroscopy, 

J.akobsen announced in a g~est edi torial the recent format ion 

first Naeional Center fôr Biomedical FT-I~' Spectro-

scopy. The logo- for the center is "an interferogdrm jaining 

the double hel ix structure of DNA with a caduceus ta repre-
. 

sent the bridge of molecular spectroscopy between biology 

" ~ 
and medicine. He stated the fOnctions of the center are nI) 

ta ad vance the 5tate-of~the-art of FT-IR; 2) to demonstrate 

new applications of FT-IR in bath biology and medicine: 3) 

to collabûrate with scientisèr-outside the Center and pro-

vide them with spectroscopy information useful ta the ir 

researcht 4) to spread the ward ta the scientific cammu~ity 

about the use af FT-IR ir:t this research; and 5) .. ta tra in 

( 

• 

-

. . 
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"" 
scientists .in the 'use of FT-IR for' biomed ical p~~ses·. " 

.: 

'. In the pas,t, IR spectroscopy -has bee~ limi ted use­

fulness ~n the study of, comp1ex biOlogic~ systems for the 

following reasons'! 

(a). ,Spectra of ,dry prote in could not pro" ide a direct 

. c01;relation to in vivo biolog ical processe"s. Therefore, in 
, ---, 

, 
order to simulate biol:og ical conditions, spectra of b iolog i-

cal, sys tems' were genera lly :measured solu-

t ions; 
.-f 

resul t ing in a 10ss of larg e reg ions of th~ spectra 
4 ... 

because of the strong H20 (D 20) absorpU-ons. The use of 020 
1 

posed addi t ional problems because of hydrogen-deu terium 

exchange whic h oEten causes conforma t ional changes. 

(b) Biological systems generally contain many different 
'1 

proteins, as weIl as numerous organic species, which can 

have, an inte rfer ing effect in the study of the biomolecule 

" or the biolog ical process- of in teres t. 

1. 

(c) ,A large number of biologically active species exist 
\ 

in too' low concentrations to be detected by dispersive IR 

spectroscopy. 
~ • The advent of FT-IR instr,umenta t ion has allowed several 

orders of magnitude improvement ih signal-to-noise (SIN) 

" ratio in relatively short times of data acquistion (1-13] as 

a result of the multiplex (Fellgett' s) and throughput 

(Jacquinot's) advantages of the FT-IR spec~rometer. Dig,iti­

zation of the spectra permits dig ital absorbance subtrac-

t ion, there~by el im inati ng sol vent and other in terferences. 

\ '.,. 
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The 'following ex~rnples 'illustrate the types of information 

which have ?e~n o~tairied ~y FT-IR i~~tigat~ons of biOlOP.~­

cal systems. ~is' survey in part sWrves to indicatel the 

rather limi ted extent to. wl;lich FT-IR sp~troscopy has been 
- , 

applied 'in biological' studies. It does not include studies 

of the FT-IR spectra of isolated small biomolecules or model 
, 

compounds, which are far more numero~,s. 

{-

The first applications of FT-IR spectroscopy in biolo-
, 
9 ical invest igations were carr ied out by A).ben and co-wor-

kers. An ex:arnple of this Igroup' s work is their study of the 

," nature of carbon monoxi-de )binding and of the mol'ecular bind-

ing sites in various hemocyanins [14,15]. HemQcyan i ns - are 

thè oxygen transport proteins in- the hemolymph of many mol­

lüsc's and decapod crustaceans\ and reversibly bind o'xygen or 

1 carbon monoxide w~th a stoichiornetry of one 1 igand per two 

copper atoms. ,Relatively little was known about the ligand 

b{nding to copper in these proteins. before the FT-IR stu-

dies. The IR spectra of the hemocyanin-carbon monoxide 

complexes. of various species show great similari ties. They 

exhibi t only one narrow absorption ,band between 2300 and 

1800' cm-1 due to bound carbon- monoxide. Thererore, only one 

k ind of CO environment appe~rs to exist for @ach species 

[ 16]. The observed narrow half-band width, as compared to 

half-band wid ths of carbonyl peaks in sol ven,ts of d'if ferent 
Jo? 

p'olarities', suggests that the active site of the copper is 
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\) 
locat~d in a non-polar environrnent in the protein (14,15). 'f 

AIso, the observed. differences in the absorption maximG 

[v (CO) J for carboxyhemocyanin in various speeies were attri-
1 

1 

buted ta differences in the amino a~id. groups coordinated to 

the copper bindÏng the carbon monoxide [15]. 

Alben and his co-workers have also utilized the 

enhancement of the SIN ratio in FT-IR ?pectroscopy relative 
'1 . 

ta prev ious IR spectroscopie methods to examine specifie 

amino acid interactions (e.g." sulfhydryl gtoups [v (SH) ) of 

cys~ine residues of .numan carboxyhernogl"obin) [17] • They 

showed that the absorbance' of the sul fhydry1 group is highly 

sensitive to the state of ligation, and to the tertiary aild 

quaternary, structure of the protein,' thus, providing a new. 

porobe of nat ive hemog1ob in structure and i ts conforma t ionar' 

- al te rat ions. 

More .recently Alben et al. undertook a detailed FT-IR 
. 

Investigation of the dynarnic interaction of carbon monoxide 
\ 

'" with a3 Fe and eUB in cytochrome c oxidase at low temperature 
~ . 

[18] •. They faund that photolyzing the Fe-CO bond results i:n 
, 

the, transfer of GQ to CUBa 'this process is reversible in 

.' the absence of light above 140 K. That the a3 PeCO showed a 

ver,y narrow v (CO) peak, while the eU B exhibited a much 

broader one, ind ica ted tha t the' carbon monox ide in a3 PeC~ is 

in a highly ,ardered environment separated from the CU B atom 
, l 

wh ich is in less ordered, more flex ible surround ings • 

\ 
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" Mantsch and co--workers have employed FT':'IR spectroscopy 

in the elucidation of the structure and functional proper-
r 

t ies 'of biomembranes. They have designed an integrated 

system, including hardware' and software modifications 

[19,20], ~o study severaI aspects of 'the thermal behaviour 

of natural ph~spha t idylethanolamines, ph~sphatidy1chol in-es' 

and phosphat idy lsu1fochol ines, by moni toring subtle changes 

in the ~bsorpt ion bands characteristic of '-spe2i f lC fu.nc­

tional groups. 
, 

FT-IR spèctroscopy has rec'~ntly been used" to examine 

metal ion interactions with ,DNA nucleotides [21), as weIl as 

the interactions of ,certain drugs, such as platinuITI com-. 
pounds with ant.i-tumour activity . . 

\wttn DNA {22]. ~ , 
'\ 

The monitoring of blood prGte in interactions with poly-., 
, p 

, '" mers 1s of great importance for the assessment of the su~t-

ability'of a material as an implant in the body '(e.g., arti-, . 
. ficial' heart valves, indwelling 

1 

catheters, dialysis mem-

'branes and other artificiai' organs). rhe event which seems 

to determine how well the body wil+ tole\rêite a given implant 

-' is protein adsorption, sinc~ adsorption of c?rtai.n proteins 

can induce thrombosis (clotting). The coupling of FT-IR 
" 
with ATR (attenuated total reflection) has provided the 

necessary sensi'tivHy to detect very thin layers of adsorbed 

proteins on various sJrfaces [23-25]. ~endreau et al. have 
" 

( 
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,-

utiiized' this.' technique for the first time to study protein 

a~sorption from flowing, intact dog plood on a polymer-

coated germanium surface [24] (Figure 5.1). They demon-

strated that wi thin the first fe",? seconds of flow rapid 
. 

adsorpt iqn of albumin and glycoprote ins took place; immed i-

stely thereafter, increased amounts of. fibrinogen and other 

proteins b0gan to adsorb, displacing albumi~ until finally a 

clot was forrn~d. This example represents one of ,the only ~ 

vivo biomedica1 experiments invo1ving FT-IR spectroscopy. -
Clearly the use of FT-IR, spectro~copy in the study of 

.' 
biolog ical sys'terns has not been widespread. As biolog ical, 

'" 

biochemical and rnedical res'archers become more aware of the 
, 
enhanced sensitivity and flexibility of this nondestructive 

(,) 

spectroscopie technique, new applications will certainly 

emerge. In Chapter 6, the invest igat ion of su ch an app1 ica-

tion 1 involving the use of, FT- IR spectr-oscopy to detect 

organornetallic-labelled ster-oida'l horrnon~s in their- target . 

tissue for purposes of teceptor 
a 

assay., will be descrlbed. 

Further, utility of FT-IR in the study of sorne selected 

chalcocarbonyl porphyrin derivatives will be presented in 

Chapte.r 7. 
.' 
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Chapter 6 

FT-IR Spectroscopy in Biological Assay 

6.1 Introduction 

The determination of hormonal receptor concentrat;,ions 

in tissue requires highly sensitive techniques in vi~w of 

the minute quantities involved (nanograms or less per gram . 
of tissue). Rad ioassay has been the princ ipal techn ique 

used in measuring $uch low concentrat ions. Though this 

method has proved quite powerful and is widely acceptéd, it. 

has certain drawbacks: high cost of radioisotopes, health 

hazards, limited vadety of usable isotopes, labell ir:g dif­

f icuI t ies, chemical and biochemica lins tabil i ty (includ ing 

radiolysis in solution). These problems have encouraged the 

search for non-radioisotopic methods in biological assay. 

In this chapter, the investigation of thJ feasibility 

.-----
of à new 1!'ethod of receptor assay will be presented. The 

method is based on the labelling of a steroidal hormone with 

a me):al tricarbonyl moiety and detection of this label in 

the hormone-receptor complex by FT-IR spectroscopy. The 

-
receptor chosen for the investigation was the e'strogen 

receptor. The approach to receptor assay described in this 

• 
chapter represe,nts one of the few examples reported of 

research on th~ incorporation of organometallic labels inta 

J 
\ 1 

1 

1 
1 
l' 
1 
1 
1 
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estrogens in order to label the estrogen receptor for diag-

nostic or therapeutic purposes. Recently estrogen has been 

labelled wi th boron-ID atoms (in the forro of a cage carbor-

ane molecule containg ten boron ato~s and two carbon atoms) 

by Hadd [1] (patent under review), with the hope that such a 

label would be taken up by cancerous cells that contain 

estrogen receptors. Subsequent bombardment \-li th a low-

energy neutron beam would split the lO~ giving off alpha 
. . 

particles causing necrosis in the immediate area. Cais and 

co-workers [2] have investiga ted the determina t ion of metai 

, labels in steroids by atomic absorption spectrometry. Dilu-

tion of the metal-labelled steroids in phosphate buffer 

yielded an atomic absorption calibration curve in the 20-500 

ng ml- 1 range for Fe-labelled steriod. However, no in vitro 

or:lrr vivo studies have bee~ performed to date to assess the 

utility of this method for receptor assay. 
,1' 

The process by which specifie estrogen binding to its 

receptor takes place has been traditionally described' as 

follows: the estrogeh en ters the target cell from the blood 

stream and ïnteracts with specifie receptor proteins in the 

cytoplasm, forming a non-covalent, high-affini ty complex. 

This complex then enters the cell nucleus and ultimately 

effects new protein synthesis [3] (Figure 6.1). However, 

recent stu~:iies ut il izing mQnoc 10nal an tibqdies to estrophi-

lin (estrogen receptQr protein) [4] and cell enucleation [5] 

1 

/ 
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Plgure 6.1. Tra"ition'al representation 
of a ateroidal hormone in a target ce11. 
A.L. Lehnlnger. "Biocheal stry". 2nd- ed., 
York.. 197;, p. 824. 
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have prov ided 
~ ~ 

evidence th-at the estrogen receptor resides 
) 

solely in the cell nucir~dé. It has been postulated that the 

observed local ization qf the .free receptpr \n the cytosolic 

fraction of cell homogenates occurs çiuring homogenization 

[5] • 

The interaction of ~strogens with their specifie recep-
, 

tors has been the focus of considerable research [6] and 

changes in estrogen receptor leveis are, Jmpl ioa ted in cer--

tain ,hormone-dependent canèers [7] • Estrogen rec~ptor 

levels have been determined by radiochemical techniques 

using a variety of radiolabelled modified estrogens (e.g., 

'The synthesis of chromium tricarbonyl derivatives of 

steroids has been reported in the lf'terature [8,9]. 

(est)Cr(CO)3 has been, prepared by heating Cr(CO)6 and 

estradiol in the presence of donor solvents slJch as THF and 

The A ring is the preferred si té for complexation 
. 

because it acts as a six-electron donor to complete an 

18-e1ectron configuration for the Cr(CO)3 moiety. Since the 

Cr (CO) 3 rnoiety can complex on ei ther side of the A ring, two 

diasteriomers with the ",-Cr (CO) 3 group either trans (à) or cis 

(~) to the me thyl group a t the 13-pos i tion of the ste roid 

are obtained. These isomers have recently been separated 

using thin layer chromatography [10].- The 0: isomer was 

found to be more stable as weIl as being the preferred pro-

.. 



---

( 0 

180 

\ 

duct1 was attributed to th~ greater steric 

hindrance encountered by the' tricarbonyl moiety in the cis 

product due to the methyl group. 

The fir~t requirement that must be met by these deriva-
, 

tize~ hormones'" if the organometall ie moiety i's to serve as a 
--.." i 

labe 1 for receptor assay is tha t they mus t be stable in 

'aqueous media., The second requirement is that they must 

reta in a high spec i f ic i ty for the ir particular receptor. 

The presence of the hydroxyl group at the 3-='posi tion of the 
'-" 

steroid was found to contr'ibute to the rapid decomposi tion 

of (est)Cr(CO)3 complexes in solution, yielding estradiol 

and chrom i um sa 1 ts. Incorporation of al' protecting group at 

the 3-hydroxyl group of the estrad iol resulted in stabil iza-

tiop 'of the product, presumably by shieiding the metai tri-

carbonyl moiety from at tack by sol vent molecu lrs' 

Enhancing the stability of the 'complex in solution 

invariably decreases receptor binding. Thus a vari.ety 'of' 

protecting groups were examtned [llJ in order to select the 

modified estradiol with the highest affinity for the estro­

gen rlceptor. The binding affi~ities of the modified estra-

diol complexes were assayed by competi t ive b inding stud ies 

using unco~plexed, tr i tiatep estrad iol hormone. (A drawback 

of this procedure is the inability to measure accurately the' 

levels of high-affinity,' non-specifie, binding of the. modi .... 

fied ~strogen complexes.) Bath the a and ~ complexes wi th a 
~+ .. " 

" , 

/ 
( 
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variety of protecting 'groups at the 3-hydroxyl group were 

test;;; and 't~ relative binding aff in! t ies (RBAI were 

calculated (Ta~\e 6. l). When the hydroxyl group is main-
v 

tained away from the steroid sk'eleton by a spacer chain 

(H-O-(CH2 )3-'2.) the highest affinity was observed. It 

appears also that the fixation site of the tripod on the 

A ring of the steroid stron~ly discriminates the a: and ~ 

diê:lst~riomers wi th 
1 

respect to their receptor recogni tion 
, . 

properties. While the ~ -isomers (.§.,.l.!.) show relatively 

modest affinities, the a-isomers (2,2,lQ) bind with signi-
~ , 

fican,tly higher affinities. Among the complexes listed in 

Table 6.1, compound 10 has the highest -RBA value, 28, which - , , 

is very close to th~t of the free ligand 9 (RBA = 37) , and 

thus may serve as an excellent choice on ;the basis of the 

r~cognition cri teria. 

In th is chapter, an investig a bion of t~e utility of FT-

IR spec,troscopy in the detection of' the mod i f ied, organome-. 

tall ic-labelled estrogens at phys iolog ical concentrat ions 

will be presented and the potent ial ànd lim,i tations of the , 

use of FT-IR in their quantitative analysis as an alte'rnate 

technique to radioassay will be discussed •. 

r 
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Table 6.1. Relative Binding Affin1:ties of Modified Estradiol.s 

and Their Chromium Chalcocarbonyl Der1vatlves a 

OH 

RO 

Compound R/metal Relative binding aff1n1ty 
chalcocarbonyl m01ety (RBA) b 

. 1 H/- 100 

4 Si (Me) 2 (l- Bu) / .. -- Il 

5 Si (Me ) ~ ( t - Bu) / 
a-Cr( oT3 1.05 

6 Si (i.te ) ~ (l-Bu) 1 
(J-Cr( 0)3 0.36 

7 Si(Me)~(l-BU)/ 
a-Cr( 0)2(CS) 1.5 

9 HO(CH 2 )3 / - 37 

10 HO(CHt)a l 
a-Cr C )3 28 

11 HO(CHr)a l 
(3-Cr C ) 3 1.75 

aDat a f rom Ref e re nces 10 and" Il. 
bThe relative binding affinity represents the ratio of the 
concentration of unlabelled estradiol ta that of the compound 
required ta 1nhibit half,of the'bind1ng of [3,H]-estradiol in 
a competitive binding a8say, with the RBA of estradiol set at 
100% • 

/ 
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6.2 Experime,ntal 
1 

The generai procedure for organometall:ic labelling of 
, . 

the steriod has been published previously [9J and is not 

i nciuded he're. However, the biochemicai assay has not been 
\ 

fully published. lt should be noted that the procedures 
{ 

describ~d in Sections 6. 2. land 6.2. 2 were performed by A. 

Vessières -and are only included here to provide the reader 

w{'th the necessary background in the s'àmple preparation 
e 

required for the FT-IR studies. 

6.2.1 Sheep Uterus Estrogen-Receptor Purificattpn 

Young sheep uteruses were obtained from the slaughter-

house and were put in iee immediately after their removal 

from the animal (the weight of the uterus should not exceed 

" 
10 g). AlI further manipulations were performed between 0 

,and 4·C. Surrounding fat was first removed from the uter-

uses, which were then washed with 0.9% NaCI solution and 

weighed. They were then homogenized in a "Waring Biender" 

in twioo their volume 0; Tris-Saccharose (Tris pH 7.5, 50 

mM; Saccharose, 0.25 M, mercaptoethano1, 1%.), and cen tri- ~ 

\ fuged for, 15 min at ,800. x g. After centrifugation the 
, 

supernatant was filtered through nylon gauze and centrifuged 

at 105,000 x 9 for 1 h. l'he supernatant from this centrifu-

gation ,constitutes what is called the cytosol. The reéeptor 

concentration ,in t'he cytosol was rneasured for one aliquot 

o 
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ùsing. the method described' by Thieulant et al. [12]. _ The 

cytosol was sUbsequently divided intG small fractions not"" 

larger tH'an 10 ml which were kept at -70 ·C. Per~oaic mea-

surements of the receptor concentr·a tion in these samples 
, C", 

showed that under these condi tions the ·level of estradiol 

receptor remain's èonstant for several_ months. The amount of 

cytosol prote ins was determined by the _ Low:ry assay using 

BSA (bovine serum albumin) -as a standard. The concentration 

df protelns in' the above preparations was usually' 10-12 

mg/ml cytosol. .' 

6.2.2 Preparation of Samples for FT-·IR Studies 

,. Varying volumes of cytosol were incubatè'd fpr 4 h at 

o·e with known concentratio~s of ~he organometallic-iàbelled 
\ 

estradiol derivatives to yield a final concentration of the 

label in the 'range 10-8 : 10~6 M. At the end of the incuba-

tion period, an equi}-l volume of protamine sulfate solution 

/----
(6 mg/ml) was added to precipitate the proteins. The pr~ci-

, 
pitate obtained was collected by centrifugation (3300 x g, 

15 min). 
~. 

After elimination of the supernat:ant'L ---the precipi­
( 

tate was washed 4 times with 5 ml of phosphate buffer (O.OS 

M" pH 7.4), twice with 5 ml -of distilled water and 1yophi-. ' 

• 
lized. T 's provides a white powder which can be used with-

------out further treàtment for the IR studies. The receptor con-

\ -

~ 

- / 
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binding assay using -3 H-es~radiol to be 'in the ;-ange of 300 

fmol per mg of precipitated protein~ 

6.2.3 Infrared Studies 

AlI solvents used were of spectrograde purity or were 
. 

d istilled under ni trogen prior to. use. KBr and Cs l (go Id 

label 99.999%) we)::'e obtained from Aldrich Chernie"al Co. 

Salid' samples were pressed into 3- or 5-mm pellets, using a 

"Qwik Handi-Press Set" availab~e from Aldrich. Samples 

lt1ixed wi th KBr or Cs'I were ground in sta inless ste,el vials 

using "Wig-L-Bug", also available fram Aldrich. 

A'11 spectr?1 were recorded wi th a' Nicolet 6000', Fourier 

/ 
transform-infrared spectrometer ,equipped with 'a mercury 

, 
cadmium tellur ide (MeT)' detector (Infrared Assoc iates, New 

, 
Brunswick, NJ), and hav ing a beam diameter at the focal' 

The'pellet holder wai supported on an X-y 

transI a t.or, 50 tha t- the sample pos i t ion could be 'adjus ted to 

ob ta in maximal detect:or response. Tèn thousand to thirty 
, " 

thousand scans (with a medium correlation) were accumulated 
, 

and cO,-added using the' LWA peog,ram listed in Appendix C. 

The mirror velocity was actjusted empirically to 0.640 cm s-t 

for optimum detector sensitivitYi the gain was increased to 

ailoN the inte rferogram to reach 50-:7 5% of i ts he ight in a , 

bàckground scan recorded for the empty pellet holder with' a 

source aperture of 6.3 rrrrn. The relative gain of aIl the. 
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points after the. first 1024 se.t was increased by a factor of 

eight. The co-added interferograrns were apodized using the 

Happ-Genzal function and Fourier transformed with one leveI 
.! 

of zero filling to yr-eld a resolutlQn of 4~7 cm- 1 • 
. ~ 

t , 

6.3 Resul~s and Discussio~ 

The prelirninary results presented -below' were obtained 

" with an organ,ornetalliç-labelled estradiol derivatized At· ~ 

_ position 3 with a silyl group (compound 5, Table 6.1); The 
\ -

• resul ts of further stud ies wi th compound .!.Q, having the 

highest RBA of any derivatized steriod complex tested, will 

be shown later in thfs section .. 
1 , ' 

In the receptor assay proced,ure under investigation" 1 

the r'orgarlOmetall ic-labelled hormone i5 incubated wi th the 

cytosol containing the hormonal -receptor, forming an organo­

metaqic-labeiled receptor ,cornplex (OLRC), and the cytosol 

proteins are then precipitated by additio"n of protamirte 

sulfate. The precipi,tate 'is then lyophilized, yielding a ~ 

white powder. The sarne procedure ls followed in the absence 

of the organome tall ic-labe1led hormone to yield the apopr,o-
F ' 

.teins. Figure 6,.2 shows the spectrum of the apoprotein,_ 
,J 

d i.l!u ted in a Cs l matr ix. Of particul~r interest her~ is the 

lack of absorption ,in the region .between 2200 and 1800 cm-l, 

thereby limiting any }nterference from the protein backbope' 
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in the detection of the 'metaI earbonyl 'stretching vib~ations 

~hieh oceur in this region., Sarnp~es in which the proteins 

from the cytosol had been precipi tated wi th hydroxyapati te . 
J ... • ~ 

! 

rather than protarnine sulfate were also examined. The 
~ 

ehoiee of .th is pree ï~ tat ing agent prov~d unsu i table for the 
1 

purposes of this wofk since the FT-IR spectra of these sam-

ples exhibi ted four weak peaks in the 2200-180,0 crn-1 reg ion'" 

presumaply due to overtones of hydroxyapatite P-O stretching 

-
modes • 

. The spectrum of Cr(CO) 3 -labelled modif ied estradiol/ 

Jcompound 5) i5 pre5ented in Figure 6.3. " . 
The much larger , 

relati ve intensi ty of the J metal c~rbonyl vibrations of the 
.\ 

Cr(CO)3 moiety at 1956(a1 ) and 1876(e) cm- 1 compar~d to the 

estrad iol baekbone, vibrations 'clearly ind ic~tes the advan­

t-age of the Cr (CO) 3 label in the detecdon of low concentra­

'tion~ of steroids by r\-IR spe~trosco~y. 
o 

Sinee the ratio of receptor to total preçipitated pro-.. 
teins is very small, and'"sinee mbdng with Cs! or KBr or 

dissolution 'would dilute the sample, thus wea,kening the IR 
.. ." '\" 

intens i ty of 'the carbonyl peaks, the protein was pressed 

into a 3-mm diarneter minipellet wi thout addi tion of CsI. 

The cho-ice of thé 3-mm diameter, which i-s less than the 

diarneter of the IR beam (5 'mm), represents a compromise 

between a~'lowing the maximum amount of energy to' pass 

throug h . the sample and minimizing the amount of protein 

required. 1 

, 
o 
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/ 1 

i 



--

/" 

~ 

':< 

• r--
If) . 
- l 

lf} 
\T) 

tT) 

wcr. 
(J. 
z 
<r: 
ID 
[Lm 
0(D 
If). 
QJ 

~ 

1'-
.:s' 

If) 
t\J 

tT) 
o 

1.1 

( 

\ 

~ooo 3~80 29ôO 

,,1.-

ri-

l 
.\ 

'- ~>' 
-~_/ 

~ 

1. 

{1 

.. -

$ 

Figure 6.3. fT-lB. spectrull of (RO-est)Cr(CO)l 
(compound i) in Ce 1. 

~-~ 

l,. /' 
/ 

~ 

~ 

~ 

6 

----- ~---

~ 

~ 
co 
\0 

1 



" 

190 

The spectrum of a presse9 pellet of the precipi tated 

prote ins con ta ining the OLRC (Figure 6.4) demonstrates the 

importance of the "windbw" in the carbony l' reg ion sinee aIL 

the absarption,s of the steroid skeleton are masked by the 

enormous absorptions due to the pree ipi ta ted pro teins. The 

earbonyl region of this spectrum is shown in Figure 6.5; two 

peaks at 1955(a 1) and 1881(e) cm- 1 are observed whic'h cor­

respond weIL to the \) (CO) modes identified in the spectrum 

of compound ~ in a CsI matrix. 

The spectrum in Figu~e 6 ~ 5 was obta ined by cct>a~ding 

20,000 scans. Co-adding spectra results in an increase in 

the SIN ratio equivalent to (nurnber of sca-ns)1/2. This can 

be a time-consuming proeess; however, if the number of data 

points eolleeted is redueed (i.e., lower resolution), the 

time required to obtain a given spectrum is shortened by 
~-

(lowe.r res./higher res.)2. Accor<iingly, enhancing the SIN 

ratio is achieved much faster at lower than at higher 
J 

( 

resolution. Since the width at "ha.1f-height of "'the carbonyl 

peaks is approximately 17 ar:td 25 crn- 1 for the al and e 
modes, respeetively, 4 cm- 1 resolution is -'quite acceptable 

as no' further information could be Qained, from scanning at 

h-igher resolution [13] . ., 
In order' to confirm 'that the peaks, observed in the 

cafbonyl reg ion éan be at tributed to thè carbonyl stretching 

vibrations., O'f the CrIC~) 3 moièty, samples of the precipita-' 
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ted proteins 0 tained after incubation of the thiocarbonyl 

analogue of (RO-est)Cr(CO)3 (compound ,2) [10] in, the 

presence of the receptor under the same conditions as des-

cribed for the \ tricarbonyl analogue were obtained. The 

FT-IR spectrum of çompound 2 i} CsI is shown in Figure 6.6. 

The v(CS) vibration is observed at 1204 cm- 1 and the v(CO) 

modes at 1954 and 1895 cm-l. The carbonyl reg ion of the 

FT-IR spectrum of the protein sample (Figure 6.7) shows two 

\I(CO) bands which ace shifted as expected in going from the ,... 

tricarbony l to the thiocarbonyl ana-1-,ogue. This observation . 
provides confirmation that the bands seen are indeed due to 

,\ 

the carbonyl absorpt ions 0 The thiocarbonyl stretching 

vibration (1200 cm- 1 ) is buried beneath the extremely 

intense vibrational mOd~s of the pr-o~s., 

In order to assess the ,potentia~ of this method in 

quantitative determination, investigation of the intensity 

of the carbony l' peaks of the Cr( CO) 3 label as a function or 

pellet we ight ( i. e. , arÎloun t of prote in) was undertaken. 
~" »,,-

Clear ly a l inear rela t ionsh ip is requ i red if the FT-IR mea- " \ 

surements are to serve as a basis for receptor assay. 

Various. methods of treating the data were investigated 

\,Ising CsI pellets of varying we ights wi th the sarne concen-

tration of (RO-est)Cr(CO)3 (compound~) so as to ascertain 

the best approach to the correlation of carbonyl intensi ty 

'with amount of complex present (as 'represented by wt. of the 
... ~ 
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sample) • Table 6.2 lists the four methods examined. These 

include peak height, peak area, and first derivative and 

second 'derivative techniques. In aIl cases, da ta were ana-' 

lyzed for the al ,,( CO) mode ra ther than the broader e mode. 

The results show that the integrated band area method pro-

vides the best correlation between band in,tensity and the 
,., 

concentration of the organometallic comp1ex by virtue of 

having the highest ccDrrelation coefficient and the largest 

slope. The peak he ight measurements are also seen ta corre-

late weIl with concentration, whi1e the derivatives 'are 

somewha t less rel iable. Differentiation enhances narrow 

spectral lines, and this enhancemen t can be used adva~ tage­

ously in the analysis for trace quantities of small or 

highly symmetrical molecules. Conversely, the broader the 

band the less useful this feature becomes (14). The second 

derivative spectrum of the (RO-est )Cr (CO) 3 complex is 

presented in Figure 6.8. The second derivative of the al 

mode can be clearly. seen while that of the broader e mode is 

poorly defined •. 
Ü 

Subsequent ta these studies of compound ~ in CsI, FT-IR 

spectra were recorded for a series of pell~ts of varying 

weights prepared from the precipitated proteins containing 
" 

the OLRC wi thout addition of Cs 1. The,areas undér the al 

v(CO) mode in these spectr~ were plotted as a function of 

pellet we ight (Figure 6.9). The linearity of this plot i5 
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Table 6.2. Ana lY8~ s of Peak Are a, Peak Hei"ght and Deri v àti ve 

Methods for Quantitative Determination of (RO-est)Cr(CO)3 

(Compound 1) in Csla 

Parameter Ab Bb r S tanda rd 
10 2 10 2 10 2 x x error x. 

Areac ,d 2.56 54.10 .99992 0.92 

Peak 1 .59 2.03 .9991 0 • .13 
he ight. 

/ 

lst derivative, 0.85 0.36 .9771 0.099 
maximum 

1st derivative, -0.31 -0.54 .9930 0.099 
mi nlmum 

lst derivative, span 1 • 16 0.91 .9894 0.099 

2nd derivative, span -0.13 -0.075 .9371 0.097 

aResults for the,al v(CO) mode,. , 
blntercept, A, and slope, B, obtained from plot of paramete-r 
as a function of weight of 3-mm CsI pe.1tet containing 
compound 5 at a dilution of 5.540 X 10- g/g Csl r Clntegration limits between 1984.0 and 1924.0 cm-'- • 

dUncorrected for background noise (i.e., an equivalent area 
in a non-absorbing region was not integrated and subtracted 
to compensate for the contribution of noise in the 
integration) • 
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Figure 6.9. Plot of the are. under t-he al 
V(CO) .ode of tbe· (RO-est)Cr(CO)3 Ia~el 
(eqapound S) ln the FT-IR .pectr. of pre.sed 
pellet. 0-:: •• dia.eter) of a proteln sa.pIe 
••• pellet ve1gbt. 
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.... 
satisfactory in the range of pellet weights from 1.4 to 2.5 

. mg (r_ = O. 98}. Samples weighing less than 1.4 mg represent 

insufficient material to forrn a pellet. For pellet weights 
1 <'. 

1 

greater than 2.5 mg, significant deviations fram linearity 

occurred, indicating self-absûrpt ion or a decrease in energy 

throughput in. the se th icker pellets. Therefore, al thaugh it:: 

would be advantageous to use pellets of the maximum 

thickness possible in order ta enhance the intensi ty of the 

peaks due ta the Cr( CO) 3 label, pe llet we igh ts under 2.5 I!'g 

must be employ~d for quantitative accuracy. 

In arder ta obta in an approx imate value for the' amou~t 

-of Cr(CO) 3 -label in these pellets r .. the integrated ~bsorpti­

vi~y of the al mode qf (RO-est)Cr(CO)3 (compound 2) in Cs! 

was calculâted from the area under the al v(CO) mode (A int )' 

as a function of pellet weight accarding ta the following 

. derivation: 

where J 

- .... ....,..# 
~ . 

A int: ? f A dv' 

" 

= bc f t d 'V 
\1 

\ . 

. , 

t d" i8 the integr-ated absorptivity = 
\le 

b == thickhess of the _ pellet 

c = wt. of (RO-est )Cr(CO) 3/1tr2b, for 

diameter 2r and thickne~s b 

.~ 
"1' 

\ 

a pellet of 

.-

'W1f 

,. 
, 

( 

1. 
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This holds true t·f r beam :> rpellet; aiso if rpel1et = r beam , 

maximum throughput is ~chieved with minimum sample weight; 

The wt. of (RO-est)Cr.(-C~) 3 in the pellet; Wcorn ' ïs given 

~ çy: 

w = C x (wt. pe.llet) 
corn corn 

... 
where C is the ~nown concentration by we~ght of the com-

corn 

plex in the -Cs! matrix and wt. pell~t !::::! wt. Cs! in pellet. 

Thus 

C corn' 

(wt. 

x C x (wt. pellet) 
corn 

pe Il et) g ive sas lope = E.' / 1tr 2 x 
" Int 

The measureme",nt of Aint (area under the .al v(CO) mo~e( 

integrated fram 1984.0 ta 1924.0' cm-l) for various rweights 

(mg) or pellets Qf (RO-est)Cr(CO)3 in Cs! having 'a 

'concentration 

. . 
gave a siope, .through least-squares "analysis,' of 0.5·4~ (r = 

0.9999). Thus 

0.541 mg-1 x 1t x ·(0'.15) 2 cm 2 

5.54 x 10- 7 9 (RO-estJ~Cr(CO) 3/rng Cs! 
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Us ing th is value, the integra t-ed àbsorbance oexpected " 

• for the a 1() v(CO) mode of compound 5 (mol. 'wt. = 521.47) 

labelling aIl the receptor sites in a 2-mg pepet containing 
, , 

300 frool mg-lof reëeptor protoeiÇl can be estimated as: 

" 

" 

Th is est imate'd integrate,~ absorbance value is .soignifi-
c • 

c'antly 10wer than that observed for the precipitated" pro-

teins labelled wi th compound 2. (F igure 6.9). Th is ind icat'es 
~ 

a ,large, degree of high-aff in i ty, non-specif ic' binding in 

these s~mples which may be ël'ttributed' to the îni t ial incuba.:. 
~ 

tian of ~he receptor with a high conc~ntration ,of corn~~nd 2-

(10- 6 M)' and possibly insufficient washing of the prec ipita- 0 

ted protle ins [11]. 
~ 

,~ur,ther studi5;i1S' were carried 
1 

out with compound , L. 1·2 - .. 
( [17a-1H] compound 10). The elegant synthes is by Jaouen et 

éi"l. [15] of this doubly labelled complex is illustrat~ in-

F .igure 6. la. 'I t shollld be noted that introductiQn of the 3H • 'il 

~ .' 
label at a carbon too close tp the metal resulted in ,aut'o-

radiplysis of the organometallic moiety. FT-IR studies of 
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compound 12 indicatè that it is quite stable in solution. 

Figure 6. 11 a, shows the \1 (CO) region of the FT-I~ spec-
, , 

trum of a sarnple bbtained by in vifrq incubation of compound 

g wi th, sheep uterine cytosol at approx imately the same con­

qentration' ( :::::: 10-8 M) as ~rentlY used in, radioehemieal 

assays with estradiol itse1f. The carbonyl. intens i ties in 

this spectrum, are c1early much lower than those observed 

wi th compound 2- Although the SIN ratio is high enough to 

"", discern det initively the presence of the carbonyl vibra-

t ions, the areas of these peaks cannat be measured wi th 

quantitative ,accuracy. The results of a competitive binding 

assay wi th free die'thylstilbestrol (DES) show that compound 

12 is bound Ji'p..ecifica1ly and reversibly to the uterine 

es't~~eIePtor [15] (Table 6.3). It shou1d be noteâ that 
,_-- "_J 
in this sample the level of non-specifie binding is signifi-

, . 
cant1y lower than that, of specifie binding, indicating the 

high degree of specificity of compound ld for the estrogen 

rec'ép~or. ' Therefore, the weak carbonyl peaks detéeted in 

Fig~re 6.11a are 'due in large part to the .oLRC. 

The reversibility of the binding hetween compound 12 
(' 

and the receptor was demonstrated by FT-IR, as weIl as by 

radioassay. The spectrurn of ~ sample o~tained subsequent to 

the competitive binding experiment wi1?h excess DES was 
!) 

recorded. ' The carbonyl reg ion of this spectrum (Figure 

l 6 .llb) re\teals the absence of any peaks due to the OLRC, 
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'igure 6.11. FT-IR spectruql (26,000 scans, 4 cm- 1 resolutlon) ln'.the V(CO) 
reglon of protelns pteclpltated' fJom the cytoBol ôf sheep uterus _fter 
incubation 'with (a) éompound 12 and Cb) compound 12 and a IOO-rold e.x'ceas. - - , 
of dlethy~~'11b~strol in a competitive blnding assay. l 
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Table 6.3. Determination of Specific and Non-specifie Binding of Compound 12 and 

Estradiol in S~eep Uterine Cytosol by Radioassaya 

Ligcmd 

Compound 12 

[6,7- 3H}-
17fj-estradiol 

Added 

46,420 

535,466 

Radioactivity (dpm ml- I ) 

Bound \Jlthout Bound wlth 

DES DES 

19,472 4,664 

166,333 23.080 

SPEtcifically 

bound 

14,808 (32%) 

1 
143,253 (28%) 

,-

" 

~ 
aResults from Referenae 15. P~rtions (500 pl) of sheep 'uterine cytosol were incubated 
at OoC for 6 h with either [6.7-3HJ17~-estradiol (4.7 nM; specifie ac~ivity, 52 Ci 

-1 -1) mmol )- or compound 12 (6-.3 nM; specifie activity, 3.3 Ci mmol • Non-specifie -
blndlng W8S determlned by uslng a lOO-fold excess of unlabelled diethylstilbes~rol 
(DES)";- îlound fractions were determined by prota~ine sulfate precipitation. -
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., 

because of the binding of DES ta the receptor, and also 

demonstrates the relative insensitivity of the FT-IR 

measurements at the present time in that t~e non-specifie 

binding of compound 12 measured by the radioassay was not 

detected in the FT-IR spectrum. 

The measuremen t of non-spec if ic bind ing can' also be 

accompl ished by deactivat ing the receptor (usually by heat­

{ng) and then incubating the denatured receptor with the 

hormone. The FT-IR spectrum of a sample prepared by thermal 

deactivation of the receptor protein and subsequent incuba-

tion wi th the orga nometa Il ic-label'led hormone d isp1ayed a 

. carbony l intens i ty larger than tha t of the unhea t.ed sample. 

This situation, however, was also observed radioisotopically 

[Il], indicating that denaturatioi! contributes in the se 

samples • ta inc reasi og the non-:spec if ie bind ing. 

The FT-IR spec t'ra of t:he organometall i e-labe lIed recep-

tor complex may also be used to el ic i t Sorne informatior.l on 

the polarity of the receptor binding site .. 
r 

The dependence 

of v(CO)' frequencies of metal carbonyl complexes on solvent 

polarity i5 weIl established (16). Table 6.4 shows the 

.shift of the carbonyl ;>eaks of compound .!.Q. to lower 

, frequency as the polar i ty of the sol vent i ncreases. 

Comparison of these data with the positions of the v(CO) 

modes in the prote in sampI es suggests that .the carbonyl 

moiety in the OLRC lies in a polar' environment~ Howe-ver, 
"'" 
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Table 6.4. V(CO)-Fr~quencies (cm- 1 ) of (~o-est)cr(CO)3 (Compound ~) in Soivents of 

Varying Dielectric Constant (e) 
.... 

. v(CO) 

Solvent e Solubilitya Al E Average 

Benze-ne 2.3 s 1957.7 1879.3 1918.5 
.' 

Carbon disulfide 2.6 ss 1959.0 1885.3 1922.2 

Ethyl acet'ate 
D 

6.0 vs 1957.3 1877.3 1917.3 

Tetrahydrofuran 7.3 vs 1955.9 1875.8 1915.8 

Acetonitrile 36-.2 vs 1954.0 1869.0 1911.5 

Csl di' ..... 1952.9 1868.4 1910.6 

as - soluble; 88 - slightly soluble; vs = very ~oluble. • 
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this· does not provide definitive evidence of a polar 

env i ronmen t at the receptor bind ~ng site si nce the carbonyl 

moiety may not be in proximity to the actual binding site. 

Also, the proteins were precipitated u,sing protamine sulfate 

whi'ch eould be a con tribut i ng fac tor to the polar i ty of the 

env i ronmen t. Recent stud ies have shown that the add ition of , 

hydrophob ic sùbs t i tuents such as al iphatic cha ins in the 

7a -position of estradiol increases the affinity of the 

steroid fo'r the receptor binding site [17]. This could be 

considered as evidence for hydrophobie character ,of the 

binding si te. However 1 further studies [l7) have shawn that 

add'ition of aliphatic chains of varying length in the 

6a -pos i t ion bring s about a s ignif i cant decrease in the bi nd-

ing affini ty of the steriod, thereby demonstrating the vari-

ability in the' polarity of the receptor b)nding site. 

The FT:-IR measurements reported here have shown that 

FT-IR spec troscopy can ,prov ide qual i ta t i"le informa t ion on 

hormone-receptor binding and has the potential to serve as a 

techn ique for quan tita t ive deteqni nation of receptor concen-

tration. However, the very weak intensities of the carbÇ>nyl 

peaks in Figure 6. lIa, obta i ned from a sample in wh i ch there 

is a higher level of specifie binding than of non-specifie 

binding, indicate that receptor assay by FT-IR spectroscopy 

is not as yet feas ible. The tra nsforma t ion of th is tech-: 

nique from the qualitative to the quantitative realm will 
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require enhanced sensitivity of the FT-IR spectrometer in---
'~ 

the carbonyl region of the spectrum. Possible instru:.~nta-l// 

modifications that may achieve such enhancement include the 

use of more sensitive detectors and larger collection 

rnirrors after the ,sample. The FT-IR spectrometer can be 

interfaced wi th a var iety of spec ialized detectors. Room 

temperature {triglyceride sulfa'te, TGS) detectors are not 

suited for fast-scanning spectrometers working in the mid-IR 

region because of their slow response time. Mercury cadmium 

telluride (MeT) detectors give a much faster response time 

and 'are weIl suited for the mid-IR region, the faster 

response time signif icantly decreasing da ta acqu istion 

times. The MeT detectors are made of an alIoy' of HgTe and 

CdTe, and theÏ!:" spectral response is a function of both 

specifie alloy composition a~d operating temperature. These 

detectors operate in the 5000-750 cm- 1 (MCT A), 5000-400 

cm- 1 (MCT!!) and 5000-300 cm- 1 (MeT f'> regions with a typi-

cal operating temperature range of 77-295 K. The detector 

used for obta ining the protein spectra in this study was the 

MeT!! detector op'erating at 77K. Figure 6.12 illustrates 

the relative sensitivity of the different detectors commer-

cially availab1e over the mid-IR range. It can be seen that 

the InSb detector has its maximum sensitivity in the metai 

carbonyl region (2200-1850 cm- 1 ) and is about an arder of 

magnitude more sensitive in this region than the MeT A 
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detector and approximately fort y times more sensitive than 

the MCT B detector 'used in this stu~y. C1early the InSb 

detector is the detector Of

r 

choice· for further res~arch on 

the use of metal carbonyl labels in receptor assay. Other 

recommendations include directIy placing the pellet onto the 

detector, which would reduce energy 1055 due to scatter ing. 

Alternatively, sca t tered energy co"uld be captured and 

refocused by using a Iarger collection mirror to intercept a 
, 

wider cone of diffusely scattered radiation [18]. 

6.4 Concluding Remarks 

In the present work, it has bee'n shown that FT-IR spec-

troscopy can detect very low concentrations of metal car-

bonyl-labelled modified estradiol in protein samples 

extracted from biological tissue. FT-IR spectroscopy can 

also in principle be used to calculate the concentration of 

estradiol-receptor complex in such samples providing that 

the extinction coefficient for the metal carbonyl peaks in 

the OLRC can be determined. Thus the combined -efforts of 

judiciously labelling a hormone with an organometallic 

moiety and 'subsequent detection of the label by FT-IR spec-

troscopy yield a novel method for receptor assay which is 

both non-destructive and possesses none of the drawbacks of 

rad tbisotopic techn iques. 
, 

However, the development of this 
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tec.hnique is in its early stages. In order for i t to become 

viable in clinical use, a minimum of two orders of magnitude 

increase in the sensitivity of the FT-IR measurements must 

be jlchieved. Current work in this area is also being 

focused on the synthesis of ho~ori"e-label1ed metal carbonxl 

cluster complexes [Il], which should y~eld highet integrated 

v(CO) absorptivities. 

. , 

-,' 

, 

" 



o 
~-~~~-_______________ "':"""'--____ ""' ___________ -' __ "'''':W!I_'''''''' ", •• *' 

( 

214 

'\ 

Rèferences 
.' 

1. Chernical and Engineering News, 62(46), 2'4 (l984). 

2. M. Cals, S. Dani, Y. Eden 1 O. Gandolfi, M., Horn, E.f!. 

Is~acs, Y. ,JoSephy, Y. Saar, tE. Slovin and L. Snar­

sky, Nature, 27'0, 534 (1977). 
'\ 

3. E. V. Jensen and KIR. DeSombre, Scienc.e., 182,,126 

n.973). 

4. R.B.J, King and, G.L. Greene, Nature, .307, 745 (1984)'. 

5. W.V. We1shons, M.E. Lieberrnan and J. Gorski~ Nature, 

,307,747 (1984). 

6. J.A. Katzenellenbogen", D.F. Heiman, K.E. Cal;'lson, and 

7. 

J .,E. Lloyd, in "Reeeptor-Binding Radiotracers", Vol. . -
I, W.C. Eckelman, ed., CRC'Pre~s, B0ea Raton/> Flo­

rida, 1982, !?p.93-l26 and references thereiri. 

See, for exarnp1e, C.J.L.M. Meijer, J. van Marle, J.P. 

Persijn, W. van Niew~nhuizen, J.P.A. Baak, M.E. Boon 
, , 

and J. Lindeman, V.irchows Arch., .iQ, 27 (1982). 

8. A, Na k am u ra and M • Ts u t 5 U i , Z. Nat u r fOL s ch., 18, 666 
• 

(1963). 

9.. G. Pouskou1e1i, r.S. Butler and J. Hickey, J. 1norg. 

Nue!'. Chem., 42, 1659 (1980); G. Po~skouleli, Ph.D.' 

thesis, MeGi1l University, Montreal, Ouebec, Canada, 

1981. 

10. G. 'Jaouen, A. Vessières, s., Top, A.A. Ismail and I.S. 

, ' 

( Butler, C.R. Aead. Sei. Paris, 298,683 .(1984)., 

J 

1 ; ., 
1 

1 . , 

.. , 



, 
-....-.~ ___ '--' ......... ..-....- ___ ~ __ i .. _~ ; .. #<~_............,._~ .. _, .... J',.,: • ..,. .. -

, .. 

215 

? 

11. G. Jaoue'n and A. Vess1i!res, tmpub'lishe.d results. 

12. M .. L~ Thleulant, S. Samperez and P •. Jouan', Endocrinolgy" 

~, 1552 '(1981). 

13. ~j-R. - Griffiths, "Chemical Infrared Foùrier Transforlll 

'Spectroscopy", J. Wiley and Sons, Neltl York, 1975. 

14. M. R. Whi tbeck" Appl. $pectrosc., l2., 93 (1981). 

15. G. Jaouen; A. Vessières, 'S. Top, A.A. Ismail and 

8utle~, J. Am. Chein. Soc., in press (1985). 

, / 
/' 1.5. 

16. D.A.' Br0}'in '-and F.J. Hughes, J. Chem. Soc. (A), 1519 

(1968). 

17. J.P. Abjean, Th~se 3ième cycle, Rennes, 1983. 

18. 'M. Friedman and J.L. Freeman, Appl. Spectrosc., 38; 700 

( 1984) • 

, , 

• 

. i 



... 
! , 

( 

r, 

. __________________ ~ ______ ~ __ L_ ________________ ~\----------

~ 

216 

\ A 

Chapter 7 

Investigation of Chalcocarbonyl(~,10,15,20-tetraph~nyl-

porphinato)iron~II) Derivatives by FT-IR Spectroscopy 
." 

7.1 Il'\troduction 

Many meta1-porphyrin dei"i vatlives hav_e been synthesized Q 

as model compounds for the study of- t.he binding ot- oxygen 

and other small diatomic mo1ecules to hemoglobin and 
) 

rnyog1obin, as weIl as to further the understanding of the 

detoxific~tion mechanisms of porphyri~containing cytochrome 

P-450 [1]. Among these porphyrin derivatives, (5,10,15,20-

tetraphenylporphinato) iron(1l) (FeTPp)=f is often oused 

becaus; of its stability and convenient synthesis [2,3J. th~ 
0-

structure of FeTPP is shown in Figure 7.1. Four nitrogens 

bind thè" iron in the equatorial plane through a-donatio,:" 
r 

and two ligands can be: intro~uced at the\ axial positions to 

complete a pseudo-octahedral structure~ The bonding bet,ween 
>" 

the iron and ~he porphy~in'also involves n-donation from the 

fi lIed metal dn orb i taIs to the vacant 1t * orbi ta ls de local-
, 

ized. over the porphyrin ring. Trye extent of the n-ba'ck-

bonding component of the metal-pol"phyrin intel"action varies 

wit~ the n-accepting pl"opertyes of the axial liga~ds. FeTPP 

=Funless otherwiseA"' stated, FeTPP in the various complexes ... 
d iscussed in this sect ion wi Il l"epresent low ... spin Fe (II) • 
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Figure 7.1. -Structure of (a) iron tetraphenylporphyr1n ana 
(b) protoporphyrin IX. 
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differs from the naturally occurriryg' protoporphyrin IX found 

in hemoglobin or myoglobin in that four pheny1 groups are 

introduced at the meso carbons and hydrogens at the t3 

carbons, wh i le in hemog 10bin the meso ca rbons are hydrogen • op 

substituted and the 13 positions have propionic acid, 

ethylen ic or methy 1 group subs ti tuen ts (F igure 7. l ). 

Complexes of the fÇ>nn FeTPP(CO)L with axially bound CO, 

trans to various ligands L (e.g., py, EtOH, lm, MeIm) are 

well-known synthet ic madels for the study of the binding of 

cd ta hemoglobin [4]. Recently, a serIes of analogous 

complexes in which the CO ligand lS rep1aced by a th iocar-
! 

bonyl or selenocarbonyl ligand have been prepared [5--7]. In 

addition, the pentacoordinated species FeTPP(CX) (X = S, Se) 

have been obtained [6,7J. Although other metal1opor/phyrin 

complexes containing a CS ligand 'have been synthesized [8], 

FeTPP(CSe) and Fe(TPP)(CSe)L (L = py, EtOH, MeIm) represent 

the on 1y examples of the incorporat ion of a CSe group into a 

metalloporphyrin system. The bondi-ng propeç-ties of both the 

CS and CSe ligands have been reviewed e1sewhere [9) and th~ 

stronger a-donor and n-acceptor capabili t ies of CS and CSe 

relative to CO, giving rise to a stronger bonding to low-

oxidat ion state metals, have been emphaslzed in this thesis. 

The CS and CSe ligands may also act as n::'-donors [10 J and a 

greate r f lex:i bi 1 i ty in t'he bondi ng propert ies of these 

ligands relative to those of co has been demonstrated [ll]~ 

. , 
__ J 
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The effect of these di fferences between the cs and CSe 

ligands, on the one hand, and CO, on the other, in the 

porphyrin complexes studied here is manifested by the 

stabilityof t'eTPP(CX) (X = S, Se) wher-eas the corresponding 
.' 

FeTPP (CO) de r i vat i ve is only stable under par-t ial CO pr-es-

'sure [12]. The thio- and s€!lenocarbonyl complexes can be 

heated up to 150·C under vacuum vllthout decomposlt1on [6]. 

The strength of the Fe-.C(X) (X = S, Se) bond is dramatical~y 

demons t rateà by the s tabi 11 ty of the th10ca r-bony land 

,selenocarbonyl complexes tOh'ards ox Idation in aerated ben-

zene - the half-life of FeTPP(CO){py) lS ....... 5 min [5J while 

the correspond lng sele~ocarbony l complex is stable fon hours 

[7J, and FeTPP(CS} (py) or FeTPP(CS) is s~able ~o oXldatlon 

even after- oxygen has been bubbled through the solut1on for 

20 h [51. The remarkable strength of the Fe-C( S) bond is 

also' indl,catred by the'two-electron oXldation of FeTPP(CS), 

without 10ss of the CS ltgand, to Eorrn Fe( III lTPP(CS)+ 

whereas FeTPP (tO) loses CO dur i ng the r-emova1 of the f irs t 

electron~ [13 J • 

The general synthet le route to Ithe th1oearbonyl or 

~elenoca r,bony l FeTPP complexes invol ves a r-ela t i vely easy 

procedure: Fe ( r II ) TPPC l is st i rreo ln ben zene under argon 

in the presence of Fe powder t-o forrn Fe O TPP: the subsequent . 
• ~ddit1on of PhCH2 SCCl 3 or PhCH 2 SeCC1 3 aEEords FeTPP(CS) [6J 

or !FeTPP (CSe ) [71 \espectivelY, in vecy high yield\; ("aO%). 

\ 
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F • • CH,CI, - CH,OH 
F. ( TPP )( QCOXR) 

-RCI 
--- ,Fe(TPP)(CXj fe( TPP) • RXCCI) 

(7.1) 

J 
The above react ion is of" great interest ~ince 'various 

compounds of the formula RSCC1 3 .exhibit fungicidal activity 

[e.g., f'olpet <.~) and Cap tan (b)J. Their toxicity has been 

postulated to stem trom the generation of free rad icals 

RSCC12 ' (WhlCh irreverslbly attach to the macromolecules of 

~e cell) durlng th"e reduction of RSCC1 3 by cytochrome P-450 
/' 

and subsequent formation of P-450-Fe(II) -C{Cl)SR and , 

P-4 50-Fe ( l \)_C5 [61. 

6 
• R= 

b '"R= 

o 

The effects on metallopqrphyrins of substituents on the 

porphyrin ring and ofaxlally bound ligands have been 

studied by a variety of spectroscopie techniques [14, 15J. 

The use of IR spectroscopy has been fa irly '1 imi ted, presum-
'. 

ably due to the complexity of the porphyrin spectra. The IR 

~pectra of tetraphenylporphyrin and several tetraphenylpor-

, , 
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phyrin metal complexes have been reported and partially 

assigned by Alben et al. [16., 17]. The metal-nitrogen 

stretching vibrations of such complexes, appearing in the 

far-IR spectra, have also been assigned [18.}. In a' recent 

study of the IR spectra of a series of iron tetraphenylpor-

- phyrin complexes [19], bands sensitive ta spin state and 
Q 

oxidation state were identified. In this chapter, the 

resul ts of a study of the FT-IR spectra of FeTPP (CX) ({( = S, 

Se) and FeTPP(CX)L (X = S, Sei L = py, EtoH) will be 

presented. This investigation was undertaken in arder ta 

examine the perturbations induced by the axially bound 
" 

ligands on th'e metal-:-porphyri n interact ions. 

( 

7.2 Experimental 

7.2. 1 «"~urces of ~'aterials 
Fe(III)TPPCl was purchased from Strem Chemicals. 

Samples of FeTPP(CX)L (X == S, Sei L = EtOH, py) \tIere 

obtained from Drs. J.P. Battioni and D. Mansuy (Laboratoire 

de chimie de L'Ecole Normale Supérieure', 'Paris, France) or 

were synthesized utillzing the procedure glven in References 

6 and 7i the reagents PhCH 2XCC1 3 (X = S, Se) were also 

obtained from Drs. Battioni and Mansuy. FeTPP(CX) (X = S, 

Se) complexes were prepared by heat ing FeTP,W( ex) (E tOH) at 

. 
( 

160·C for 4 h, as described in Reference 6. FeTPP(CO) -

l 
"1 

1 
! 
l 
; 

l 
! 

1 
1 
1 

1 
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( 

(py) was synthesized according to the literature. procedure 

[4}. CsI (99.999'°) was obta ined from Aldrich Chemical Co. 

7.2.2 Spectroscopie Measurements 

The IR spectra of al! FeTPP derivatives were recorded 

for sarnples pressed into Cs l pelle-ts, wh ich were prepared in 

an argon-purged 9 love bag. F:T- IR spectra were obta i ned on a 

Nicolet 6000 Fourier-transform infrared spectrometer (reso-

lut ion 0.5 crn-1 ). ,13 C NMR spectra were measur'ed on a Varian 

XL-200 spectrometer equipped with a. broad-band probe. The 

chemiGal shifts reported are relative to TMS. 

7'.2.3 Reaction of FeTPP( CX) (X = S, Se) with CO 

FeTPP (eX) ( x = S, Se ) ( 20 mg) was dissolved . in 

solu~ ion w-as tr-ansfer-red 

, 
( 10 ml) unde r- a,or: • The 

the high-pressur-~ apparatus 

deaerated spectrograde benzene 

to 

described previously (Section 3.2.1) and degassed in three 

freeze-thaw cycles. The "reaction compartment was then 

pressurized with co (20 atm). After periods of 6-24 h the CO 
, 

gas was removed by adsorption oft charcoal in a second com-
/ 

partment. The FT-IR spec'trurn of the solution did not exhi-

bit any peaks in the carbonyl region. 

( 

.j 
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7.3 Results~nd Discussion 
, 

FeTPP(CO)L complexes are quite unstable with a half-

1 ife in aera ted solut ion of the order of minu tes [5]. The 

pentacoordina ted complex, FeTPP (CO), decomposes vi rtua11y 

instantly on exposure to air [l2). In contras t, the COl1;l-

pounds descri bed here are remarkably 5 table; the i r half-

l ife in solu t ion is of the arder of hou rs [FeTPP( CX) L) or 

days [FeTPP(CX») (X = S, Sei L = py, EtOH) [5-7]. The penta-

coordinated FeTPP(CX) (X = S, Se) species are stable in air 

for years in the solid state. The diffe rence ln stab il i ty 

between these complexes and their carbonyl analogues within 

the above series indica teS a decreas ing suscept ibi li ty of 

the metal toward oxidation and accordingly decreasing elec-

t ron dens i ty at the meta l ln the order CO > CSe ~ ':s. This 

trend may be interpreted in terms of a greater extent of 

1t-back-donation from the metal to the CS or CSe ligand than 

to CO (20). 

The PT-IR spectra of these complexes were obta i ned to 
\ 

assess the ef fects of the di ff erences ir\ the bond i ng proper-

ties of the ligands on the'metal-porphyrin interaction. The 

spectra of the porphyr in der i va tives stud ied a re shawn in 
y 

Figures 7.2-7.9, and the pas i t ions of the ma jor peaks, 

together wi th ass ignmen ts adop ted f rom Alben et al. [16,-

17], are listed in Table 7.1. The first rowof this table 
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Table 7.1. Selected Frequencies (f~"'1) f:r;om the FT-IR Spect,ra, of FeT\PP(CX) and FeTPP(CJl)(V 

Derivatives ~nd Fe(III)TPPCl ' 

cx CO ès cs cs CSe CSe CSè · :1 ~ . L py BtD,H py EtOU py --..... 

Oxidatlon state II 
:- If II 'Il Il II Il ,III 

Spin 0 '0 0 o • 0 0 0 5/2 
( 

,,(CX) 1983.6 1312.4- 1294.1 128~.7 1164.7 1137.9 1121.6 
~ r 598. 4 1598.6' 1598.8 1598.8 1598.2 1598.8 1598.6 1596.9 

Aromatlc l'l,ng 
vibrations 8 1441.1 1440.6 1440.7 1440.9 1440.6 1440.5 1440.8 1440.3 

Spin state~ms~ke~b 1349.9 U5~.8 1350.4 1350.0 1350 .3 1350.0 1350.0 1340.2 
1334.1 

Split in TPPHia {.1.1 76 ,3 il 7 5,.0 1175.7 1176.2 1175.5 1176.7 1176.9 1175.1 
• p 

Unassigned 1071.2 1072.4 1072.6 1072.3 1072.3 1072'.5 1072.-1' 1069.7' , 

'. 
P 0 r ph Y r i n r iai . -~ 1002.4 1001 .2 1003.1 1003.7 1001.6 1002.9 1004.0 lÛ4f2.2 
vibrationS ' 

~ 
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Table 7.1. (Cont'd) 

ex 

L 

Found at 1002 in TPPH 2
8 

p-pyrrole out-of-plan~ 
C-H deformatton a . 

SpI it 1n TPPH 2
a 

Porphyrln ring defor.ma-
tian (split in TPPH 2 )8 

, 
_./ 

Una881gned 

8S ee Reference 16. 
"b S e e Re fer e n cel 9 • 

'Ol 

co 

py 

995.3 

796.9 

752.7 

7 14.9 

701 .3 

, -~ '"-- '-' ... " -" ..... ~ ---.. ...... ..-~- ' .. ~--......... -""" ; .... -.....-.-.. -" ...... 

,-. 

""' 

cs cs 

EtOH 

995.3 995.7 

802.6 799.~ 

753.2 753.5 

720.7 717~ 

704.3 702.1 

CS eSe eSe 

py EtOH 

996.4 995.5 995.7 

795.2 802.6 799.4 

752.3 752.7 752.7 

713. 9 720-.5 717 .2 

701 .0 703.9 701 .4 

t 

-l 

eSe 

py Cl 

996.5 995.5 

795.3 . 806.~ 

152.5 750.5 

713. 7 720.3 

70{).7 703.4 

IV 
.~ 

... 

! 
". 

1 
1 < 

1 
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1 ists the v (CX) vibrat ions, wh i le the rema ining frequencies 

correspond to peaks characteristic of the FeTPP moiety. 

Difference spectra represent the s implest method of 

establishing empirically any perturbations induced by the 

ax ial ligands on the porpRyri n r1ng vi brat ions. In order to 

illustrate the utility of difference spectra in assessing 

changes in me ta l-porphyri n bond i ng, the spectrum obta i ned by 

subtracting the spectrum of Fe(III}TPPCl from that of 

FeTPP(CSe)(EtOH) is presented ln ngure 7.10. The features 

in th is spec trum are the resu l t of a numbe r of factors: the 

different oxidation and spin states of the iron atom ln the 

two complexes: the lOv/er symmetry of F'e(III)TPPCl due ta 

ring puckering [211; and the absence of axial n-backbonding 

in the chloride complexe 

The di f f e rence spect rum obta ined by the su btract ion of 

the spectrum of FeTPP(CS) (py) from that of FeTPP(CSe)(py) is 

shown in Figure 7.11. The elimination of aIl porphyrin 

vibrations in t,he difference spectrum indicates that the 

interactions of the CS and CSe ligands vlith the metal in 

these 'systems are similar. Specifically, the comparable 

extent of meta l d r.: + CX Tt'" ba ckbond i ng in these complexes 

is del'lonstrated by this result in that the availability of 

metal dn: electt"on density for donation to the n* orbitaIs of 

the porphyr i r'l is a func t ion of the amou n t of d 1t electron 
" , 

J density transferred to the axial ligands [20]. Therefore, 

". 
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" 
any variat ion in this amount should be ref lected in the 

frequencies of the porphyrin vibrational modes. The differ­

ence spectra obtained for the FeTPP(CX) (EtOH) (X = S, Se) 

pair and the pentacoordinated species, FeTPP (CX), aiso did 

not exhibi t any features due to the vibrat iona1 modes of 

FeTPP. 

Figure 7.12 displays the FeTPP(CSe)(py)-FeTPP(CO)(py) 

difference' spectrum. Th~ most significant features are the 

v(CX) modes at 1984 (X = 0) and 1122 (X := Se) cm- 1 and a 

peak at 680 cm- 1 present in the carbonyl cOfllplex only. The 

position of the latter peak suggests its assignment to the 

Fe-C-O bend l ng fTlode (22). No peaks attributable to the Fe-

c-x bending P'l.Qdes were observed ln the spectra of the thio-

carbony1 and selenocarhony1 derivatives. Hm'/ever, these 

peaks may appear in the reg 10n of the spectrum below 60'0 

cm-l, which was not exam~ned, ln view of the substantial 

shift to lawer frequencies of r'1-C-X bending modes with 

increase ln mass of the terminal atom [23]. The difference 

spectrum in Figure 7.12 and the data in Table 7.1 reveal 

sorne small sh ifts (< 2 cm- 1 ) in pos i t ions of porphyri n vibra-

tional modes in the spectrum of FeTPP( CSe) (py) as compared 

to that of the carbonyl analogue. The small magnitudes of 

these shifts suggest a much greater similarity between the 

selenocarbonyl (or thiocarbonyl) and the carbonyl complex 

than do the relative stabilities described earlier in this 
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section. It thus appears that the differencès in M-C(X) 

bond strengths among the carbony l, th iocarbonyl and seleno-

carbonyl FeTPP complexes do not induce suf(icient changes in 

the extensively delocalized n-framework of the porphyrin to 

give rise ta significant shifts in vibrational frequencie5. 

The subt ract ion of the spectrum of FeTPP (CSe) ( EtOH) 

from that of the corresponding py;-idine derivative (Figure 

7.13) re""!als severa l shifts in peaks due to porphyrin 

vibrational modes. S imi lar changes are observed in Figure 

7.14 where the' spectrum of FeTPP(CS) (EtOH) has been sub-

tracted from that of f?eTPP(CS). The pas i t ive peak ln th 15 

spectrum at 11 75 crn- 1 rep resents a peak \<lh ich appears in the 

specf~a of bath complexes but with an enhanced 1ntensity in 

the spectrum of FeTPP(CS). This increased intensity may be 

attributed ta reduced symmetry of the porphyrin ring in the 

pentacoordinated complex: an X-ray. crys tallograph ie 5 tudy 
." 

of FeOEP(CS) has reveaied a O.23-A displacement of the iron 

atom ou t of the porphyri n plane towards the CS ligand [24]. 

Comparison of the data in Table 7. l indicates.,.... that the 
;: ; 

5hifts observed in the difference spectra with variation in' 

or removal of the ax iai l ~gand L gene rally follow a cons i5-

tent trend. The magnitude of the shift of a given peak 

relative ta its position in the speetrum of FeTPP(CX)(py) (X 

= S or Se) increases in the arder FeTPP(CX)(EtOH) < 

Fe(III)TPPCl < FeTPP(CX), while the direction of the shift, 
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may be towards higher or lower frequencies. Th is order 

appears to parallel the extent of displacement of the iron 

atom out of the porphyrin plane. For instance, FeTPP(CS)-

(py) exhibits planarity of the FeTPP core (data reported in 

Table II of Reference 25) wh ile 0.23- and 0.38- A d isplace-

ments of the iron atom out of the porphyrin plane have been 

reported for FeOEP(CS) [24] and Fe(III)TPPCl [21], respec­

tiveIy. It i5 of interest to note that the 1350 cm- 1 peak 

remains unshifted in the spectra of aIl the Fe(II) corn-

plexes. This peal~ has been found to be.sensitive to the 

,- spin state of the metal [19], and this observation is 

corroborated in the present s tudy by the appearance of th is 

peak as a shifted doublet in the spectrUIl1 of Fe(III)TPPCl at 

l3 4 0 • 2 and 13 3 4. 1 cm - l • A second peak identified in 

previous work [19] as oxidation-st.ate sensitive and slightly 
, 

spin-state sensitive is observed in the 803-795 cm- 1 range 

in the spectra of aIl the Fe(II) complexes studied here and 

at 80~ cm- l in the spectrum of Fe (I I I) TPPC 1. Among the 

Fe (II) complexes, th is peak sh if ts to higher frequency on 

going from FeTPP(CX)(py) to FeTPP(CX)(EtOH) and is further 

shifted to higher frequency in the spectrum of the penta-

co6rdinated species. ~ince the shifts of peaks sensitive to 

oxidation state are generally in~erpreted in terms of 

changes in the amount of metal d1t e1ectron dens i ty trans-

ferred to the porphyrin 1t* orbitaIs [19], the above data 
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indicate that the extent of metal to porphyrin n-back-dona-

tion in the complexes studied here increases in the order 

FeTPP(CX) < FeTPP(CX)(EtOH) < FeTPP(CX)(py). 

The resonance Raman spec t ra of FeTPP (CS) and FeTPP (CS)-

(py) have been reported, as part of a resonance Raman 

investigation of a series of Hon tetraphenylporphyrin com-

plexes [25]. Spectra vIere obta1ned with excitation into 

both of the characterlstic visible absorption bands of por-

phyrins - the Soret and a,S bands. From the data obtained 

for the entire series of complexes studied, two bands senS1-

tive to the extent of metal ta porphyrin n:-back-danatidn 

were identified. Both these bands were observed to shift ta 

higher frequer'tcy on g01ng from FeTPP(CS) (py) to FeTPP(CS),. 

indicat ing that less electron dens i ty is transferred from 
r 

the metal to ~he porphyri~ in the pentacoordinated complex, 

in agreement with the present study. This result was 

attributed ta the displacement of the iron atom out of the 

porphyrin plane in FeTPP (CS), lead i ng to less f avourable 

overlap of the Fe dn orbitaIs and the porphyrin n· orbitaIs 

than. is the case in planar spec ies su ch as FeTPP (CS) (py ) 

[ 25] • 

In view of the frequency variat ions observed between the 

IR spectra of FeTPP(CX), FeTPP(CX)(~y) and FeTPP(CX) (EtOH) 

for a givén X, it is of interest to assess the extent of, 
," 

metal + CX n:-back-donation in these various complexes. 

1 
1 . . 
) 
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While differences in carbonyl frequencies can be related ta 
c 

changes in the CO bond order (i.e., the energy-façtored 

force field approx imation is valid for v (CO) mod.es) [26 J , 

the cs and CSe stretching frequencies cannot ~erve as direct 

measures of bond order due to increased mixing of M-C(X) and 

C-X stretching modes wi th increase in the mass of X 
v' 

[27) • 

This effect was noted in a study of M(II)OEP(CS)(py) (M = 
\ 

Fe, Ru, Os) [8), and data for FeOEP(CS) were found not to 

fit the relationship between v(CS) and the e-s bond distance 

established for a series of thiocarbonyl derivatives (24) 

(see Table 2.3). However, a trend in v (eX) val ues among a 

series of related compounds can genérally be considered to 

reflect variations in M -+ CX n:-backbonding. Tt can be seen 

in Table 7.1 that substitution of a pyridine ligand by an 

ethanol ligand results in an increase ih v (eX) (X = s', Se), 

indicating tt)at when the trans ligand is ethanol less ~elec-

tron density is donated to the ·metal. The higher v(CX) for 

the 'pentacoordinated complexes i5 indicative of a further 

decrease in the net elect:ron density at the metal. The 

trend in v (CX) frequencies thus sugges ts tha t th-e ava i l abil-

i ty of metal electron dens i ty for x -back-dona t ion to the 

porphyrin decreases in the order FeTPP(CX) (py) > FeTPP(CX)-

fEtOH) > FeTPP(CX). This finding is consistent with the 

conclusions reached after examination of the porphyrin 

vibra tional modes in both the IR 

spectra. 

and resonance Raman 
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An attempt was made to coord ina te a CO ligand trans to 

ex (X = S, Se) in the pentacoordinated PeTPP(CX) complexes , , 

(Eq. 7.21, since the frequencies of the v(CO) modes oE the 

PeTPP (CO) (CX) complexes wou1d prov ide a quant i ta ti ve measu re • 
of the extent of dn electron densi ty transferred to the CX 

ligands. 

FeTPP (eX) + co < FeTPP (CO) ( CX) (X = S, \Se) (7. 2) 

J 
The reactions represented by Eq. 7.2 did not take place 

even at CO pressures of 20 

reaction of(~eTPP(CO) under 
" 

atm ,_ 
/ 
\ 

less 

while the cor~sponding 

than l atm CO pressu re 

yields FeTPP(CO)2 (12}. Howèver, the latter complex under-

goes facile CO loss.' The equilibdum constants for the Eor-
.. 
mation' of the monocarbonyl and dicarbonyl complexes by the 

foHowing reactiohs: 

FeTPP + CO > FeTPP(CO) (t. 3 ) 

FeTPP ( CO) + CO' !'!:-<=:;:;, FeTPP(CO)2 ( 7 • 4 ) 

have been reporteq [12]. Kl [ (6.6 2:. 0.3) X 10 4 ] was found 
,.. 

to ~ much greàter than K2 (140 ~ 3) in direct contr;ast wlth 
, 

the corre~pond in'g reaét ion of deuteroheme (H) wi th pyr id i ne 

; 
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where K l for th", forma t ion of H (pf) is substant ially smaller 

than K2 for the'· formation of H(py) 2 [28J. The lower 

affinity of the iron atofl'l for CO after b.inding of one CO , 
ligand has been at tri bu ted ta the decreased ava ilab 11 i ty of 

... 
Î Fe d1t electron density f?r 1t-back-donation ta CO after for-

"" mation of the first Fe-CO bond llt]. This is manifested in 
1 

the substantially higher v(CO) value for FeTpp(CO)2 as 

compared ta that of FeTPP(CO) [12J. Since jt-• is weIl 

est,abl ished that both the CS and CSe ligands ar-e stronger 1t-

acceptors than CO "[9], the lack of CO incorporation into the 

FeTPP(CX) complexes (Le., Kt [Eq. 7.2] < K2 ) is not 

unexpected. 

As pa rt of the present study, the 13C NMR spectr-a of 

FeTPP(CX) (X = S, Se) and FeTPP(CS) (py) were recorded. lhe 

positions of the resonances are listed in Table 7.2, 

together with the corresponding values from the literature 

for FeTPP(CX)(EtOH) [6,7]. Comparison of the chemical shift 

for the CX resonance of FeTPP (CX) wi th that for FeTPP (CX)-

(EtOH) re'l...~als an upfield shift in the pentacoordinated 

species. The CS resonance of FeTPP(CS) (EtOH) is in turn 

upfield from that of FeTPP(CS)(py). It has been established 

in studies of the 13C NMR spectra of meta~ chalcocarbonyl 

complexes that an upfield shift in the position of a ex (X = 
0, S, Se) resonance is :j..nd i cati ve of a decrease in the 

extent 
( 

of metai to chaicocarbonyi 1t-back-donatlon [29,30] • 
, 1 

, 
--- -- -- -
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Table 1.2. 13C NMR Chemical Shlft8 of FeTPP(CX) 4nd FeTPP(CX)(L) Co~~lexe8 (X • S, Se)8,b 

Complex ex. {3 

FeTPP(CS)C 146.5 133.1 

FeTPP(CS)(EtOH)d 145.1 132.5 

FeTPP(CS)(py)e 145.6 132.0 

FeTPP(CSe)c 146.3 133 •. 0 

FeTPP(CSe)(EtOH)f 145.8 132.5 

~ 
mèso 

122.7 

121.8 

121 .2 

122.7 

122 • 1 

Cl" 

141.9.,., .. 
141. 7 , 
142.3 

141 .9 

141 .6 

aChemical shifts in ppm (+0.1 ppm) relative 
bAssignments adopted from-Referencè 15, 

to TNS. 

Chapter 1 , p. 43. 
cln CDrCl 2 solution. 
d Data rom Reference 6· CDCl 3 solution. , 
el n CD

Z
C1

2 solution containing 10% (v/v) 

pyridine-d S' 
f Data fram Reference 7; CDC1 3 solutibn. 

.. 
~ 

/' 
, .,.-, 

~---

if ------

C 2 i1,C 6 " C3 u,C S" C4 " CX 

134.2 127 .3 128.2 308.1 
\. 

133.6 126.7 127 .6 313.5 

~ 133.6 126.6 127 .3 31,5.4 

134.0 127.3 128.2 305.1 
" 

133.6 126.9 127 .8 320.1 
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Accordingly, the trends in the ex resonances reported above 

are consistent with the trends observed in the v(CX) 

frequenc ies in the IR spectra. The other peaks listed in 

Table 7.2 exhibit very srnall shifts with variation in the 

axial ligands. 
jl) 
ri 

In particular, lt may be noted that replace-

:ment of a CS ligand by a CSe ligand in agi ve,n complex has 

vi rtLlally no 

moiety. 

'1 
/ 

-/ 

, 
effect on the 13 e NMR spectrurn of the FeTPP 

, 
------

, , 



----} 
/ 

-

( 

.. - ------_._-......-, 

References 

1 
l, 

{ 
1 

1 

1. t>.D. Smith, B.R. James and D.H. Delphin, Coord. Chem. 

Rev., 12.,31 (1981). 

249 

2. A.D. Adler, F.R. Longo, J.O. Finarelli, J. Go1dmacher, 

J. Assour and L. Korsakoff, J. Org. Chem., E, 476 

(1979). 

3. K. Rousseau and D. Dolphin, Tetrahedrop Lett., ~, 4251 

(1974). 

4. S.-M. Peng ~nd J.A. 1bers, J. Am. Chem. Soc., ~, 8032 

(1976). 

5. D. Mansuy, J.-P. Battioni and J.-C. Chottard, J. Am. 

6. 

7. 

8. 

'9. 

10. 

Chem. Soc., 100,4311 (1978). 

J.-P. Battioni, J.-C. Chottard and D. Mansuy, 
t) 

Ch em., ~, 2 0 56 (1 9 8 2 ) • 

Inorg. 

J.-P. BattiGni, D. Mans\lY and J.-C. Chottard, 1norg. 

Chem., 1:.2., 791 (1980). 

"P:O. Smi th, D. Dolphin ___ a.nd B. R. Jame.s, J. Organomet. 

Ch em., 1 208, 2 39 (1 9 81 ) • 

I.S. Butler, Ace. Chem. Res.,.!Q, 359 (1977,). 

J.L. Hubbard and D.L. Lichtenberger, 1norg. Chem., l2, 

3866 (l980). 

11. M. A. Andr:ews, 1norg. Chem., 16-;' ~96 (19::] 7) • 

12. B.B. Wayland, L.F. ~ Mehne and J. Swartz, J. Am. Chem. 

Soc." 100,2379 (1978). 

13. L.A. Bottom1ey, M.R. Deakin and J.-N. Gorce, Inorg •. 

Chem. 23, 3563 (1984). 

) 

----------------------- -~ -~, 



1 • ~ 

J 

1 

( 

250 

J 

14. D. Dolphin, ed., "The Porphyrins"; Volume III, Academic' 

Press, New York, 1978. 

15. D. Delphin, ed., "The Porphyrins", Volume IV, Aca~.emic 

Press, New York, 1979. 

16. J.O. Alben, S.S. Choi, A.D. Adler and W. S. Caughey, 

Ann. N.Y. Acad. Sei., ~, 278 (1973). 

17. J.O. Alben, in "The Porphyrins", Vol. III, D. Dolphin, 

ed., Academie Press, New York, 1978, pp. 323-345. 

18. J. Kincaid and K.,l Nakamoto, J. Inorg. Nucl. Chem., 12, 
85 (1975). 

19. H. Oshio, T. Ama, T. Watanabe, J. Kincaid and K. 

Nakamoto, Spectrochim. Acta, 40A, 863 (1984). 

20. A. Antipas, J.W. Buch1er, M. Gouterman and P.D. Smith, 

J. Am. Chem. Soc., 102, 198 (1980). 

21'. J.L. Hoard, G.H. Cohen and M.D. Glick, .J. Am. Chem. 

Soc ., 8 9 , 1 9 9 2 (1 9 6 7 ) '. 

22. L.H. Jones, R.S. McDowell, M. Goldblatt:, and B.I. 

Swanson, J. Chem. Phys., 57, 2050 (1972). 

23. P.S. Braterman, "Metal Carbony1 Spectr,,!", Acadamic 

Press, London, 1975, p, 25, Eq. 3.~. 

24. R. Scheidt and O.K. Geiger, Inorg. Chem., 21, 1208 

(1982). 

25. G. Chottard, P. Battioni, J.-P. Battioni, M. Lange and 

D. Mansuy, Inorg. Chem., 20, 1718 (1981). 

26. Reference 23, p. 27. 



-

( 

• "-

251 

27. A.M. English, K.R. Plowman and r.S. Butler, Inorg. 

28. 

29. 

30. 

Chem., 20, 2553 (1981). 

M. Rougee and D. Braul t, Biochem istry, .!.i, 4100 (1975). 

G.M; Bodner:, Inor:g. Chem., .!i, 2694 (1975). ~ 

D. Cozak, LM. Baibich and 1.S. Butler, J. Organometal. 

Chem., 169, 381 (1979) • 

.. .J 

'. 

", 

,1 
1 

,/ 

, y 

) 
1 

/ 

) 

1 
• 1 



--

c~ 

! 252 
/ 

Summary and Contributions to Knowledge 

1. Arene displacement from (fJ-Arene)Cr(CO)2(CX) (X = S, 

Se) complexes by ligands other th an co has been 

2. 

s tud ied for the fi rs t time and has provided a rou te to 

the synthesis of chromium thiocarbonyl and selenocar­

bon~l derivatives containing more than one monodentate 

ligand (other than CO) or a tr identa te ligand. The 

reaction of (Tj-Arene)Cr(CO)2(CX) (X::; S, Se) complexes 

with ex cess (RO)3P (R ::; Me, Et, !!-Bu, Ph) afforded 

Cr(CO) 2(CX) [(RO) 3P] 3 in high ,yield. The products were 

ident if ied as mixtu res of isomers cons ist i ng predomi-

nantly of the mer l isomer, in which a phosphite lig-

and is trans to CX, together with a small amount of 

! the fac isomer. Very small amounts of the mer II iso-

mer, in which a phosphite ligand is trans to CO, were 

detected in the 3lp NMR spectrum of Cr(CO)2(CX)­

(MeO)3 P] 3' Arene displacement from (bz)Cr(CO)2(CX) by 

the tridentate ligands triphos-U [(Me)C{CH 2 P(Ph)2'3] 

and triphos [( Ph 2PCH 2CH 2) 2 PhP] Y ielded, respecti vely, 

(trfphos~~)Cr{co) 2(CX) as the fac isomer:- and 

(triphos)chCO)2(CX) as a mixture of two fac isomers. 

) 
The crystal 5 t ru\ç:t ures of the mer 1\ isomeJ;"/s of 

-

obtained.( 
, 

Cr (CO) 2 (CX) ( (MeO) 3P,l' 3 (X = S, Se) were 

IL \ 

1 
! 
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3. The 31p NMR spectra of the complexes mentioned in l 

4. 

s. 

, 6. 

above were recorded. These presented the first oI?por-

tunity to compare the 3lp r-esonances of tertiar-y phos-

phite and tridentate phosphine ligands cis and trans ta 

CO, CS and CSe ligands in Group VIB metal complexes. 

Cr(CO)2(CX)[(MeO)3 P ]3 (X = 0, S, Se) complexes were 

found to undergo intramolecular isomerization. The rate 

of isomerization was established to be fastest fat:" tlfe 

selenocarbony l comple.x ·and s lowes t for the tr ijcat:"bony l 

complexe 

Acti va t ion pat:"ame ters were ca lcula ted for the fac ~ 

mer isomerization of Cr(CO) 3 [(MeO) 3 P ] 3 and the fac­

mer l isomerization of Cr(CO) 2(CX) [(MeO) 3P] 3 (X = S, 

Se) • 

In one of the few appl icat ions to date of two-dimen-

sional NMR spectroscopy in the study of stere?chemi,­

cally nonr ig id organometall i c complexes, the i ntet:"con-

version of mer l and mer II isomers was observed in the 
\ 

2-D NOE 31p N~1R spectra of Cr(CO) 2 (CX) [(MeO) 3P ]3
1 

-( X = 

S, Se). Analysis of these spectt:"a establ ished that the 

observed processes involved a trigonal prismatic twist 

rather than a bicapped-tetrahedr_on _ mechanisrn. 

r 
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Kinet ic , studies of arene displacement from (bz)-

Cr(CO)2(CX) (X = S, Se) by (MeO}3 P demonstrated that 

the reaction rate is f irst arder with respect to the .. 
incomi ng ligand and f irst arder in complex. These 

reactions VIere proposed to proceed by the s~me ring 
. 

slippage mechanism postulated for arene displacement 

from (T}-Arene)M(CO)3 (M ::; Mo, W) complexes. The rela­

tive rates of arene displacement from (bz)Cr(CO)2(CX) 

by (MeO)3P and of fac -+- mer l i S oille riz a t ion of the 

Cr(CO)2(Cx-q(M,~O)3P'J3 product were found to be consis­

tent with the possibility that the fac isomer is the 

initial product of the reaction and subsequently iso-

merizes to the observed mer l pro,duct. 

8. The rate of arene displacement from (bz)Cr(CO)2(CSe) by 

(MeO) 3 P was found ta be fas ter 

corresponding thiocarbonyl complexe 

than that for the 

On the bas is 6f 
r~ 

comparison of the activation parameters calculated for 

these reactions, this result was attributed to less 

crowding in the activated complex in the selenocarbonyl 

case. 

9. The effects 'on the rate of are ne displacement from (n-

Arene)Cr(CO)2(CS) complexes of size and nucleophilicity . 
of the incoming ligand and of substituents on the arene 

were investigated. 

j 

1 
" 
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. 
10. The feasibi 1 ty of a procedure for estrogen receptor 

assay based on the detect ion by FT- IR spectroscopy of 

Cr(CO) 3-1abelled modified estradioi bound to estrogen 

receptors in targElt tissue was examlned. The sens i-

tivity of the FT-IR measurements proved sufficlent for 

de tect ion of the metai carbony 1 Iabe 1 bu t not for i ts 

quantitative determination. 

Il. 'The FT-IR spectra of (S,IO,ls,20-tetraphenylporPhDt-

ato)iroA(II) (FeXPP) complexes containing axially bound 

chalcocarbonyl ligands were recorded. Difference spec-

tra obta l ned by subtrac t ion of spec trâ of pa i rs of 

complexes in the series FeTPp'(CX) ,. 
FeTPP(CX)'L (X = S, Se; L = py, 

(X = S, Se) and 

EtOH) were examined 

in order to asSéss the perturbations of the vibrational 

modes of the po.rphyrin ring with variation ln the axial 

ligands. 

12. FeTPP(CX) (X = S, Se) was found not to bind CO ëtt tts 

vacant coordination s'ite under 20 atm #-0 pressure, 

delT!0nstra t ing a sl,lbs tant ial wi thdrawal of Fe d1t elec-
, 

tron density by the CX ligands. 

, 
, , , , 
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Suggestions for Future Work 

In Chapter 3 of th i s thes is, an example of the use of 

two-dimensional NMR spectroscopy in the study of stereo~ 

ehem iea l non r ig id i ty of organometa Il ic complexes was des-

eribed. Thi s inves t iga t ion, wh ich represen ts one of the few 

Ç"l applications to date of 2-D NMR speetroscopy,in or-ganometal-

.lie .chemistr-y, demonstrated that 2-D NMR measur-ements -can be 

employed not only to establish the occurr-ence of a chemical 

exehange pr-ocess bu t also to elucida te r-earrangemen t me~h-

anisms. Aceor-d ing ly, further stl!d ies . by 2-D NMR spectro-

scoPYI of ste r~ochem lcally non r ig id organofTIetall ie complexes 

are ~learlY worthwh i le. 

Further invest igations of the rear-rangement processes 

of CrCCO)2 (CX)L3 ' (X = 0, S, Se) complexes should be under- <JI 

taken. It, would be of in te rest to assess, thr0'-'\1 h the 

study of a variety of ligands, thEV effects of electronie and 
• 

steric factors on the equilibrium distribution of Cr(CO)2-

(CX)~ isomers and on the activation par-ameter-s for intra-

molecular isomerization. The synthesis of complexes of the 

type Cr(CO)2 (CS)(L)2 LI would allow ehemic~l exchange 'bet~ee~ 

fac isomers tQ. be stud ied by 2-D NMR spectroscopy. The 
llo. ___ ~ 

results of the present study suggest tha t interconveNlion 
" 

between the fac and mer l or mer II isomers of Cr(CO)2 CCS)­

'\[(MeO)3 P]3 (X = S, Se) is too slow to be observed by 2-D 31p 
1 

(, NMR spec troseopy but tha t the repl acemen t of the (MeO) 3 P 

• 
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, 
groups by ligands that minimize steric effects as weIl as 

possess electronic ptoperties comparable to those of CX 

ligands may accelerate the rates of these processes. In 

addition, the applIcation of 2-D 13C NMR spectcoscopy in 

these systems should be investigated since 13 C nuclei in 

most organome ta 11 i c complexes relax slower than 3 l P nuc le i , 

thus allowing slower rearrangement processes to be observed 

by 2-D 13 C NMR. Such studies would be facilitated by 13C-

enrichment, WhlCh could be readIly achieved by photochemical 

substitution of carbonyl gcoups by 13CO in the (n-Arene),r-

Cr(CO)2 (eX) precursors to the Cr(CO)'2 (CX)L 3 

( 

• 

\ 

/ 

complexes. 
\, 

./ 

1 
J 
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Appandix A 
, 

Structural Characterizat· n of the mer l 

Cr ( CO) 2 ( CS) [ (MaO) 3 P] 3 : . , 
X-Ray Dat.a Collection: 

(. , 

Structure Solution and Refinement 
• ~ ~--= ,-

The unit cell and- data collection parameters are 
o 

1- summarizetl in Table A.l. Wèissenberg and prècf4ts,sion' 
f " ,," 

photographs showed mmm symmetry and the systemat1C' ~bs~nces: , 

Gn OkÎ r .!5. = 2.!!, + l, on hO!, '1.- 2.!!, +~ l, and oh hkO, !l - 2.n. + 
'Ji 

, 1 • .1, ,which ,uniquely <]ef ine the space gt:oup Pbca (~o., 61,. 

D26~J ~.... The accurate uni t cell dimensions wer:e obtained by 
1 • • , 

L 
automatic cent.ering of 51 r.eflections scattered randomly in 

re,ciproca1 space ,in the rc;lnge 15° <: 2 e <: 2s<'.. The 101lowing 

formulas were used in the data, reduction 

,q 

F 

1- N-.Bft.1 t,JJt, 
. " 

• 1 

.. . 

b 

.~ 

.. 
The nC:\tt intensity l ls derived from the tot-al· count' N 

accumulated during the scan t!~e !.s • Tne backgrounp coqnt 

) , 
"':'~""';""'"'"::"; ''''~ ..... t:r -"- - - .. 
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~ was mea~~ red for time S-b" '# The Lore~-po 1 arrzat ion 

correction'1.2 is ca~c\Jiated for diffrac(ionÜ ang les 29 itt and 

2e s at the .monoéhromator and- sample crysta ls, .-specti vely" 
-
1 - .' 

The structul!'e was so!ved" by conventïonal heavy atom .. 
techniques and ,refined using t:he block-diagonal least-

squares approximation. In the 1 ast stages of the ref i nement 
If • 'f 

al? l atpms vere tifined wi th anisotropie ~th~rmal parameters. 

A finàl d'ifference Fourier map was devoid of significant 

features: ,the hig.hest peaks were about U of" the inten'sity 
... 

for the ~ast carbon atom found and were randomly located'e 

Also, since there appeared- to be no clear indication of 
• 

hydrogen atom locations, these atOITtS were not included in 

-the- ~tr.ucture factor calcu lat'ions. \ 
. 

'l'hee computet prog,ams used for the data 'i..0llect~on, 

structure solution and refinement and geometry calculations 

are t:hose dbntained in thé N.R.C. POP-Be crystallographic 

package [Il.' The perspective diagram was prepared by the 
\ . 
Concordia un~vers~ity CDC Cyber system .. 

minimized in the 1easb-squares refinement was 

The funetion 

wh.ra w • 1/ [(0(1'» 2 + 0 .03F 2 ] .• 

i' , 

-

Il 

el 
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, .J -, .- ,1 
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" 1 " 1 ! 

.discrepâncy 1iste,d_ in table Ml The indic.s are. , 
.. - , 

• 

~' 4' 

R, '., U IIFo 1-1 F~'II/t IFlJ"l1. \ 

" ~\ U:'f<,1 Fo l-IFc 1 ,2/E IFo I2] i ... .; . .. 
Rwr • .. 

\ 

(twt 1 F 0 1-1 F~ 1 ) 2 (m-n) ) t 
\ 

GOr • 
~ 

- \ 

The neutra1 atom scattering lact'ors ., 
, '1-,. 

and an~ma1ou8 dispersion 

corrections- vere taken 'from stand,rd Uatings [2] •. The 

observed an'd calculated ' st,J'ucture factors are listecS in 
" 

, , 
Table A.2. Tpe final positionàl 'parameters are collectàd 

, . tog,~her in Table A.3. The fin.l thermal parameter's appear 

Cl in Table A.4. , . 
t 
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Table A.l • .crystallogral?~i",c Data for ~-ray D!f'fraction St~d'Y of .. 

CI 

Crystal Parametérs 

calcd density' - i.46f? 9 ClIl-3 1 

crystal system ~ orthorhombic 

spaCê gro~ = Pbca . 0 -3 obsd density~. 1.4 (2) g .. cm 

a ,. ~î5.61·( l) A temp ,. 295 K 
"> • , . 

b ~ 15.32(2) A' formula ,. Cl,2H210liSP3C~ 

c ,. 18188 ( l) A 

V ,. 4505 ,\,3 

mol wt ,. 524,,0 g'. mol ~l ,. 

, 0 

z ,. 8 
.. 1) l ' 

MeaSurement of Intensity Data 

dif~meter ,. Picker Nuclear FACS-l 
radiAtion .. Mo Ka . ' 
m~chromator = highly oriented graph~te 
d ctor aperture = 3 mm X 3 mm1 
crystal to detector distance = 25 cm 
detector = . scintillation counter and pulse h'eight analyzer set for 

100% of Mo Ka peak " . ~,,' 
attenuators =, "'Ni foil used ,for itntensities > 10 4 'Hz ... / -1 ..-
scan type =. coupled 8(cryst) -29 (detector), 2.00 ml.n 
scan length = (29') = [1.8 + (0.692 'tane )]0, beginning O.gobelow 

,the predictep peak 
rotation axis [0 1 or 
refleétions measured = +h, +k, +1 
min and max 29 = 3.5~40.00 
stè-s every 50 cycles = 4 3 0, 0 
variation = +3% (random} 
number of ref1ections collected 
no. with l > 3a(I) = 1453 
RF :0: 5.06 % ., 

~WF ,. 7.30 " 
GOF = 1.19 

l, 

~. 
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T..,l. 1'.2. CIb"'v_ and Celculat.ec1 at.r'i.act. ..... Fact.ars ... . -. , 
CrCCO)2(CS)[("-D)3~13 (ale 1) 

COLUIIfS ME 

\ '- IF' Fe 
Ot 't l 

2 •• 201 
.. "2 l'S ,. 2597 2. 
• IS04 IS7S 

1. ·lA2 325 
12 '" "7 .4 2ft 3}' 
16 628.· 604 
II' .l64 1354 

0, 2 •. '" 
• 151' 14" 1 41" 44. 
'2 442 472 
J t6'6 Il'' 
.. 1,134 1424 l 

. 5 .1213 12,. 
, 24" 12,w-7·.638 ,_ 

vol ... ,. 
, SOI S41· 

.0 125 I.S 

12 i 44:1 420 u~ sa.. '06 
14 s.. SI2 
.6 42' 436 
17r 42. 4':1' 

O. 4. l 

• '" It21 l ,414 547 2 11" '09' 3 2t6S 24" 
4 21n 206.t 
S .121 1." 
• Sil 529 , '10 S4l 
Il 34.. 351 
13 . ". 12' 14 . 2:f3 . 234 

Il III IR 
17 $l' ~ O •. ,. L 
• lU , •• 
l '" 7S2 2 J.1I 342' 
J.' .1.2 1719 
4 1.". 1177 
,. 516 , ... 
, 1377 1 SOI 
7 tlt 241 
1 .S3 S20 
, 2U ·21t 

,1' '" ,'06 

.OFO,IOfC, 11116 
III l «FO 4 Fe, IJ. 

~ . 
.13, . ,. ~ 

7 
n 
Il 
1.1 
14 
U 

4-
10 

S .. 
S 
6 

I·~ , 
'12 

1. 
12 
Il 
14 
20 
l' , 
• , 
$ , 
7 

10_ u ........ 
16 
13 
2' 
22 
2' 
11 

7 
7 

11 
'1 • , .... 

22 .n 
22 
12 

u ln 405 .1' 
14 314 311 22 T 

15 U4 06 16 
16 552 55. 17 

ft 1. l 
• S10' S51 
• r.U 791 2 71' , ... 
1 nll .1140 
... ", 115 
5 '86 TIl 
,t "4 599 14' 14~ 
1 14.28 t ..... 
, 411 421 

10 "lUI U36 
Il . 2.... 27~ 
12 J.' -30, 
13 463 461 
L4 '" 7.7 
15 "3 105 , 

3 
4 , 
• 7 

.• , 10,· L 
213 235 
524 509. 
"3 n2 
222 ln 
279 251 
".. 1'27' 
1.' 1"' Il 

O. 12. l 
o 32", 299' 
2 7U n.' 
4 l22 JI,." 
5 ..., 424 
.. 201, 134 

,,7 424 43' 
• 744~, 1SO " 263,243 

,10 625. 659 

Il 
9, 
t , 

, 10 
10 
U 
11 
10 
16 
11 
26 / 
22 
l' IS 
16 

2~ 
13 
12 
2;' 
22 
11 
.3 

l' , 
13 
22 . , ' 

'3' 
1 •. 
14 ' 
26 
16 

O. 1·.. L' 
,0 235· 271 ' 30 . 

J "'0 505 '. .1. 
• 241 320 32 
$ 20. l'Y 33 
~ 1. Ch l 
z ."S 4544 
4 .,.. '41 , 207. '1.' 
• ,74, "1 tO ,.. 714 

If h L 
1 UI 287 
2 154:1. 14~ 
'3 t't'3 .2U 

, 
'5 , 
• tO 

.t4 .. .. 

. 
l .,VI 

, 4 lOS7 
, .tU 

., .500 
7 221 
, $31 

10 420 
J3 214 
14 636 
I~ 257 
18 230 

1.. 
l 31" 
, 555 

,3 l" 
.. .232 
5 ,1111 

~~ 209 
• 830 
, .,eN 

11 '07 
13 :UO 
14 380 
17 .• 12 
"l'Ir 1202 
, JSOI 
3 912 
.. 1.79' 

o 5 151' , "7 
'7 2lS 
'. 70l , "2 
Il. UI7 
14 2'6 
15' 425 

l, 
'1 551 
2 953 
li'" 

'.. 1035 5 l7. 
. 6 1352 
7 "0 
8 37' 
, Sl9 

10 '24' 
11 .79 
'1.32 602 '91 
14 "'1 l" )02 
11 "'8 

l , 

Fe III 
Il'4 '5 
,502 , 8 
1461 , 

270 1S 
"1 '10 
43.. 12 
302 1'.1' 
5f5 13 
2" " 186 lO / .. i'" 2. l .,-, r , 

32.4 ~ 
611 5 
151 1"3 

IJJJ s-
1111 , 
U71 A 

232 ' 17 
ID • ,., . 
65' .1 
371 JI 
443 ... 
'88 .\4 

lt L 1 
12SS S 
4$7 A, 
'44 , 

1011 ,,' 
"~A 7 
161 1'6 
111 17 
"~A , 
59. tO . 

119' 1'0 
2f' .20 
41S tIf1 

4, l 
'43 
853 

141 .. 
100' 
3'2 

139. 
60' 
39. 

.51' 
271 
16' ", ,nt 
4"', \''''2 450 

, 
6 , 

, . , 
JO 

7 , 
13 
JI 
19 ,. 
13' 
2' 
t.6 .', , ,,' 
Il 
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r (CHlO ) 3P] J CR (CO, 2 ( CS ) • 

COLU"HS ARE 10FO,lOFC, 'OSlO-

l Kr:n, Ft SIG l Kru Fe 
" '5, l Il S 619 60? 

282 315 12 9 '01 578 
113:~ 995 10 1 h' 3'9 3-13 
.2U1 297 12 13 ' 393' 431 
35J 336 11 .1.. 308 l5:1 

, . 

GTS 
'Z 
Il 

,17 
21 
26 

• 

-UO "lU tl 1 .. 10, l 
16" Hl 22 ; 340 l58 - 17 
SS2 ~89 11 4 5~0 60' 13 
3~7 343 . 11 :5 1084 10.4 11 
491 SQIt 15 6 118 718 ..13-
2"Jl lU5 28 7 1017 1~70 11 
". 6, l 9 103 718' \J-

1 16"2 1530 7 ~ 940 98;. 13 
2 1016 107S 7 12 .. 05 3'Y' 0 20 
3 329 299 12 13 6"19 612· 16 
4 852 831 . • 1, Il, t 
S 92~ 970 8 4 .... , 432 t. 16 
6 217 249 17 5 543 ~12' 15 
7 791 843 JO '282 219 ~ 21 a 379 413"14 7 22y 196 29 
, '. 284 ... 289 l' .8 3'7 414 20 

11 742· '146 U - 1, 12.- L 
12 ,"8l 495 15 4 332 ' ,~r -.\. 21 
Il 917 891 12 '" 5 1139 1168 '2 
14 741 729 14 6 461 41.6 17 

. 16 ... 04 412 2t 7 307 \ 319 2 .. 

1 2~6 725~L 15 ,~~~ ,'~\ ~~ 
3 341 JOI 13 10 352 311 23 
.. r 436 466 12 1", 13. L 
5 504 515 11 ~ ~ 306 333 24 

_ 7 228 21' 20 , 4 215 287 33 
,_ 216 2J? 24 ~ ,. 272 298 21_ 

'10 245 202 22 !i, 14. 1.: 
12 240 '261 ,26 3 254 3',12' 
1 .. :511 - 508 t 7 2, O. l 

h 8, L 0 3106 33 .. 2 6 
1 621 6J7 10 2 436 43.9 5 
'1 694' 713 - 10 1 1798 '1626 5 
• 617 139 10 329 3~ 12 
5 586 S6~ Il tO 7if .'6 10 
6 921 923 tG 12 1264 125.1 10 

'1 505 508 13 14 227 713" 26 
8 396 'l78 U 18 109 104 14 

,9 "SO .. " 1 ~ • 2. 1 • L 
,10" 263 ,2-11 23 0 1560 ISes ... 

17 1204 12l\ 12 1 573 600 4 

:1.~ il: -i:: f: 1 ~~1 ::: 1 
,1 , ta L 4 932 797 S-

I 3W' 166, 14 5 783 '782 MI 6 
2 106 715 10 • 5J6 ".,6 \' '1/ 
3 187 '247 27 1 ·963 1033' >-.-T 
4 ~51 681 11 ' '156 .. 11_" 25 

32 

• 

l "FO 
tO 743 
12 145 
S l '614 '4 612 
15 210 
16 450 

~ 2, 
o 2426 
1 670 
2 1274 
l 236 
4 "05 

.,5 1087 
6. 1563 
1 881 

~ 8 J81 
9 396 

10 258 
11 ll95 
12 578 
13 242 
14 -217 
15 548 
16· 4t5 

2, 
o 86. 
1 202 
2 746 
3 34. 
4 321 
~ l"~ la 1155 
8 78a 
9. 726 

,1'0· " SCt' 
11 ,405 t, 31. 

'13 422 
J4 43,.. 

. 1'5 425 
16, 430 

2, 
Ct ,c;J24 
1 108l 

\1) 1 '269 
3 lUt2 

"4 282 
.. 5 ~OOl 

6 l"~" " ., • t'70 

~ ,~~1· 
t-o 921 
11 " J5? 

.... 

A6 ___ 

'1 
PAGE 2 

Fe _ SIG . 
703" 10 
763 11 
640 '3 
bOl 13 
2~Y 29 
4J4 ' 17 

2, l 
234'-
611 

U7S 
2~' 
Vl9 
1ft 32 
156' <F 

9.5 
J82 
391 
264 

1240 
5'5 
23~ 
273 

,S58 
411 

3. l 
881 

.26.6 
191 
300 

'250 
16Ct6 
1035, 
aoo 

',131 
~~~ 
422 
385 
406 
443-
J88 

,469 
4. L 
J09 

1153 
US 
t~60 
281 ' 
926 

1421 
142 
871 ) 
54 • 
84" 
-312 

, 
5 
5 

11' 
5 
6 
6 
a 

12 
12, 
17 
10 
13 
24 
28 
15 
l' 
5 

13 
6 
9 

10 
6 , , 

le. 
12 
15 
1"t, 
t6 
t7 
17 
18 

9 
6 

1'1 
6 

12 
7 
7 

2t , 
. 11 

JO' • 
16 

o , 

.. 

1 

j 

" 

1 
! 
J .' 

j 

1 
~ 1 

1 
1 

.. l' 

l' 
1 
1 

. , 

1 

l' 
1 
1 

1 , .. , 
"1 
1 
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L ;::as;:s 4"C" __ - ~_ "l ~""""'-r , 1+4 t._........--..-=w-.,,-"'-
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-
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, A7. 
~ li 
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( (CHJO ) 3P1J' CR (CO)2 (CS) 
" 

PARE l 
COlU"NS ARE INOdore, . IOSI6 il 

'" L "'0 Ft SIf, l KF'O Fr. SIS . l KFO Fe (SIG 
2, 4. L 13 3:58 1&1" 22 .4 .80 .. 98 16 

12 400 428 16 H 549 519 lS 16 404 358 19 

l, 13 ".3 - 460 16 2. 9, ,l 3, 1 , L 
ft 72t 109 13 0 870 883 to 1 266 253 9 
15 28 282 2", ~ 175 210 24 '1 951 991 5 
16 618 598 l' 3 169 ·752 10 " :3 866 . 139 6 

• 17 4';~ 435 17 4 784 \780 Il 4 708 691 .& 
2, 5. L '" US .. 22 lS 5 1846 1807 

:~ 0 22.' '977 .' 7 567 531 13 ~ 4'J 4-/5 
t 895 863 1 8 238 11l ,1S 7 170 196 
2 11"2 "O:~2 1 9 322 1~4 . 21 8 -866 9U2 , 
J 919 874 7 11 476 495 1]( 9 888 932 9 
4 1374 1356 7 12 2,40 265 JO 10 81~ 999, 10 

" 502 .74 10 ·14 200 126 31 11 364 J79 IS 
7 466 406 11 2. 10. l J2 908 9'03 Il 
.8 329 34' 15 0 397 399 15 . 13 662 '42 121 

10 808 776 11 .;'1 366 346 16 14 221 227 c-") 2y 
t1 947 960 11 2 "J~l 40J. .14 15 502 462, 1 
Hi 54. 524 J~ 3 '586 612 13 3, 2. l 
16 20S 21. -:J4 4 923 959 11 t 360 407 8 

2,. 6, L , 5~9 56' 14 2 409 205 8 
.,r 1 678 70' • -7 660 )646 tJ 3 2~6 119 14 

2 437 430 tel 9 367, 344 J9 .. 1382 1313 6 
'3 89' 840 ~8 11 262 2U 28 :s 1723 1553 6 .. 112 117" 21 2. IS. l , 527 557 9 

(~-
S 15. 126 24 0 572, 5., 13 7 ·156 721 8 
7 m 94$0 , 1 390 441 17 8 1314 126 .. , • - 10 4tJi 15 .. 331 3S7 l' 

, 851 958 ., 
11 5 0 537 , 13 3 805 800 12 10 <480 ~J&, 12 
,il 328 l20 21 5 627 680 14 ... 11 310 37'. 16 
u .. 45 4" . 18 1- 734 nl 13 12 342 300 17 

/ 15 '10 561 16 1,0 ...,4 470 <' 18 13 438 484 16 
2, ... 7, L 2. U. l 

12' 
U 534 535 14 

0 2143 1'61 7 0 1099 1098 16 194 153 . 32 
t 522 :5~~ 10 , 358 ;180 . 10 3, 3, L 

r 2 2-71 246 15 3 :596 508 U 1 16J8 1480 :5 
3 .92-5 876 .. 4 709 737 14 , ~42 46O 8 
4' J059 l'Ô4' , 5 28J 26~ • 25 .. "' J06'\ m Il 
5 279 241 16 7 JO~ ·3 .... ,24 :5 379 3 . 10 
6 191 198 24 8 659 646 15 6' 1337 1230 7 " , J02 309' 17 2. 13, L 7 892 820 " 8 
8 628 626 11 0 6J3 676 15 0 ·557 S4a 10 

10 833 847 12 l ~74 2~5 25 , 240 ?5. 19 

~ 
U • 472 477 17 , 200 '314 2' 1'0 . 1199 1219 9 

• 2, 8. l 7 444 438 19 11 Y9~ 1018 11 
o· 538 560 It '2, 14, l 12 1177 1230 \ Il 
1 176 123 2' 1 704 7'28 15 - 13 aSI ,888 12 , 498 ... Il , \ l, 0, l 15 358 392 21-
3 ·380 U6 14 1&0 45 14 16 S5~ 539 16 
4 198 864' 10 4- ' 114 160 16 H 216 229 31 
5 172 '197 25 , 455 4'1~ 

, 3, 4. L 
6 ln l15 15 8 619 607 o , 1 Il95 1325 6 

"li '97 12 10' S~7 632' 11 J 909 R16 7 
10 "42 419 l~' l' 179 185 29 4 1.,0 1375 7 

, \ .' 
, , 
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: " ~' 
, . . 

'-c (CH30)JP13 eR: (CO)2 (CS) ." PAG{ <4 

COlUMNS :ARF. IOFD, tore, 10SI& 
" < 

t, "FU ' f'C .. ~Ifi l lF 0 H. SIr, L KF'O Fe SIG 
J, 4. l " 42fJ" " "463 lb 11 . 30(J , ~HJ6 '\ '20 . 

~ 922 924 A 10 2sà JOJ 24 16 549, 566 . 17 
1- 21/t . 326 1" 12 573 ~~ .. ,~ .... .1., l 
7 $~7 52 .. 10 J, 9. ' l 0 13é . 7~9 6 , " 

8 32 .. li' 1-4 '} 892. 903 1() 1 1'2 163 18 1 
• ù .. , 360 405 IS J 85J • 818 ,~" 10 2 n • 7-4" , 6 

11 59-4 593 13 4 716 717 il '. J 1904 162~ 5 
12 750 750 12 5 7 .. 9 727 11 4' J067 , 24t . 18 
t:S ]58 792 " 12 · " 5,}7 0 5~n u 5 87() 883 7 
14 463 -4JO 1~ 70 277 243,. 22 " ' 666 59" ' 8. 
15 292 ;~55 26 9 609 '01 14 7 14"" l4" 8 .. 
16 J7Y l67 20 jO ~02 130 29 0 • ,HU . 4l»3 11 

. 3., 5, L J1 229 H'~ 26 10 . IlO2 891 ~ ,10 
2 1113 1105 7 12 J2J :IlS .13 11 1327 130·2 . 10 
3 "30 . 588 ft 13 . 205 2()5 3 ... l, , 068 '858 Il .. 699 6~' 8 JI JO', l 13 A70 655 1·3-
5 17S J98 21 1 190 ' 394 1" 1 .. "751 .7~O ni? 

" ~77 4'03 12 2 47 412 tS 15 .. 419 410 1'7 
........ a 36:r 37~ 1-4 ~ "6~ 419 . 15 J1 '}61. 258 -7f; , 1927 I

t
920 " ~ 3~7 36-4 "U "'o2~ l: 

\~ 275 2611 19 5- 5~3 ' 5~5 H 0 872' 0'37' /, 

lU 326 20 la 90S 002 l~ 1 ~ou 1921, . S. 
jJ 5()] 560 ' J S 7 700 - 710 i4~ 2 • 899 5?O , 

, , 15 529 5b-4 17 U 769 ·010 13 3 261 . ,229 12 
3, 6. l \ '- 9 , 2Yl 328 2 .. '4 to.al '999 " D 

1 455- 4J.0 . LO° '10 ' J91 ~O9 19 5 990 " 885 7 
2 95S:. ~1 8 12 210 218 30' '6 J~8 192 -,,#<~_)'ii 

.r 3 36L 319 12 J, U, l "i 2 0 213 18 
'4 • 'lB' '13 9 1 218 167 26 9' 29'6 305 .15 
~ JI9 362 Il. 2 1066 lô~8 1.1 12 J26 " JO~' ·J9· 
6 202 215 2G l J4ô ,32~ 19 . 13 2<il , 189- 29-

. ·7 376 30Ci 14 ~ 58.1. ~ 575 t .. 16 271, 281 26 
8 213 .70 22 " 269 2'11~ 25 J1' .. SI, 4+-4 1~ " .. 

- 12 lSO 389 20 ,8 H'9 4~ 11) ,4·,' J" l 
-- Il 7G:~ 65() 1-4 ~h 12, l , 0- 279A 4'71' 5 

14 657 682 15 2 951 942' 12 J .. sa 530 8 
3, 1, l 

l~ 
4 410 402 1-9 • . ta70 JO 1. ., 

1; .502 .. 84 1 5 497 .. 76 . ~ t7 3, dOO5 l.o",,~ 6 
2 517, 5'5 . 10 6 ""4 tH5 14 .. 120J ,1 17-j ., 
.. 3J2 342 14 7 681 708 15 ". 259 279 11,: 5 121.- 1160 , J, 13. l 7 ?.,~" 351 
9 .. 3'2 439 15 J .659 665 t5 '0 J522 161J ' 9 b 

9 273 238 2G '1 294 .J26 2 .. JO 1 Ct .... "3 10. r.... 

10 5-40 585 14- 5 551 "ti .0 t.6 11 J224 1262 10 l' 

11 215 2<lt 27 3. JAl, l 12- ~6-4 :;YZ 1" 
IJ 351 32.3 20 1 - "15 4J5 .. y, i'O IJ 258 ' .1259 2' 
14 2llY '38 ~G 3 .. 64 472 19 , H, 842 f~07 12 
1~ 220 24 .. 31 ... 298 .~o 2.& 1~ 53 .. 547 17 

3, II. l 4. (), L n, . ~AJjI 372 2? , " 
1 -490 .. ,. .. 1t 2 3494 3492 5 .. ; 4, L 

1 2 6J8 5?~ l-C) 4 t'In 1819 6 0' 3"~ 30.2 11 
r ' ~s 2-/,7 282 lA 6 J02 261 -",' 12 1 1089 912 ô 

6 1"075 1 ()ff2 JO 8 616 69~ 10 3 926\ 11 2 ., 
7 396 406 16 JO ~16 569 12 ~_ 6 172 1'9'2 23 . j 

.- , -

'-', " .' 
~ t 

" 



A9 

.r (CH30) 3P]J CR (CO, 2 (CS> 'A6E. 5 
COlU"N5 ARr InrO,l~rc. lOS Jf, 

t. Kru ft !Hfj L KF'O F"C SHi l Kro Ft SIG 
04, <4, l 14 lt3 "8 24 5 79'S 856 A 

'7 6J6 650 10 ", y, l 6 600 647 9 
IJ lM 29b 2'2 --0- - H.,9l !lU 9 '7 '099 10n 8 
1. 260 23. 'li 1 8'9 823 10 8 533 54 t 11 
l~ 8:'5 876 13 3 857 810 1 1 , 1"11 1-471 9 
th 207 232 35 • lS7 365 18 10 949 918' 1-0 .. , 5. l ~ 10 .. 8 105~ 1J 17 815 80\3 ~ n 
0 U87 1005 7 6 62" 57J 13 JJ '56 '09 14 
1 7Y1 801 8 7 438 .. 16 IS J4 608 617 15 
2 1467 1<413 7 8 lS6 355 17 15 303 406 20 
J 6'47 6'9 9 . 4, 10, L . li> .. 9~ "61 17 .. 724 906 8 J' 190 231 29 17 414 396 ?2 
5 90. YS7 9 .. - 20-4 245 :u . 5, 2 • l 
b 207 277 " 5 440 444 16 r 1616 1-442 6 
7 7~9 7~5 '0 6 506 SI" 1~ 2 lY65 1890 #. 
9 585 574 13 7 295 322 23 J 1490 1413 6 

10 33() 33. 17 9 ]02 323 23 4 18 .... 1711 7 
11 956, y7J 1\ 12 32. 348 ( 2 .. 6 530 540 10 
1? ~4R 272 25 "" 11, L '1 176 2.58 2? 
,.13 321 J25 '1 0 1261 ~58 11 0 953 906 9 
14 501" 491 16 1 "2. 62 17 9 .. 84 S03 J2 
15 402 .. 00 ?1 2 255 260 15 -(t 563 ~69 12 
16 n5 733 14" .. 1022 1025 11 447 -456 14 

.. , 6, l 5 328 JS6 20 394 J8l 19 
0 1900 J ~oo 7 1 1 .. 5 329 20 15 "02 390 20 
1 622 570 , 8 2SQ. 226 17 S, J. l 
5 1125 JOS8 9 9 206 207 32 1 J, 90 1050 6 
8 307 J09 17 .. , 12, L 2 1508 150:\ 6 

. 10' -' 325 331 lU 0 7~~5 , .... 13 J 393 3-47 Hl 
12 .H7 J25 19 1 .... u 4J2 17 4 1045 971 7 
13 211 203 30 3 4 .. 5 41.8 J7 5 297 275 1" .. .. , 7, l 

}l 
5 27,0' 271 2$ 1» 865 985 9 " 0 191 259 7 SOR S904 15 8 682 607 10 

J 510 515 11 .. , 13, 1. 9 1155 1 ... 5 10 
4 1960 lyn ~ 0 lOO 27A 7~ '0 983 974 10 
5 781 196 10 1 .. n 376 19 11 257 J14 13 
6 229 231 21 l 901 794 14 17 214 23. 2~ 

7 446 442 14 4 209 J18 26 13 57J !'i79 H 
8 9." 954 11 5 332 liA 22 JI. .79 466 J9-
9 344 . 32J 17 7 222 209 33 S, ... L 

• 8 14 578 565 16 .. , 14, l 1 639 593 
15 485 454 18 1 447 "8:1 20 2 266 281 14 

"" 
8, l 5, 0, l 3 612 601 ~ 9 

.C) 299 2S3 11 2 891 989 7 4 408 JY4 11 
/1 264 268 lB < .. 2'"'' 2101 IJ :, 745 7'59 9 
{ 2 310 312 1~ 0 J95 JJ2 13 7 516 556 12 .. 779 no Il 10 1"2" 1495 9 8 496 500 11 

5 552 557 12 12 11 71 1163 11 9 392 37J 1~ 
(, '577 574 13 14 .. 41 390 17 10 205 227 'li 
7 J06 201 18 16 634 622 16 12 309 J03 20 
9 204 1 .... 'J} 5. 1. l 13 -4Q4 457 16 

lc) 521 562 1~ 2 970 1063 ~ -5, S. (.. 
1'2 23-4 249 .JO 3 tJ32 123 .. b 1 1048 1041 ~ 8 
13 219 171 .n 4 77.9 718 7 2 213 214 1] 

( 

• 

• 1 

1 



\ 

[CCH30)lPl] CR (CO)2 (CS) 
COLU'"'' ARE IOF'O.IOfC. IOSJG 

1- KF'O F'e SIS l l'FO 
5. 5, l 7 596 

J IlU 1237 • 8 436 
4 117 70. 9 Il 3 .. 9 
6 296 279 16 5, 

• 11'''' 130. IC' 1 4CJ9 
10 2~7 218 22 2 52J 
11 7"l7 761 lJ ~ 299 
12 2~" 241. " 4 345 
D 468 444 17 5 342 
14 26" 244 2' 7 566 
15 :542 530 J~ 8 287 

\ 
5, 6. l 9 389 

1 :U .. 3"1. 13 ~, 

2 6Ul 673 , 1 432 .. 57J 6~0 Il 2 898 
5 566 569 11 6 561 
7 399 :~77 1" ~7 201 
R 363 357 16 • 271 , 813 ' 818 Il 5, 

10 817 869 12 3 439 
Il 460 490 16 4 21& 
12 874 826 12 6 4JO 
Il .. 28 412 17 8' 28!1 

5. 7, l 5, 
1 346 J99 1" 1 .. 78 
2 1485 1446 , 3 393 
l 771 ' 649 10 5, 592 

" 311 286 15 6, 
5 690 658 li 0 1491 

" 15419 1504 , 2 2477 
7 408. 4 .. 0 J6 4 688 
8 276 213 20 ·6 1004 

,--10 760 800 12 8 565 
11 226 211 lO 10 28J 
12 486 477 16 16 507 

5, 8, L 6, 
1 . 289 305 18 ft 1198 
2 JU4 335 14 2' 277 
J .... :\ 455 14 3 88 .. 
4 370 Js9 15 4 881 
5 231 220 2" 

. :~ 
60'5 

6 ~OS 694 12 1421» , 344 357 20 8 .. 1 ,.. 
1~ 705 793 13 1074 
11 26!i 270 2 .. 710 

....- 12 379 376 'o- lS 606 
1:1 ~J2 "96 .7 ,." 
14 43a 411 l' '0 1690 

S, 9, l 1 438 
1 1284 1253 10 2 . 220 
2 455 .... 2 15 3 1475 
J 705 785 11 4 540 .. 260 J08 24 5 379 
5 890 995 11 6 J~" 

Fe SIf; l 
542 14 8 
430 17 , 
313 23 10 

10, L , 12 
362 16 1 .. 
497 14 IS 
314 2' 
32J . 18 0 
32.- 19 1 
596 15 J 
2M 23 4 
348 - 20 7 

U, L .. 
412 16 10 
87 .. l' l" 556 16 Il 
Il .. 30 14. 
280 26 rl5 

12, L 
452 18 1 
221 ' 32 'J 
456 19 J 
267 2' 5 

13, L 7 
460 19 1-1 
404 20 
'''9 17 '0 

0, l 2 
1559 1- 3 
2416 6 .. 
~ 8 , 's 

1012 8 6 
S?S 11 7 
279 '0 9 
"'4 18 9 

h L lO' 
HU 6 11 

219 12 12 
908 8 13 
841 8 IS 
564 , 

J4" 
, C) 

806 11 .. 
,1076 10 8 

724 . 12 9 
56" 15 10 

"2. L 11 
1647 6 12 
436 10 
1e3 14 0 

1362 7 'J., 
514 9 J 
:188 11 .4 
146 24 8 

AlO 

PA&E , 

kFO Fe SIG 
-538 489 Il 
425 432 1" 
4''- 457 13 
335 335 19 
26O 196 24 
l6J 152 '-1 
Il, 3. L 

1385 12:50 ., 
'210 1201 7 
1126 1074 8 
.. 83 521 JO 
326 300 f4 

' 458 436 13 
288 J3J 20 
361 J,,~ 19 
206 199 2' 3 .. 5 154 22 
392 392 19 
6, 41 L 

562 . 4'90 9 
406 155 11 
815 837 , 
182 21'9 22 
585 571 . t 1 

10'3 UIO ~ 11 
6, 5, L 

328 J06 13 
.243 236 t7 
lU 273 14-

1043 1025" 9 
770 763 10 
437 4417 13 

i229 126", 10 
532 520 13 
307 336 19 
269 222 22 
'66 98t" 1'2 
403 395 19 
277 t 265 2~ 
l2J JS4 24 

" 6, L 
8ô3 1:25 9 

'''0 918 10 
-J13 . lJ8 19 
203 175 2F: 
599 601 14 
313 330 23 
628 65J lS 
6,- 7, L 

362 351 16 
1226 1196 , 

9CO 9.38 10 
1098 1095,jP 10 

39.1 478 17 

l' 
1. 1 

..... ./ 

./ . 

r 

1 
) 
q 
î 

t 

" . -

i 
1 

L 
' ! 

l , . 

" 
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r 
AlI 

[(CM:lO)JP13 CR (C\'2 CCS·) ,t\6t , 
COL""'" "RE Jorn. 10Ft. IOSJG 

l 1',"0 Fe SIS l no ft su; l 1e"0 Fe SIG 
5. 5, l 7 596 562 1. 8 ~~ 489 , .. 11 

J 1314 1231 1 8 436 430 17 9 432 t4 
.. 111 704 .' 1:1 3.-8 313 23 10 48. 457 Il 
Il 296 279 16 5, 10, L 12 335 335 19 , J14f: 1104 10 1 4(1C! 362 16 14 26(1 196 24 

10 257 238 22 2 52J 4" 14, 15 J63 352 '-1 
11 737 761 13 ',," ~ 299 314 2' 10, 3. l 
12 2:'4 246 2' 4 345 323 18 0 1385 1250 7 
13 468 444 17 ~ 342 324 19 :;" 1 1210 1201 7 
14 264 244 26 7 566 596 15 J 11211 1074 8 
IS 542 530 JI. ft 287 290 23 .. 483 521 1(') 

5, 6, L 9 389 340 20 7 326 300 14 
1 U4 346 13 5. 11. L 8 458 43/, 13 
2 603 673 , 1 432 412 16 10 288 l3J 20 .. 573 6~0 11 2 898 874 lj) l' 361 375 19 
5 566 569 Il 6 561 556 16 If 206 199 ~9 

7 399. ~~77 14 7 201 13.- 30 345 35A 22 
8 363 l57 16 8 271 280 211 15 392 392 19 , 8'3 818 11 5, 12, L 6. ... L 

10 817 869 12 :1 439 452 Il 1 562 490 9 
11 460 490 1" 4 216 221 32 '} 406 355 Il 
12 874 826 12 6 ' 4JO 456 n i 815 837 , 
13 428 412 17 8 28~ 267 26 182 219 22 

.. 5. 7, l S, 13, L 7 585 571 11 
1 34/, 399 14 1 478 460 19 11 10'3 1110 11 
2 1485 '4 •• , 3 393 .-04 20 6, 5. L 

( 
3 7?1 64' I() 5 592 549 17 (1 328 306 13 
4 3'1 286 15 61 O. l 2, 243 236 17 
5 t98 658 11 0 1697 ISS9 i- 3 319 273 14 
Il 1 -4, ,1504 , 2 2477 2416 , 4 104J 10~S 9 
7 408 ' 440 '6 4 698 6&0 8 S 770 763 1<' 
8 276 \ 273 20 6 1004 1012 8 6 -437 .. -47 13 

10 768 \8(\0 12 8 565 515 11 7 1229 1264 .10 
Il ~22~ 271 30 10 203 279 20 0 532 520 13 
12 486 477 16 . 1/, 501' , .. 64 18 9 307 336 19 

5, 8, l 6, .. L 10 2&9 222 2~ 
1 289 305 18 0 1198 11'~S 

, 11 96& 981 12 
2 384 ll5 14 2" 277 219 12 12 -403 395 19 
3 443 .. 55 '4 3 OB" 908 8 13 277 265 25 
.- 370 359 15 4 881 941 8 IS l23 354 24 
5 231 22(\ 2. °5 605 564 A 6. 6. l 
6 70S 6'4 12 8 142& 1491 r: 8(,3 ':25 "9 
9 34~ 357 20 , 841 906 11 9 .. 0 91R_ 10 

10 705 793 Il 10 1074 1076 10 8 313 338 19 
11 26!j 210 24 11 710 724 . 12 9 203 175 2F: 
12 379 37& 20 l'S 606 5114 15 10 599 601 .14 
U SI2 496 17 6. 2. L 11 313 330 23 
14 43l 411 19 0 1690 1647 6 12 628 65J l~ 

s. 9. l 1 438 .-l6 10 6. 7. L 
1 '284 125l 10 2 220 183 16 0 3&2 351 16 
2 "~5 .... 2 IS 3 n75 1362 1 , 1226 1196 9 
J 7US 785 1 1 4 540 :;14 9 J 910 938 10 
4 268 308 24 5 319 388 11 4 1098 1095 10 
5 898 895' 'u 6 U4 146 24 8 391 478 17 

,~ 

" 

) 
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r 'CM30)~13 CR (CO)2 (CS> ""61 , ,.. 
COlU"Mf. ME IMO. lote. JOSI6 

1 

1 
\ 

l KFU Ft SIG l ICF'O Ft SI& l kF'O F'e SIB ~ ! 

6. 7. l IC' 454 .. 76 14 ? , .. , ·"4 , 1 
10 .... 1. .. 67 17 12 '61 659 U J lJ3 3., JS ! 

" -53!; 509 16 1. 690 721 15 5 "' 97' 10 1 '. 
1. 723 728 15 &6 331 333 24 6 90a 911 10 ! 

1 

6. 8_ L 7. ,. L 7 797 .798 11 : 

(1 0 1590 &"84 , 1 &17 5'2 , a 862 157 11 
1 513 ~t7 1:\ , 1452 1476 7 . , 6.., "6 Il 
2 7 .. 0 7 .. 4 Il 3 42" .... 3 11 !ft 192 150 JI 
3 'su ""2 '4 .. 196 2'2 20 Il 683 688 ... 
5 2JJ 213 24 5 15e U5 23 7, 6, L , ) 408 432 17 6 19~ 37.0 Il 1 . 6'" .73 11 
8 791 7'9 12 7 237 ' 2 .. 7 .19 J J02 298 18 

10 3" 357 ICi 8 -649 &61 Il .. 527 .. 58 12 
11 ,67O 665 15 9 a45 893 11 6 36' 342 1 .. 

6. 9. L 10 411 .. 19 ~ IS , ". 843 l? 

° 1007 1001 Il 12 ~5" 537 ·15 10 "2 .94 16 
" 

2 360 334 17 15 250 280 28 Il .. ~ 488 17 
J 985 9'3 li 16 479 489 .9 13 224 2'08 . 31 
5 473 4'1 15 7. 2, L 14 342 3<47 21 
7 787 797 13 / 1 '90 .585 " " 1. L , 261 265 24 2 296 273 14 1 .. 01 37~ S .. 

11 53t 527 17 .. 401 t26 12 2 408 388 15 i 

12 24!i 234 ?9 S 882 'li 
, 4 542 544 13 ta 

_", 6, 10, l 6 26.1 303 17 5 248 217 22· 
0 681 647 13 8 623 614 Il , 

~" SOt 14 
t - 785 808 t2 9 l:: 269 21 ~7 713 756 13 
2 27' 21' ~1 10 S90 13 8 ~01 47' 15 
3 :520 530 15 11 "~6 435 15 10 263 257 25 
5 318 lOB 22 13 3 6 33' 21 U 715 743 15 
7 41' .. J, A 19 14 236 185 ~7 7, 1. l , 222 2!11 32 7, 3. L 1 .. 37 431 15 

10 26' 250 27 t 512 " 531 10 2 "3 .88 12 
6, JI, L '2 1172 . 1202 8 , .. 58 429 j~ 

2 287 279 24 J 1338 1327 8 7 779 78' 13 
4 390 358 19 .. 205 1" ~1 8 6'~ 731 1" 
5 307 338 23 6 236 257 19 10 693 708 14 

" 435 414 18 7 602 US 12 Il .2,a 29.- 23 , 212 195 34 8 1128 1176 10 12 3D 284 2 .. · 
1 201 180 33 • 583 579 n 7. 9, l 

6, 12. l 10 22a 248 25 1 '" .51 . Il 0 218 276 23 11 22S 219 25 3 01 50~ 

1 .. 6J .. 10 17 13 . S5ô "4 1S, 4 636 656 14 
3 22" 184 29 7, 4 •. L :5 34S 318 ., 

1 
.. 458 470 18 1 2'17 266 15 6 S03 ,,-n tS , 472 .. 79 ' 19 '2 5 .... S13 10 7 '240 . 280 28 , 2JS JOl 34 J 832 80S , , "'4 .. 81 16 

6, 13, l .. 365 J8Y 14 7, 10. L 
1-2 2"39 230 30 5 925 916 10- 2 312 275 21 

3 576 554 17 9 93' . '32 il 5 483 491 17 

d 
4 293 27~ 21 Il 260 261 2S 6 J'J 416 19 1 

7, 0, l 14 226 242 30 1 285 281 26 j 

2 706 79'2 9 15 489 :SI' 11 8 482 .. 7 .. 17 t 

4 J540 1571 8 7. S. l 9 4'1 S09 la 
1 231 2'. 22 1 639 676 10 1, th L 

( 
(7 

" 

. .. 
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Al3 

• 

r.(CH30)]P13 CR (CO'2 (CS) '''GE 8 
COLUM"S ARE- lorO.10Fe" ,iOS~, 

L KFO Fe 616 l KrD Fe SIG l KFO Fe SIG 
7. JI, l . 8 65~ 697 -13 4 399 398 18 

t 280 272 1.5 , S98 -602 14 S 'Ill 20' 29 , 256 228 28 12 -\ 243 'CH 26 6 23 841 14 
8 627 621 lA tt 305 260 24 7 722 693 1~ 

7. J2, l- ., .5, l 8 231 209 30 
3 267 271 27 0 2U 209 23 8, 11, l 
6 ~63 S45 17 1 198 254 25 3 248 27'1 28 

a, o. l 3 .50 440 Il .> • 287 lt7, 26 
0 47. 509 Il .. 80' 199 11 7 ' '390 4.7 21 
2 29~ 243 15 ,. :n, 295'" 19 8" 12. L 
4 Ion 1103 9 7 S48 ~60 13 0 215 158 29 
Il 44. SO' 13 8 692 106 13 1 .... 1 432 19 
8 lS2 lJ4 16 , 55. ,S, 14 " ~h l 

10 226 18' ?S 14 312 330 24 2 r,,'s6 1484 " t4 282 309 25 ., 6, L 4 260- 256 19 
8. j, L 0 677 654 11. 6 83~ 836 11 

0 256 284 '6 1 fUS 810 11 ft 311 286 19 
1 483 511 11 2 1112 1037 10 12 212 241 JO 
3 662 643 10 3 J97 209 25 14 536 496 17 i 
5 319 322 16 5 447 451 15 9, 1. L' ' 1 
8 203 172 25 6 394 369 11 1 519 506 11 
9 287 303 20 1 71' 710 t2 2 253 261 20 1 

11 25. 297 25 8 612 611 14 S 303 '73 17 1 12 241 245 27 1J 790 '86 13 7 5t.4 589 13 
14 239 239 28 12 284 301 26 8 487 53~ I~ ! 

( '" 
8# 2. l 8, 7, L 11 4eo 4'10 14 

° 39a 439 13 0 310 34& . 19 12 189 80 31 
1 931 916 , 1 5.0 533 13 14 393 373 21 
2 645 704 10 2 561 567 13 ., 2, l 
3 1397 147' 

, 3 3 •• 310 17 1 • 673 484 10 
5 l6~ 316 15 5 717 712 12 3 1226 12.5 9 
1 258 248 ~ 20 6 198 1~9 29 , 1465 1503 10 

• 2'17 240 25 , 245 220 26 6 882 869 Il 

" 3'4 .00 l' 11 329 397 23 7 666 692 12 
12 429 420 17 Il, 8. L B 228, 226 25 
15 ~11 :518 II 0 886 863 11 10 Ut1 61 29 , 

8. J. L 1 221 233 ' 26 11 262 264· 25 
0 1169 116 .. , 2 239 244 25 12t. 252 263 / 27 
1 589 582 10 5 505 467 15 13 50' 436 17" , 
2 605 575 11 . 6 543 578 15 14 341 294 22 
J 281 lOl 17 1 407 410 19 9. 3. L 
4 808 863 10 9 S90 581 15 ~ , 611 600 11 
~ 601 601 11 10 3JJ 329 23 4 443 421 14 
7 .. 00 J9l 16 11 443 390 18 5 607 6·41 12 .. 
• 31-2 320 19 e, 9, L & 163 716 n 

11 2'4 JI7 22 0 243 24 .. 21 1 186 118 28-
13 248 213 21 1 215 232 30 .. 338 332 19 

8, ... l 2 207 116 26 11 372 401 20 
0 1220 1267 9 3 - .6. 4" 1& 12 848 968. ,n 
1 650 609 M :5 ,. 338 3J9 22 U "'4 39t ~o 
3 813 803 6 ~04 415 19 9. ,.. l 
4 IOOl 1031 10 8 13 - 106 28 1 169 766 11 
6 448 472 14 8, 10.- L 2 1722 1745 9 
7 406 400 IS 0 617 61l 14 3 737 151 Il 

( 
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C(CHlO)3P1J CR (CO)2 ·(C$). PAU 9 
COLU""S ARE sorO.l0FC, 10S16 , 

'L KF'O Fe BIB l KF'O Ft 516 L Kro Ft SIG ,. 4. L 7 22' 152 30 2 214 203 26 
4 :598 62' ·U 9, Il, L .. ll8 330- 20 
5 1017 1065 ,)1 2 283 27. ~6 5 706 7la 13 \ f 
~ Ille 1089 10 3 ' 311 l30 24 , ~282 289 23 , 369 354 l' 10. 0, L . ..-.-. 240 272 28 

10 481 506 17 2 375 '4OS 15 1J 399 --393 20 
12 371 372 22 4 1786 129~ tO !Ch 6t l 
Il 5S1 530 11 6 ·324 363 20 0 880 817 12 
w 9. 5. L 8 132 745 13 1 11" U84 st • 318 290 t1 10 SJ. :'4" 15 2 210 27. 24 
2 317 348 18 17 443 448 19 4 455 483 16 
3 249 20' l2 . 10, lt L , 5 252 242 2!S 
4 287 288 24) 0 666 ~669 Il 1 902 '07 Il 
~ 572 611 14 2 518 SIS 13 8 264 295 27 

-7 314 294 20 l 201 1" 24 11 510 4'& 18 
tO 219 25' 27 , 584 608 13 10, 7,93..J. 12 . '14 621 16 6 611 704 13 0 592 15 
13 402 394 21 8 416 4" 17 1 712 142 13, ,. 6. L , 293' 347 22 3 376 421 19 

1 857 "93 lt 12 -6JO 595 IS 4 Hl 44.5 19 
2 332 J57 ~18 13 2" 277 27- S 217 166- 28 
3 76l 755 t2 10, 2. l 10, 8. l 
4 4S1 462 ·U 0 211 248 23 0 lU2 1086 l' -s 523 S13 14 1 52' 540 13 1 727 69' 13 
6 441 42~ 15 l 1221 1223 10 2 542 553' 16 
9 la4 736 li 4 397 390 16 • ' :Ill J2:J 2~ 

11 428 415 18 5 32l 365 20 ' 6 602 599 15 
12 .482 .'2 U 6 335 11: 19 , 427 4'1 20 

9. 1. L 7 > 783 12 8 226 193 32 
1 422 395 17 1l 713 6" 14 10, 9, l 
2 725 720 n 13'#206 173 34 0 4l~ 467 18 
3- 197 149 li 10, 3. L 2 501 502 16 
4 463 4",' U 0 " 210\ 194 23 3 433- 439 18 
6 224 23' 2' 1 120 727 tt ,., 4 225 21"6 JO 

• 457 441 18 4 319 327 '20 5- 481 "<4t 17 
9 .597 $73 15 5 207 208 27 7 472 490 . 19 

" 1. L .. 7 417 sot 15 10, Ut L 
1 372 365 11'- 8 3J6 ,328 20 0 562 ~35 16 
2 237 221 2.5 ' , 534 - 577 16 1 313 29O 2~ 
& .30 '.26 II 10 205 22S 34 J 254 245 30 
'1 49. 480 - 17 Il 308 292 24 4 218 200 31 

• :n 623 u 10, 4, L 10, U. L 
9 Jte 18 0 1022 1042 11 0 289 2~ 2& 

10 395 386 21 J 560 536 13 U, 0, L 
't 9. L .. 1046 1010 'U 6 1024 1011 12 

1 320 339 21 5 704 722 Il 08 842 831 13 
.3 333 351 21 6 407 418 Il 10 ,,,, 260 - 29 
4 388 391 20 8 61S 684 Il 12 1129 1108 13 ,- 342 32' 22 9 33& 3œ 21 H, 1. l 
7 Nl 111 16 10 tll 4~S " J 528 506 13> • 21 12 3 2 22 7 186 207 30 

", 10. L 10, S, L , 10'6 10S7 12· . 
2 4S1 435 lit 0 763 no 12 • 502 491 14 
S SIl 4" 17 1 541 ~ .13 11 344 363 22 

( ( ----

, -, .-
'._,' . Î 6 
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A1S',' , 
rt~ 
) ·0 

[(CH30)3Pll Clt (CO)2 (CS) '_EIO 
COlUMNS ARE IOFO.lprC, 10SlS 

t. ICFO Ft SI6 L KFO Fe SI6 L Kro Ft sJG 
~ U. 2. L ~ S ,455 4" S8 0 871 '6S ' 14. .. .. 43 .... 15 2 261 269 27 1 276 325 27 

5 10~5 103' 11 4 291 283 n 4 250 219 29 
,6 311 298 21 11, 10, l ~ 328 33U 1.3 

7 209 2:~1 31 .. s 469 45' 20 (, 231 217 31 
Y 664 673 15 12, O. l 

(, 
12, 8, L 

11 543 513 11 0 552 563 14 122 7JO 15 
12 212 151 34 2 430 .23 16 2 3'" 316 ·22 

~ 

U, J. l 4 , 219 195 . " 3 299 3()J 24 
1 274 22' 2l 8 328 325" " 22 • 243 27. 30 

'2 3JO 345 19 10 617 600 16 13, 0," l 
3' 193 ~1 29 12, .1, L .. 740 726 1 .. .. 257 25 0 299 305 '1 , 686 66 .. 14 , 5 .. 1 525 15 1 45.1 .... 8 ." 13, 1, L 
8 28 .. 276 23 '1 377 '415 l8 1 247 295 ·28 , 595 585 14 3 29. 310 21 3 279 306 25 

Ih 4. .. 4 214 26' • 30 .. 108 336 24 
J 319 292 20 8 267 263 26 5 756 728. Il 
4 498 s.4J 16 10 71a 696 1~ , 360 363 22 
5 193 199 31 12, 2, L 8 55 .. 519 17 
6 S86 607 14 / 0 366 J86 19 9 22 .. 204 32 
1 8 .... '879 13 1 432 446 16 13, 2. L 
8 346 297 2" ' 2 295 2~6 20 7 715 120 14 

C' 
, 10 332 317 22 4 ·252 252 26 13, 3, L 

tit 5. L .5 J79 J7S 19 2 360 J58 20 
2 639 637 14 " 298 258 22 4 .J~9 329 23 
3 234 241 28 , '-720 7S0 14 5 286 2'6 '5 
4 231 189 27 8 216 163 31 6 4"5 461 20 
5 J9' 221 J2 12. 3. L 7 426 439 2a 
6 288 284 23 0 323 J26 21 8 , J31 l26 23 
7 242 268 28 3 J19 328 21 13. 4. l 
8 l» 279 ,.4 5 251 258 27 l 620 1» .. 6 16 

10 346 347 21 7 411 l88 20 1 JI6 'J2S 23 
1\, 6. l .9 5J5 522 17~ 6 671 684 _ 15 

1 462 429 16 10 2141 244 34 7 581 600 11 
, 2 6O .. 60 .. 15 12. 4, l n,' 5'. l 

l 464 47J 17 0 J71 376 19 1 464 489 19 
5 421 4-" 18 :; 409 41l 19 J 448 451 ,19 

" 
" .. 579 15 " 421 405 18 5 482 483 18 
366 l79 21 , 30J J19 14 13, 6. L , 6J8 593 16 • '460 504 " (1 347 371 24 
11, 7, l , 429 .52 . 20 2 415 ... 2 18 

1 732 161 '13 12. St L 3 359 373 2' 
4 399 41.7 l' 0 2'-4 178 li 5 ·258 255 29 
5 215 190 30 .. lU lI4 25 13. 1. l 
6 23' 257 1.9 5 387 379 20 2 749 719 15 
7 255 274 2B 6 440 435 19 14. o. l 
8 315 2 .. 9 23 ~, 415 431 20 0 417 ".:47 19 

II. 8, l , U, 6, L 6 4.a ' 49O l' '1 744 750 14 1 ,o9 929 13 14, ,1. L 
344 332 '1 , 311 356 '0 0 4.8 ' 451 11 , 282 29l 27 7 589 590: " J 871 900 t4 

7 333 :n, 22 • 3'" 361 13 -4 ' "1 502 11 
11. 9t l 12. 7, L 5 760' l16 30, 

'-'-
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~ . 



! 
, \ 

1 

1 
1 .. ' 

. .. 
• 1 - , 
.i 

• 1 

"1 

-' i 
~ l' 
, j 

1 

f 

, " 
o 

1 ~ 

\ " 

.. 
.~ 

... 

, 

c·· .. 
J 

-- -~-. 

. .. 

• 1 

, . 

tCCM30)3P13 ca CCO)2 ces) 
CnLUtINS ME 1WO,lOFC. 

L .FO Ft Sl6 
'4, 2. '" 0 526 ~O8 17 

3 219 ·225 JI , . 4 27' 27e» '21 s 625 '45 lit 
6 213 15' 33 

f· 
U, 3, l 

;-

" 

. -
.. 

'. 
., 

à-, 

• . " 

.. 

l 
0 , 
2 .. 
S 

• 

) 

\, 

A16 f 

\ 

" 

IOS1'S ""UEI J 

IFO Fe S,I6 
459 '4U l' 428 457 l' 445 502 '19 
898 t20 ~~ 244 250 
14_ 4. L-
a41 l52 ".24 

1 KFO Fe SIS 
1 423 '391 20 
'1 208 221 '~ .. 2" 284 

14, S. L ~ 
0 575 "1 17 :. 

S 1 "9O SHi 19 
2 290 ,234 24 . 

r , 
o~ -" 

~ 

"~ 

.' 
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Tabl. A.3. Final ;P~i t.i,t;lnal 'Par ... t.... fer 

Cr (CC!'2(CSH n.o~3Pl3 .(IIC 1) ~and Th.ir Esti_tllCl 

B~andard Deviat.ian. 

,.. 

A17 

• l ' . 
. ' , -_ .. _--_.-. ......... _~-----.. -.... _ ... ~-_ ..... ----- .. _-~ .. _------_ ... _------ .... _ ... -~-

Atoa 

Cr 
Pl 
P2 
1'3 

-Cl 
S 
C2 
02 
C3 
03 
011 
CIl 
012 
CI2 
013 
C13 
021 
C21 
022 
C22 
023 
C23 
031 
C31 
032 
C32 
033 
C033 

X J~ 
0.1"1~') ~' 
0.32792(15) 

y 

0.38303(9) 
O. 41133( 16) 
0.44281(15) 
0't33602( 16) 

. 0.23895(15) .' 
0.07087(15) 

<> 0.1663(5) 
0.13294(20) 
0.2418(6) 
0.2710(5) 
0.1580(6) 
0.1317(4) 
0.3437 (4) 
0.3014(1 ) 
0.4058(4) 
0.4958(6) 
0.3613(4) 
0.3648(7) 
0~2931(4) 
0.2S8S(7) 
0.2993(4) 
0.3381(7) 
0.167S(4) 
0.1101(7) 

-0.00976.4) 
-O.0444( 7) 

0.0238(4) 
0.0672(7) 
o .Q.683(4) 

-0.0101 (6) 

O. 3483(S) 
0.32226(20) 

'~ 0.2782(6). 
0.2140(4) , 
0.4919(6), 
0.5600(') 1 

0.5118(4) 
0.5356(8) , 
0.4123(4) 
o·. 4214( 7) 
0.3626(4), 

. O. 2686( 7 ) 
o .3a58(~) 
0.3154'(6 ) 
o .52S0( 4) 
0.5691 (7) 
o .47SS-(4) 
0.5445(7") 

" o. 4crl5 (4) . 
0.4313(7) 
0.2510(4) 
0.1753(7) 
0 .. 3071 (4) 
0.2719(7) 

- " Z Ilio· 

0.31742(7) 
0.43546( 12 > 
0.,27786(12 > 
o. 346S-7 (13 > 
0.4733(5) 
0.S4971(r.> 
0.3610(5) 
O. 3418( 4) 
0~4097(5) 
0.4251(4) 
0.4690(3) 
0.5336(6) 
0.3130( 3) 
0.4062(6) 
0.50 11( 4) 
0.4986(7) 
0.2·242(3) 
0.1'32(5) 
0.2876(3) 

, 0.226'('5) , 
0.2239(3) 
o. 2'413( 6) 
0.3464(3) 
0.4'} 22( 6) 
0.385.(3) 
0.4016(6) 
O,.2~.64t 3) 
0.2333(5) 

2.43(7) 
2.12(11) 
2.67(11) 
2.fl(11) 
2.9(4) 
5.17(15) 
3.1(4) 
5.6(4) 
3.0(4) 
4.a(4), 
3.a(1)" 
6.0(6) 
3.S(3) 
5.2(6) 
4.S(3) 
6.0(6) 
4.0(3)' 
4.9(6) 

. 3.6(3')' 0 

5.1(6) 
3,.7 (3) 
,5.1(6) 
4.0(3) 
5.4(6) 
3.9(-3) 
5.2(6) 
3.6(3) 
4.S(6) 

.~---------~~~~---~~----~--.-------~---~-----------~---------( ~ 

a~lS0 1. tb. arith.etle .e.~ of the priGcip.l axe." of tbe 
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Tatal" A.4. Final' Th" •• 1 ~ .. _~.,.. f~, Cr <"ca) 2 <CS) t <;..a) .jl3 ," 

~ 

C1BC U and ~.ir E.~i .. t:.ad St .. d~d D,ltvi a~i an. 

At:. 0111 Ull U22 U33 U12 .- U13 .Ù23" 
(~J " 

, 

Cr 2. 7~(B) 3.01 (9) 
, 

3.41 (a) 0 .. 04(7)' -0.08(7) 0.15 (7) 
Pl 3 ... 14<14' 3. as (1~5) )3.11 (15) -0.OB(,12) -0.31(12) 0.18U2: , , P2 3. 30C 14' ,.,3.40 (14) 3.41(13) -0.00<12> o. 1~ C 12) 0.04 (12: 
P3 3.01 (14) 3. SB Cl4) 4.02 (14) -0.09(12) -o. O~(12) 0.49 U3l 
Cl 3. 1 (S) 3.0(5) 4.'9 (6) -0.6(4) -ô. ,cs> ·-9.1 (e) 
S 7.BS(21) 7.SS(21) "'4.23H 7) -0.SS(17) O. SB (16) 1.01 C16'l 
,C2 ,3.2(S) . 3.S(6' S.l (6) Q. 9 (4) -0.'4 (S) 0.OH5) 

v 
02 s. 1 (S) S.4(5) 7.6(5) 2.1 (4) -1.0(4) -cs. 7·(4) 
C3 3. a (6) 3.4(6) 4.2(6' -O.O(S) 0.3(S> ' -1.4(5) 
03 6.7 (,S) 4.4(4) 6.9(S) 0.7(4) 1 0.B(4) -1.4(4' 
011 4. 1 (~)" 4.9(4) 4) :1.4(4) -0.9(3) 0.3(3) -1.S'-4) 
Cll 1.0(8) s. 7,(9' 7.1 (S) 0.7(7) , 0.9(7) -4.3(7) 
012 2.9(4) ~ 6.0(4' ·4. S (4) 0.4 (3) -o. S(3) 

-o. 71l C12 2. a (6) 1.9C'S) 9.2'(9) -1.1 U.) -0.7U.' -1.9< ) 
013 4.7(4) 6.6(SJ _ S,.7(4) -1.3(4) -1.9(4) 1.7(4 
C13 6:!5(?) :I.'S (S) 10.9(9' 0.3(6,) ',-3.3(7.) 3.9(7) 

.\ 021 ~. 1 (4' 4.9(4) :1.1(4) 0'.0(3) ,0.9(4) -1.1(3) 
C21 S:0(8) S.O(7) -\. :1.6(7) f· oe6

' 
-0.1 (1) "':'1.7,(6) , 

022 4.4(4' -10 4.8(4) 4.6(4) - .3($) -0.2(3) 0.0(3) 
, C22 S. 4 (8) :5.6(7) ~.3(7) -2"S (1) 2.2(6' 2.0(6) 

023 ~. 1 (4' 4.7(4) 4.,2 (4) 0.0(4' -o. S(3) o. SC3) 1 

<> , C23 ~. S(?) S.7(7) 8.3(S) , 2.1(6) -1.S(6) -0.2(7) 
031 3.8,<4' S.8(4) S.S(4) 1.1(3) -o. S(3) , 0.2(~) . 
C31 ~. 6 (1) c _ 6.5(8) v- 8.2(S) 1. S (6) 2.7(1) -1.6(7) 
032 4.4(4) 4. 9 (~'I :1.3(4) -~'. 4 (3,) -o. 1 (3) 1.1(3) 
C32 7.2 (s> 4.'1 (7) 1.7(S) -1.0(6) -0.4(7) 0~)(6) 
033 4. 1 (4) :1.3(4) 4.4(4) -;,0.6(3) o. ~ (3) -o. (3) 
C::s3 ~. 4 (6) 6.4C7) ~.4(7' -2.3(6) -1.6(6' -0.9"(6' 

• \ 
,~ .-.. . 

· -AlI' th. UIJ v.lu •• have been .ultipli.d by 100. r 

( 

\ 
\ 

.. 



1 j 

, '. • 0 

Al9 

<. 
, ' 

References 

î. E.J. Gabe, --',A. C. Larson, F. L •. Lee and Y. Wang, The. NRC 

, POP-8e' Crystal S,truoture System, NRC, 
.' 

.. 
Ot:tawa, 

Ontario, Canada, 1979. 
. J 

2. International Tables for X-Ray Crystallography, Kynoch' , , 

t 
Press l ' Birmingham, England, Vol. IV, 1979, Tables 

! 

2.28-2.31~ 

" ( 
• 

1 

G 

~ 

D 

"/ 
" 

.. \ 

.' r 

.. 
, 

~ 

" , 

: . 
C'" . .. .. 

t~· 
, . ,. 

t..r:" .. 
,. 



1 · 
{ 
" 

1 

.J 
, . 

'\. 

, 1 

" 

, , 
-, , . l .... 

À22endix B 

Structural Charact.rizat-ion 9f. the mer.. 1 Isomer of 1,q 

Ct.(CO) 2(CSe) [(MeO) lPl 3: X-Ray Data Collection, '-Structure 

Solution and Refinement:. 

t 

BI 

.... 

Table B.\.. Crystallographie Data for X-ray Diffraction Study of , 

. -
n' Crystal par!DFf'ters 

J -crystal system - orthorhombic • 
spacè group - Pbca . calcd density _ - 2.396 9 cm-lI 

a • 15.483(3) A 
• 

temp - 118 Iè • 
) 

( . 
. . 

b • 15.213 (5) A formula • C12H27olisePlCr 

c =- 18.997 (3) A~ 1B01 vt • 570.~ O. mol- l 
0 

V • 4474.6 Al 

Z • 8-

Measurement ~ Xntenstty Data a4d Structure ~olution 

o . 

Enraf-Nonius CAD-4 diffracto_ter at 118 It,. coupled to a VACS' SDP 
computing system . 

. lattice paràmet~r8 br l~ast-square8 refinement. of ~di~angle 
settings . 

range of hkl: h 0-1"&, k 0-18, 1 0-22 
tu/26 scan _ 

"graphi. te-monochromated MoKa radiation, 
4 standard reflections (2 2 6, 0 0 10, • 6 0, 8 0 0): l' variatio~ 
- (72.1 h exposure) , 

4398 unique refleetions mea~red'" l09.l wi~h 1 > 30(1) u.ad. 
intensities C07;reeted for L,6rentz and pol.rrization effects and for: 

absorPtion . 
'structure solved by Patterson and Pourier methOds,) -full--matrix 

, leas~-squares anisotropie refinements (254 variables) "itô; 
~ the B atoms being in~luded in the' ·atruc'ture -factor 
calculàti'ons but not refined . 

RF =- 0.042 f 

R - 0.062 , -"p 
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Tabl. 8.3. Final PasitiQnal Pa,. ... i:.,.. 

for Cr(CO)2(Cs.)t(~a)~l3 (He 1) and 

Th.i,. E.ti .... tlld Si:andard ~vi.tion. 
\ 

.. 

At.o. • Y • ·1'A2.,) 

CI o. n'14(~) 0.3Iu,un '.3"21'4' 0.?4' l') 
Pl 0.32"6(1) 0.41673(') 0.43460(7) 0.,o(2) 

la 0.2415"1" 0.44~3IC.) 0.27659(') 0."(2) 

'3 0.06'3'CI, 0.334"") 0.343.3''') o.lIe:u 
Ci 0.16"'(3) 0.3"'1(3) 0.4713(3) • 1.2(1) 

SI 0.1277'(4' 0.31'81C4' 0.~:5S:1 (3) 1.'1(1) , 
ca 0.~48'(3) 0.:1733(4) 0.351'1(3) 1.:U" 
02 0.~.04(3i 0.20e~H3' 0.340512' 2.16(9) 

C3 0.lS46(3) 0.4'43(4) 0.4010(3) 1.2q \ 

03 O.!~71t3}, .,. S6C.,( 3i 0.4242(2)' ::.01 (1) 

011 0.3453(%) O.:U21<:n O.UII':) 1.:~(,) 

C11 0.:,!"(4' O.:5UC\4: 0.532'1(3' :%.0(1) 

IU2 0.40CJO(:l) 0.4121(2) 0.,.,,<:) 1. !::5C 1) 

CU O. 44J76 ( 3) O~42'0<4 , ~.4C51(3) 1.6tl) 
"'\ -~ 013 o.U:t(2) o. 360'(:::~ 0.5014 e,~) 1.40(7) 

, '" C13 1). 3 •• 1·.~ 0.2660<4' "."""(3) 2.0n, 
1 

o:u O.::~'''C :> 0.3I50C.::U 0.:::'40(2) I.Ue" 1 
C21 , 0.::: •• 0(4' O.lU'eu - 0).1'''4(3) 1. 7c 1) -

1 --"" 
Ol2 '0.3010e:> 0.52"'::' O.:"'::(~' 1.2~(7) 1 

1 

i 
" 
l, 
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fable 01 Po.,llona! P., .... ".f' In4 fhnr l.ti.a".4 '''anda~4 D.v,.t.&on, Icont. ~ 

-------------------------r----------------------------... ------------------.-
A\o. x .y - .'CA:! ) -~ 

C22 0.33"7(4) O.~108(4) O. ::::6& (3) l.!(U 

023 0.1 ?O~C::1 0.41~O(2) 0.220:!(2) 1.22") 

C23 0.1113(4' 0_S433C4 ) O. :;:l88 (3) 1.9<11 

031 -0.0114 1::1 O.4014(iJ 0.3434(::)- 1.3~11 ) 

C31 -~.O .. 69( .) 0.431' (4) 1).408'\3' 1.;(1' 

032 ~.O~11':\ G.:;:~4:;:(2) ~.n~~(::) J..:!6 \, 1 

C3: O.C6~0(4) a .173:: (,,) O.:J'J97'3) 1.:1111 

/ 03: 0.O~911:'· 0.3051(2) (1.::63('( :l' 1.:5t7) 
( 
\ 

C33 ··).je19 1 4i .,. :U8C 4~ 0.::306(3) 1.~(1) 

IUIA 0.3146 0.594:: t;'8 AA"'''' 
101118 ~.:::3e: O.:;a35 .,. 4:; A."l\.!t J Hllt 0.3141 o. 496~ 0.'691 .. ",,,. 
Hl::A 0.:5.361 0.4111 0.36" .Ah* 

HlU 0.$038 0.4800 0.4::16 .JlJâU 
,~ 

K12'C O.SI1ct/=; 0.3794 0.4395 A"AU , 
H13A .0.3.74 0.24:::S O .. 541~ ..... 

, , 
H13. O.~103 0.2422 0.4888 .luhU 

HllC 0.4041 0.2115 0.4606 A"""'''' 
H::1" 0.3077 0.2867 0.1568 A.U",* 

( 



( 

. . 

• 

B23 

. _._-----~----------------------.-_._----------_._------.-.. _----------~~--~--
At.o. Il V 1 JCA:: ) 

"Zn 0.2415 0.269. O. :U6tt AIt"", ... 

H21C 0.2114 0.3331' 0.1'54- AAU. 
M22A 0.3729 0.6204 O.242~ MI""'. 
H22' 0.3164 O.S319 0.20:10 UAl\~ 

M22C 0.:'56 0.~918 0.1958 11*41 .... ., 
H23A 0.0130 0.~~39 0.1')96 leU"". 

K231 ......... :; O.S:!i~ 0.21'9 1e .. *1-~. r-
H23C 0.1406 O.:~~4 o. ;499 ,AH"'" 

H3iA -o. (1941 0.4'03' 0.4008 *U ... " 
H318 -0.oJ6ï2 '}.Ja=4 0.43&1 IeU"A 

H31C -0.0040 0.401-6 o. 4~:;8 ItUIoIc 

H32A 0.0:161 0.IS3 .... e.4229 "hA 

1432' 0.Oe6~ 0.1459 c· .3~83 Ule"'~ 

H32C 0.1123 0).1346 v.4J':8 i\IeJl,,, • 

H33. 0.00.33 0.2~ .. C· O. U23 *.~", ... 
H33 •• -o.O:~' 0.216i O. ::;43 lI*cj~A 
H33e -0.0:;41 0.3099 o. :3::10 ..u. 

---------------.--------------------------------------... _-------
St..rr.", .to_, wu. r.tH ••• , uotropac:",qy. 
"r.:.sot.roOlc.ll, r.tu ... ~ .t,:, •• ,r. etav .... ln t.h. tOI'. ~t t.h •• 
lc.otrcplC .QIH".lent. \Oh.,. •• l lIar~_.t..r !2.tU' •• <I 1.; 
(41'3) " ,.a.'(1.1> • bJAt(2.21 • 1:2 •• (3.3) •• bCeu , •••• ' •• (1.2' 
• .c (COI be1. .. '1I1I1.3 J + bc (co .. ab"" U'C 2.3) l 
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Table 8.4. Final Thermal Parameters for 

Cr(CO}2(CSe) [(MeO)3P13 (!!!!!. I) and Their 

Estimated Standard Deviations' 

824 

, J'l, .., 



t 
l, 
t 
f 

" 

• 
• 
• c: 
o .. .­• • .. 
II. 

li " loi' , 
.. , 
0' 
~ , 
CI • ., 

&10' , ., .. , 
~, 

~, .. , .. , .' &., ., ., 
... , 

• -, .. , .. , 
• c: • c:I ... 
o 
• -~ .. ... 

>, 
CI" , . , . , 
, 

.." · , ('f , 

f •• 

... . ..,. 
• • 

• , . , 
... 
ri · , ... , , .' 

• 1 
fil ' . ' 
.... 

• 1 .... 
ca 

"" -· ... -
.. • 4 
:& 

.... ... 
• .... . 
o 

ri 

• o . 
o , 

.... 
ri 
o 
o 
o , 

C'J 

o .. 
' ... 

l'J .,. .. · o 

• u 

.... .,. 
C'1 N N ... ... ... ... ......... 
o C' CD ... -.,. ail • C'f .ail C'I . . . 
000 ... 

... .... 
.. • .. A M .-. 

r. ri ... r, /'0 r,-
., 0 0 '", ,.. " 

00000 0 , , 

... .. 
04 ., 
J 
• 

.. .... ... 
o . 
<:t • 

... 
o 

o 

• 
• .;) 

o 

.l) 

• 
o 

.. 
ri 

o ., . . 
o 0 , , 

.. .... 
(". 

o .... 
o t'I . 
o 0 

-., 
'" !".. ". 

ln ri 
A 

.' ... ~ ,., .... ... 
~, ,,~ 

<> .. ;. 

M 
v 
ail 
'tl 

o 

N 

(II . 
o , 

rI ... 
rI 
la' 

... 
l" 

o .. 

N 

. 
o 
1 

N 

COI 

o 
• 

ri .... 
ca . -
-rI 

... 

... 
go' .. -
.ail -... • C'I . 
'" 

.. .. 
" 
o , 

... 
'" .. 
'" o , 

", · o 

... 
C'f .., 
CI' · '" 

rI .. 
'" · .. 

-C'I 

o 
o 

... 
ri 
o . ' 
o 

r. -M 
• o , 

... 

-

...... 
ail ,.. ...... ... ,... 
o ('f · . M ... 

.... 
:= 
C"I 

o , 
--, . 
o 
1 

... ... 
1'1 ... 
II') /" • · . o 0 

.... ... ... ... 
., ri · . ., 0 , 

... ... 
1'1 ... ... 
ri Co · ri :a 

... 
l .. ...... 

... '" o N · . ('f ... 

... 
M 

... · ... 
1 

.. ... ... 
" o 
1 

...... 
r. ... - ... ...... . 
o 0 

1 

('1 ... ...... · . .., 0 

- ... 

, . 

" ... 
- 0 ." . 
• 

.... -" o , 

M --
o 
• 

(". 

., 
1 

M 

CD ... 

H ... 
~ • 

M 

o 

... ... ... ., 
• 0:> 

1 

... 
'" " 

~ 

• 

... r. .... 
o 
"1 

... .. 
o .. 

;} ... ... 
(II .., . 
'=' 0 

... 
('1 ... .,. . 
o 
1 

rI 

~ 

l, 

.... . 
o 

o 
.::> 
1 

... ,~. . 

... 
ri .... 
,., 0 . ... ... 

ri 
ri ... ... 
,.. 0-

... 
rI ('f.N rI ... 
tto • ... GO ... 

... . .. 

.......... '0 

;;; ~ <; If' 
C';. 

1'1 .ail 

N "" ... ... 

o 

... ua 

... ." 

. . 
~ r. 0 ,N 

lOI 
o 

.... '..,. 0 .> 

-... ,-o \01 

ri 1'1 ...... 
o u 

.-.1 

... 
... .... ... ... ,... 
,... ('f 

-CIl ... ... · o , 

... 
r1 

. .-
.... ... -o . 
o , 

... ... · . o 0 

-C"I ... 

... . 
• o 0 

.... -

-C'f 

C"I 

" 

-' -

--('1 . ... 

B25 

l~ 
" 

.-' ... '.!<.t 



( 

c 

( 

,. 
• ~ c .. -c o 

Col 

1 

- 1 . , ., , 
l , , -, c, 
0' .. " -, . , ., .. , 
o.. ., 

1111 , .. , 
01 -01, 
~: ... , , ., .. , 
~. J, .,' .. , · , " a. .. ' •• . , ... , 
" -&.1 

• C • c:t 
w 
o 

• -4 

, 
• 

•• ... 

)!, .-, · .­a, 

-, 
l't, 
"-. 
"' , ., 
... , 
l't, · , -. -. •• 

-. C"t, 
• • -, -, .. , 

l't 
• l't ... • 

1 ", 
• 1 

"" .. 
"" -, · , -, -. a. 

e • .. 
&, 

-... -.. . ... 

-C"t 

" . o 

-C"t 

'" o 

... 
C'II ... .... ., 
• 

... 
COI 
..., 
· .... 

'" ... · -
'" ... 
o · ,.. 

C"t 

" u 

J 

,.. 
... "'" " ... ft • 

, . ... .. 
.... ... -o 

-

-ft ... ... . 
o 

.. 

9 

,.. ..... - ... ., ... 
ft ,.. . ... ... 

--... -. 
o 

,.. 
;:; . 
o , 

.... 

... .... ... 
I.e 
ft . ... 

.... ... .. 
ft 

o 

, 

... .... ,.. ...... 
... ft 
II' N-

o • ... ... 

.... ... -.... . ... 

....' 
'" C't il: . 
o o 0 . , 

... -

.. 
v .. . -­.c_ 
"C 

- ,.. ft 
... ... ... ... 

.. ,.. , 
.. .. ., ... 

-c 
,..0 -N 

o , 

.... ---
o 

-"fO 

• . ... 

o 

... 
o 

,., ... 
o 

... 

.0 . 
o , 

-CIl 

I.e 

o 

.... 
'" ., 
• ,.. 

-o 
o , 

--
op 

o 

-t'. --

,.. -
.0 ..... .. . 

o 

... -,.. toi 
Col 0 

... 
• . 
o 

-,.. ... 
1'1 

o 

,.. 
... 
n 

· 

o 

.... ... ... 
" o 
• 

... 
rt ... -. 
t', 

.... ... 
... 0 

o 

o 
1 

... 
t'. 

.:;0 

" 

.. 
o 

... 
ft .. ri ... 

- " ... 1111 • , 
o 0 • , , . 

• , 
• , , 

.. rt , 

• '" . , 
• ~ 0 , , ~ , , , , ... . 

te t'. • 
• ,.. .. 1 

• ... N • , 
• 1 

• . , 
• ,.. . , 

MI -li • 

-C"t ... 
al 0 • CI -· . 0-0 

-u --e 
au 
~ .. ",J 
~,­
.c'" 
'" -

'1.' 
u 

.. ,., 43 
a ... 
.. ,., Q. 
a- .. 
... u ""M. .. U .. 
'"ri ca._ • .. -.... 
" • .-- t~ .. r. .. ., 

,C '" <C: 0# _ ... ... 
..,N • 
..~.Q 
~\".1 • 
? ... III .. 
... QI 
o .. ........ 
00- .c: 
.: • 2 .. --... ,.. 
C ra ..... 
." tIf~-... .., 
....c:: • 
O"'N 

111-."' ... .. • Il 
OO~ "'t_ ...... 

... M '" 
C't "" ,., ft 
U 0 Col 0 

C't ... 
Col 

• cao ... 
..0;1( .. :.. 

826 

. -, 

1 

, 

: , 



... l1li1 .-..... ,-'-"L. ____ -~ 

1 
1 
~ 

~ 
t 
\ 
, 

. 

-~ 

( 

--------------~-~--------------~------~-----------------------

B27 

r • .,l • of •• fi~.d 't •• .J. ra t. "'" • h~~ol' ",r ••• ians - '.t~·. 
._------------------------------------------------------..... In.lI 1'2,2) "3,3> f le 1.:U 1<1.:" 1("2,3) ------ ------ -----. 

ca o .OOO51C3) 0.0003i(3) 0.000'7(2)-O.OOOOO(S)-0.0000~) o.OO~OI(,) 

P'1 0.00064(:5) 0.Oo06te ~) 0.00106(4)-0.00001(9)-0.00011<7'-0.00002(1> 

P2 0.00074(5) 0.00050<:1> 0.00104(3)-0.0000'<'' 0.00001 C11 0.00003(7) 

'P3- 0.00056(5 ) ° .OOOS' (!5) 0.00101(U 0.00001<"-1.00000(7) 0.0001:(';' 

Cl 0.0007(,::> 0.0007(2) 0.001~(1) 0.0003(4) -0.0006(3) "0.0001( 3) 

SE 0.00::00(::> O.OOLSI (al 0.OO10'el'-0.OO031(~) 0.00048(3) 0.0003'U) 

CZ 0.0009( 2' 0.0011(2' O.OOll! l' -0.0004(4) -0.0002(3) 0.OOOZC3) ~ " 
" 

02 o. OO:!:H:n 0.0013<::) 0.00030(1) o .OOl:l< 3 > -0.0003(3) '-O.OOO!HI) 

C3 o.ooo,e::) 0.001::<:!) 0.001:(:> -0.0007(4) 0.0000(3) 0.0000,3) 

o:r O.OOUtZ) O'.OOOI(:i 0.01,)2aCl ) 0.0010(3) 0.0001(3) -O.OOO"!21 

oq O. o',noe 1) 0.0001<1> 0.0014(1) -0.000;(3) o • OOQ,j ( :: :. -v.OOO,Cl) 

C11 1.')0I:O<~) 0.00::0 Cl) 0.0013<;:' _·j.000:!C4: O.000114)·-0.OO1~(4' 

01Z O. 000i( 1) 0.0016e:) O.oo::!< 1) :)~OO03(31 -o.OOO::C::' -Q.vN\"(~' 

-" CU .) .0005 ( 2' 0.ù016<::> ù.OCi19(:!, -:.(003(4) -0.v001\3) -·).ÙO"')<4' 

013 G.001::(~) . 0.OO11'::~ O.()OH Cl . -~.0005(3) -0.0008':!) O.OO~~ll) 

C:.: O.0016CH 0.0014 en ()~oo:n!:!) 1. COOO(4) -O.ilO14(4) 0.0014(4) 

QZl o .~Oll <l) 0.0011 (~) 0,0('13<1) -0.0000(3) 0.0005<::> -0.00.05(2) 

cu 0.00:!3(3) 0.0012<::; 0.001::<1 ) .,. ~o.o:: (,u 0.0003(3) -0 • .oC03(37 

ou c-.001::t::> O.OOO~(::\ 0.0013! 1) -0 _,000'( 3) O.OOOle::> -0.0001<ZI . , 

1 
, 1 

• 

/ - , 
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----------~.------------------------------_._------------------------"- . 
\ 

8(1.1> '(3.3) 1(1.:) 1\ 1.3) 8(2.3) 

Cl2 O.~"21(:· ?OC·14(:) 0.0017':' -0 .. 0014(4) O.000~(4) o.OOOGn) 

0:3 0.0011(i) 0".0008(1) O.ÔOl:!(l) 0.000:<:3) -0.0004(:) 0.000l(2) 

Cl3 0.0017(:n 0.0013(:> O.iHIl'H:· 0.001!(4) -0.0010<41 0.000:(4) 

'031 0.0007(1) 0.0013(:) O.OOl~(l) O.000~J(3) -O.OOO1<::n 0.0001.%\ 

C31 0.0009(:> 0.0017(3) 0.0018(:) C.0006(4) 0.0006(3) -·,.ilOO!;(+) 

03: 0.0010n O.OOO8-t1> 0.0014<11 -C.0004tJ) 0.000:(::> l\. 004(2) 

033 0.0009( 1) 0.OeI3(:> Ô.OOI:::! 1) -O.OOc.!jc 3) -:-O.OOO:(;!, -O.O~,{I'(l' 

T~. ror. ot th. anl,otroplC th.r.,l olr, •• ter 1~: 
.xp[-(J<l.1lIlh2 + B(2.1,.1r.2 • 8(3.3)/012 • 2<l,l>l.hlr. '4o BC1.3Hthl + B'~.3).t<Ll 

( 

o 

) 
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i , 
" lM, • ., ....... 1 , .. ,. •• , .... ... u. .. ,. ........ -u-. 

----.-----.-._----~---~--------- .... ~ .. _ .... _-------.... In.u UC:I.2) .. (~." un.JJ lu.i, utl~" -- ------ -- -- ---
ca 0 .... 2(4' 0~OO42(4) O.Ol"l·' 

. ........ c., . ~.~f1) .'o.""U) 
• < 

Pl 0.~'111' '.007'(6) '0.0"4'" -O.""C,) ....... .c'S) .... OOuesy 

'2 ...... c., ...... "J •• 0It" • ., ....... ,., ..... le • ., o.Mi:les) 
~ 

.3 ...... ,,) 0 .... ,(.' •.•• a.~C1' ' ...... ,s, ~ ..... cs, •• ...,(S} 

t1 0 ... U2) •• 101 C.2' ,1 •• 03le3' , '.01212) -0 ... 1(3) -:0."'(2) 

.a 0.1241(3) O.OI71e3) I.Ol"(3) .-0.0122«2' 0.H_C2' •• .oaU) 

CZ .;,,1(3) '.01:1CI) o.oun, -'.00"2) -O~N2C2) 0.002'" 

02 0.oHe2) 'O.01se2') 0.037(:' 0.007(21 -0.H:I(2) -0.004(1) ~, 

C3 0 •• IU2) O.OU~:U 0.0:2(2) -0.004(2) ..... (2) O;OOOCI, 

03 0.02"21 0.00''(2) 0.041\2) 0.O'Ne2·' 0.~.(2) -0.Of4(2J 

011 0 •• 13n, 0.010(2) 0.0::r6':) -0."4(:) 0.102(2) -._",ca, 
C11 D.021 (3) O.O:!U3> 0.032UI -0.001(3) e.~o1t:J) -O.014eu 

• 012 O.OO7,C:) 0.011(2) 0.022!:) O.002C2~ -0.002.:a "O.OMU' ., .' 

C12 0.00'(2) 0.Ol!(3) o.,,~:c:u -O.~O:Hl) .. ~ .. 0 .. H2' -q .. GOZI3J 

013 0~'15(2) 0.013<2) o.~::;,:u . -~.003':" -O.OO6e:) .o.OO4cl) 

cu 0.'20(2) 0.017<:1) o •• "U' ..... (3). -0.010<:1) 0.010(') 

ou O •• 14C:) 0.013(2) 0.0:14 f2J -o .... 'Z) 0.004C:) -0."4(2) 

Cl! O.O:SIU) 0.01S.2) '~.t~l") O.OflC~' '.002C2', ...... ,,), 
au O.Ol~(::) O.OlO<2J 0.0:3(2l, -0.00$'2) O."IU) -t.HOU) 

• 

\ 
\ " 

( 

/ , 
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, . 

(' 

1 _ 
\. 
\ 

..... 
CZ2 

on 
C23 

031 

C31 

03Z 

033 

C3:J 

l,,,IQi!,,,~T'" 

? 

--------------------------------------~-------------------~-i----
..r 

UCl.!) ---_.\-
0.025(3) 

0.013(2) 

0.020(3) 

O.Ol1(]~ 

0.02]«3 ; 

O.Oll( 3'> 

~c:.:) U(3.3) U(~.2) II( 1.3) U(2.3) ------ ------ ------
0.016e])· O.O:UC]) -0.00'(2) O.OOie 3) 0.004<:]) 

<" 

0.010 (1,) 0.001 (4i ) 

0.0-l~'(3) 'O.q3:stl) 0.001(2) -0.~01C3'" 0.OOl(3) 

0.01~(::1 0.O;:1Cl1· O.Q.05U) -0.00le21 O.00H21 

.. 
0.010U> 0.0:!6(2) -0.003(2) o.oot<::!' 0.003(2., 

O.Ol~(~} O.~l~(J\ ,0.oa3(2) 0.001(2) 0.004(2) 

O.Ol:SCZ), 0.0'::2(2) -0.003(2) -O.OO::C2~· -O.OOHZJ 

• 
O.02l<]) O.0;JO(3) -o.oose:!> -0.001<21 -0.001(2) 

------------.----.-------------------------------------------------------Th. far. Of th. anlsctroplC &h ..... l pat ••• t., 1..: 
••• [-2'12{~2a2U(1.11 + k2~2U(a.a~ + 12cZUf3,31 + 3hk.~U(1.2) • 2hl.cUtl.3J 
+ lklbcU~Z.lJ)l ~h.r ••• D. lrid car. reclprocal 1atttc. t~".L.nts: 

.. 
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AppE!;ndix C 

- \ D 
Co-adding and Per~anent Storage of Large Number of FT-IR Scans 

\ 

:' Cl, 

The wllowing is a listing of a program (named LWA) written as a m.aero 

compatible w.ith the Nieolet FT-IR software. The program was created in 

order ~ overcome the problem of ins~ffie1eo(}t data cQllection' due to 

correlation drifting Inherent in the collectt"on of large' numbers of FT-I~ 

scaus. lt enables any convenient number Qf seans ço be collected at; a time 

and stored in specified destination files prior to co-addition and 

subsequent transfer to the permpnent storage disk. 

OMO 

THIS MACRO COLLECTS, CO-ADDS AND STORES INTERFEROGRAMS FOR MULTIPLE SAMPLES 
j . 

QIT = 3 

OMO 

ENTER NUMBER GF SAMPLES 

QIT O. 
SRT 30 

)Mn 
ENTER NUMBER OF FILES 'TO BE CO-ADDED 

SRT \ 
NSD = 1000 

'\ 

.. 1-

OMO , 
ENTER NUMBER OF SCANS PER FILE 

NSD ,. 
EXT .. 000 

OMO 

SPECIFY A FILE NAME, DO NOT ADD AN EXT (USE/6 CHARACTERS OR LESS) 

1 
1 

. /"'-'-



• 
1 • 

, 1 

{" 

1 

t 
. 

, 

\ 

. 
~ 

~' ,0' 

L-

IFN 

FOR III .. 1 TIL QIT 

PAU INSERT SAMPLE, PURGE IF DESlRED, THEN PRESS RETURN 

DFN • 5 

FOR LLL .. 1 TIL SRT 

DFN .. DFN + 1 

CLD 

NXT LLL 

1 OFN .. DFN 
" 

__ JoI, 

FOR KKK - 2 TIL SRT 

OFN .. OFN -

GAD 

NXT KKK 

AFP 

EX! .. E:XT+ 

NXT III -... 

END 

... 

. 
r 

C2 

1 

j , 
l ; 
1 
1 
1 
1 
i 


