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Abstract

The reaction of (n—~Ar'éne)Cr(C0)2(CX) (X =S, Se) complexes with excess
(RO)3P (R = Me, Et, n-Bu, Ph) yields Cr(C0),(CX)[(RO)4P];, predominantly as
the mer I isomer, in which a phosphite ligand 1is m to CX. Arene
displacement from (n-Cbﬂb)Cr(CO)z(CX) by tridentate phosphine ligands L-L-L
[L-L-L = (Me)C(CH,P(Ph),)3, (PhyPCH,CH)),PhP] gives fac-(L-L-L)Cr(C0),(CX)
products. The molecular structures of Cr:(CO)z(C}()[(Meo)3P]3 have been
determined by single crystal X-ray diffraction. Intramolecular isomerization
of these complexes as well as their tricarbonyl analogue has been demonstrated
and activation parameters have heen calculated for the reacrangement
processes. Two-dimensional 31P NMR spectroscopy has provided evidence that
isoMferization occurs via trigonal prismatic intermediates. Kinetic
investigations of the reaction of (n-C6H6)Cr(C0)2(CX) with (MeO)qP have
established a first-order rate dependence on both the complex and the entering
ligand. The faster reaction rate of the selenocarbonyl derivative relative to
its thiocarbonyl analogue originates in a lower entropy of activation in the
former case. The effect on the reaction rate of variation in the nature of
the arene and of the. entering ligand has been investigated.

An approach to hormonal receptor assay involving the detection by FT-IR
spectroscopy of Cr(CO)3—1abelled modified estradiol bound to estrogen
receptors in target tissue is reported.

The FT-IR spectra of FeTPP(CX) [FeTPP = (5,10,15,20~tetraphenyl-
porphinato)Fe(II); X = S, Se] and FeTPP(CX)L (X = S, Se; L = pyridine,
ethanol) have been obtained. Some changes in the porphyrin spectrum were

obgserved with variation or removal of L, but not with variation of X.
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Résumé
\ -
La réaction des complexes (n-aréne)Cr(C0),(CX) (X = S, Se) en présence
d"excéds de (RO)3P (R = Me, Et, n—Bu, Ph) produit Cr(C0),(CX)[(RO)4P]5, avec la

pr&dominance de 1 7{somére mer [, chez lequel le ligand phosphite est en

position trans du groupe CX. Le ieplacement du vroupe iréne des complexes (n=-
C6H6)Cr((153 0X) par les liliganas phoeaphine~ friaentates [ L [L-L-L =
(He)C(Cl{2£’<Ph)z)3, (thPCH?CH?}ZPhP} condni aux dérlvés tac--(L-L-L)-

Cr(CO)Z(CX). Les structures moléculaires des compiexes (Ir(C(;)Z(CXH(MeO):}P]:;
ont eté déterminées par diffraction des ravons-x des cristaux uniques,
L'isomérisation intramolé&culaire de ces complexes et de leurs analogues
tricarbonylé a ae damontre, et les paramétres d"activation ont eté calculés
pour les processus de réarrangement. La spectroscopie RMN 31P bi-
dimensionel le a procure des evidences montrant que 1 7{somérisation survient
via des intermaliaires "prismatiques trigonales'. Les @&udes cinéiques de l:a
réaction des complexes (n-CyH)Cr(C0),(CX) avec (MeO)yP ont @&tabli la
dépendance de la vitesse de premier-order pour chacun, le complexe et le
ligand, Le dérivé sg@lénocarbonylé posséde une vitesse de réaction la plus
rapide relativemencr au derive thiocarbonyl® laquelle provient dune entropie
d"activation plus faible. L7effet sur la vitesse de la reaction de 1la
variation de la nature du groupe aréne et du ligand substituant a ee audia

- Une approche sur 17analyse des récepteurs hormonaux par détection des
récepteurs estrogénes li1és a des estradiols marqués de Cr(C0), par
spectroscopie IR-TF dans des tissus clbles est rappurtéee,

Les spectres IR-TF des complexes FeTPP(CX) [FeTPP = (5,10,15,20-

. tetraphenyl porphinato)Fe(Il); X = S, Se] et FeTPP(CX)L (X = S, Se; L =

pyridine, thanol) ont éé obtenus. Que 1l ques changements dans le spectre du
groupe porphyrinique ont &té observés avec la variation ou l absence du .

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

)

Since the first -synthesis of an (n-Arene)Cr(CO), com-
plex in 1957 [1], the chemical reactivities of this class of
complexes have been extensively investigated. Ambng - the
major and, from a practical point of(view, most important
findings of such studies+*is the utility of (n—Arene)Cr(CO)3
complexes as catalysts in a variety of systems, particularly

in the hydrogenation of dienes. The catalytically active

species in the latter case has been established to involve

partial or total loss of the arene [2,3].

The first syntheses of (n—Arene)Cr(CO);(CS) and (n-
Arene)Cr(CO), (CSe) complexes were reported ing 1974 [4] and
1975 [5Y, respectivély. Although the physical propertjes of
these thio- and selenocarbonyl derivatives have been exa-
mined e;tensively, étudies of their chemical behaviour have
been ljimited. A striking aspect of their reactivity is a
markedly enhanced arene lability relative to their tricar-
bonyl analogues, as evidenced by their reaction with CO
under mild conditions to yield the corresponding penta-
carbonyl complexes, Cr(CO)b(CS) and Cr(cCo),(Cse) [6]. In
view of the nature of the catalytically active species
formed from (n-Arene)Cr(CO), in the hydrogenation of dienes
it could reasonably be anticipated that (n-Arene)Cr(CO),(CX)

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

processes. However, investigation of such complexes as

T VP
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catalysts has ;evealed that they completely lack act‘:ivity
(71. .

Part I of this thesis concerns the study of arene
lability in arene chromium chalcocarbonyl complexes, This

research was wundertaken to extend the known chemistry of,

thiocarbonyl and selenocarbonyl complexes, to obtain quanti-

~tative measurements of arene labilization 1in (n-Arene)-

Cr(CO)z(CX) (X =5, Se) and to probe the reasons for theiﬂr
reparted inactivity Ss catalysts., Chapter 1 presents a
brief review of mechanistic studies of (n-Arene)Cr(CO);-
catalyzed hydrogenation of dienes to monoolefins, In
Chapter 2, the reactions of (n—Arene)Cr(CO)z‘(CX) (X =5, Se)
with tertiary phosphite and tridentate phosphine 1ligands
will be described. The spegtroscopic properties of new
thio- and selenocarbonyl complexes obtained, as well as the
crystal structures of two typical products, will be
presented, followed, in Chapter 3, by an investigation of
stereochemical nonrigidity in these systems. The kinetics’
and mechanism of arene displacement from (n-Arene)Cr(CO),~
(CX) (); = S, Se) by tertiary phosphites will be the subject
of Chapter 4, which concludes Part I.

In Part II, the combined use of FT-IR spectrosc/ogy and
metal chalcocarbonyl chemistry in two different tgzpes of

biological applications will be demonstrated. While infra-

red spectroscopy has been among the major technigues



,.m

employed in the study of organometallic complexes throughout
the history of organometallic chemistry, its application in
the study of biological systems has been fairly limited in
the past. This situation has largeiy been due to the com=~
plexity of such systems and the presence of biomolecules of
inter;-:-st in low concentration, as well as the unsuitabilig:y
of water as an IR solvent. The recént development of FT-IR
spectroscopy has led to the alleviation of these problems,
as described in Chapter 5. Chapter 6 concernsu,f novel
application of FT-IR spectroscopy and arene chromium chalo-
carbonyl chemistry in a biological system: the incorpora~
tion of a Cr(CO), moiety in a biological molecule as a label
for detection by FT-IR spectroscopy. In a collaborative
project with Drs. G. Jaouen and A. Vessidres of 1_'Ec_:ole
Nat ionale Supérieure de Chimie de Paris, Cr(CO)B—labelléd
hormonal steriods have been bound to receptors 1in their
target tissue. The subsequent detection of the carbo/n,yjl

e
label by FT-IR spectroscopy and the potential utility/ of
this procedure as an alternative to radioiéotopic methods in
receptor assay will be described in Chapter 6. An FT-IR
study of chalcocarbonyl ligands coordinated t¢ metallopor-
phyrins will be presented in Chapter 7. This represents an
example of the use of FT- IR spectfoscopy in the study of
biological model compounds.

»

Finally, a summary of the cont?ibutions to knowledge,

14 -~ 3 R
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suggestions for future work, and a list of publications and
papers presented at .scientific conferences which pertain to

this work are given.
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PART I

Metal-Arene Bond Activation in

Arene Chromium Chalcocarbonyl Complexes
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. I Chapter 1

Catalytic Activity of Arene Chromium Chalcocarbonyl

-

Complexes M

(n~Arene)Cr(CO) 4 comple;es have found extensive use as
catalysts in a variety of systems [1,2]. Among the most
important catalytic applications of this class of compound
is the hydrogenation of dienes to monoolefins [2-6]. As
homogeneous catalysts (n-Arene)Cr(CO); complexes effect
stereospecific cis-addition of H, to one double bond of the

diene with some regioselectivity [Eg. 1.1].

cat.
R\\dgf\\ﬂgﬁ\\kl + Hy ———» R
aA,P

40-1007;

The conditions required for efficient catalysis depend
critically Sb the naturevof the arene. For monosubstituted
arenes, high hydrogen pressure (30-50 atm) and high tempera-
ture (150-200°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 1induction period. However, polycyclic

derivatives are even more favourable; for instance, with (n-—

anthracene)Cr(CO), and (n—-naphthalene)Cr(CO),; efficient




Table 1.1. Hydrogenation of Methyl Sorbate (0.2 M) to Methyl 3-Hexenoate (I)

and Methyl 2-Hexenoate (II) Catalyzed by (n-Arene)Cr(C0)j; in Cyclohexane®

Arene in 2 Conversion Product Reaction conditions,
(n-Arene)Cr(C0)y (X distribution)® P(Hp) T Time
catalyst I 11 atm c h
Benzene ’ 100 94 4 . 48 165 8
Benzene 100 94 4 30 175 4
Toluene ) 100 94 5 48 150 7
Mesitylene , 80 95 5 30 175 6
Ethylbenzene 95 . 95 5 48 150 7
Hexamethylbenzene 92 9] 5 30 200 6
Anisole 12 100 48 ‘150 6
Cycloheptatriene 100 98 1 30 120 1
Chlorobenzene 100 96 4 30 150 2
Methyl benzoate 100 99 1 ; 48 150 2
Methyl benzoate 100 95 4 30 160 4
Phenanthrene ) 100 97 3 48 150 0.3

8pata from References | and 3. —2
bCatalyst concentration, 1 x 1074 M,

CBalance of X distribution is methyl hexanoate.

N




hydrogenation is achieved under mild conditions (80°C, 1
atm H,) [4]. This is particularly advantageous and leads to
a much cleaner reaction since decomposition of the catalyst,
ﬁwhich occurs at higher temperature, is eliminated and
unwanted side reactions are minimized. Also, less H, pres-
sure is needed, thereby reducing cost.

From the apservations cdncerning the variation of cata\-
lytic behaviour with‘ change in arene-metal bond strength,
the catalytically active species has been postulated to
result from partial or total arene loss [1,3,5]. Two mecha-
nisms have been proposed: Frankel et al. [2] postulated a
dissociative mechanism in which the (n-Arene)Cr(CO); complex
totally dissociates into arene + Cr(CO),;. The catalytically
active species is subsequently produced by reaction of the
Cr(C0); moiety with H, to give a dihydride which then reacts
with a diene to afford 1l,4-cis—addition of hydrogen, forming
the monoene (Figure 1.1). Cais and Rejoan (3,5] later
proposed an associative mechanism (Figure 1.2), 1involving a
stepwise displaéement of the arene, resulting in slippage of
the parene to occupy ultimately a single coordination site of
the metal {(path a) or eventual total loss of arene (path b).
The initial step inyolves the sreversible dissociation of one
double bond of the arene, followed by attack of the diene
substrate. This is supported by the experimental observa-

tion that heating the substrate in the absence of \ H,,



” Y - | [02¢r(co),] |

Rﬂ'—\\_//—R' : - .

Figure 1l.l. Mechanism proposed by Frankel et al. for the
(q-Arone)Ct(co)3—cataly:ed hydrogenation of dienes to
monoenes., Adapted from Reference 2. »
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'

followed by the introduction of H,, eliminated the induction
period for the onset of hydrogenation. Conversely, heating
the catalyst in the presence of H, did not alter the induc-
tj:dn period significantly [3].

. In order to investigate the true nature Aof the cata-

. . . ) .
lytic species, the Cr(CO),; (THF), species has been formed in

" situ by reaction of (n-Arene)Cr(CO),; with THF as solvent

(7). 1t was found that addition of substrate to a solution
containing this species effects catalysis at maximum rate
with the elimination of the induction period normally seen
with (n-Arene)Cr(Co0),. Also, addition of arene inhibited
the reaction. Therefore, the catalytically active species
in the hydrogenation of dienes appears to be formed by the
total loss of arene in the presence of a coordinating sol-
vent. In. a separate kinetic investigaytion arene displace-
ment has been found to occur via a stepwise displacement 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 to improve catalytic performance by experimenting with

v

a variety of arenes ([3-5,7]. However, the metal—arene bond
strength in complexes of this type and consequently the ease
of labilization of the arene which has proven necessar? for

effective catalysis 1is also a function of the electronic

properties of the other ligands bonded to the metal. There-
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fore, substituting a carbonyl group by another ligand. will
also modify the catalytic behaviour of the complex. This is
of particular interest in the expectation that the use of a
catalyst of the type (n-Arene)Cr(CO)(L)(L") would enhance
the regioselectivity of the catalytic process [8-10].

] The catalytic behaviour of complexes in which one of
the carbonyl ligands has been replaced by a tertiary phtss-
pHine has been investigated [11,12]. The results for the
hydrogenation of norbornadiene at 170°C under H, (.48 atm)
with these complexes are given in Table 1.2. It is apparen-t
from these results that incorporation of a phosphine ligand
into the catalyst brings about serious deterioration or
total loss of cataly“tic activity., This has been attributed
to two .possible effects. First, the steric effect caused by
the substituents on the phosphine may hinder the binding of
the substrate. Secondly, the stronger og~donor and weaker =n-

acceptor properties of the phosphine relative to CO lead to

-an increased electron density at the metal, resulting in

-

strengthening of the metal-arene bond due to increased metal
+ arene n-back-donation [11,12], One then c¢oncludes that
ligands chosen to replace CO should be similar to CO in
their electronic properties.

Another 1ligand type witht analogous binding properties
to those of CO is the isocyanide CNR (R = alkyl or aryl).

-

Initial testing of these complexes for catalytic activity

a

£y
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Table 1.2. Hydrogenation of Norbornadiene (0.1 M) to Nortricyclene (1),

»
Norbornene (II) and Norbornane (III) Catalyzed by (q-Arene)Ct(CO)zLa

. T

b

Catalyst X Conversion Product Rxn.
< (% distribucton)® time
. I I ITI h
(phen)Cr(co) 49 100 38 43 19 "3
* 100 80 20 0 2
(dmt)Cr(coy; 95 35 45 15 -6
(phen)Cr(CO)Z(Et3P) - o ) - - ~ 15
(phen)Cr(C0),[(Et0)4P] 0 - - - 15
(phen)Cr(C0O),(Ph3P) ) 10 é 2 2 8
30 12 15 3 30
(mbz.)Cr(CO),[(PhO);P] 15 ‘ 3 - 10 2 30
(dmt)Cr(CO)z(CNCHZPh) 20 8 10 2 15
(mbz)Cr(CO),[CNC(O)Ph] 53 15 30 7 7
(dmt)CriCO)Z[CNC(O)Me] 65 30 - 32 3 27
(m“bz)Cr(CO)z(CS) 2 <1 <1 <1 20

Y

4

-

4pata from References 10 and 11.
bCatalyst conceuntration, 5 x 1073 M.

CReaction conditions: 48 atm Hy, 170°C, cyclohexane solution.

dphen = phenanthrene, dmt = dimethyl terephthalate,

mbz = wmethyl benzoate.

1A




proved _disappointfng (Table 1.2) [11], indicating that the
isocyanide ligands used were similar in bonding properties
to tertiary phosphines. Dabard et al. [11] postulated that
with the proper modification of the R group through the
introduction of an N-acyl moiety [CNC(O)R] the n=-acceptor
properties of the isocyanide could be enhanced sufficiently
to effect ring lability under catalytic conditions.  Pre-
liminary testing of these complexes proved that they indeed
possessed catalytic activity superior to that of (n-Arene)-
(CO), (CNR) [11]. Hence an increase 1in the n-acceptor
properties of the 1isocyanide 1ligand was found to enhance
catalytic activity.

Among the coordinating ligands that exhibit similar
binding properties to those of CO and are known to. be

stronger n-acceptors than CO are the thiocarbonyl and

’

selenocarbonyl ligands [13]. They thus appear to be very

suitable candidates for enhancing the accessibility of the
catalytic species. However, an inve%tigation of the cata-
lytic activity of (mbz)Cr(CO), (CS) (Table 1.2) has shown the
thiocarbonyl complex to be one of the worst catalysts for
the hydrogenation of dienes tested [1{]: Under mild condi-
tions no reaction took place, while at higher temperatures
total decomposition of the complex was observed [11].

In the next chapter, the reactivities of 6roup VIB

metal thiocarbonyl and selenocarbonyl complexes will be

]
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reviewed. Investigations of arene displacement reactions of

(n —Arene)Cr(CO), (CX) (X S, Se) complexes will then be

presented. Subsequently, the kinetic studies of such reac-

tions will be described, and the results compared to those
for analogous carbonyl complexes. This should provide some
reasons for the lack of catalytic activity of (n-Arene)-
Cr(CO)Z(CS) complexes and give some indication as to the
catalytic potential of the corresponding selenocarbonyl

complexes in the hydrogenation of dienes to monoolefins.
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Chapter .2

Reactions of (n-Arene)Cr(CO),(CX) (X = S, Se) Complexes with

Tertiary Phosphites and Tridentate Phosphine Ligands

2.1 Thermal Reactivity of Group VIB Metal(0) Thiocarbonyl

and Selenocarbonyl Complexes

The bonding properties of the thiocarbonyl and seleno~
carbonyl ligands in Group VIB metal complexes have been
investigated extensively by a variety of spectroscopic and
other techniques [1,2]. The two spectroscopic methods which
have been most widely used are vibrational [2-7] and 13C NMR
spectroscopy [5,8-10]. thér investigations have employed
170 NMR {111, photoelectron [12,13], electronic (5,14], and
mass spectroscopy (15], and ESCA [16]. The body of evidence
thus obtained has revealed that both the thiocarbonyl and
selenocarbonyl ligands are stronger oc-donors and s-acceptors
than CO in complexes with low oxidation state metals. For
instance, in the case of IR studies, comparison between the
carbonyl stretching force constants of n-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 latter complexes [2,4,9]‘ This
obseryation indicates that the carbonyl groups receivg less

»>

electron density from the metal, illustrating that the CS

AT R
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( and CSe groups are capable ;f accepting more electron den-
sity .from the metal than is CO. Good correlations between
carbonyl stretching force <constants and the carbonyl
resonances in the 13c NMR spectra of (n-Arene)M(CO),(CX) (X
= S, Se) complexes have been reported [5,8,9]. The incor-

-poration of a CX ligand into a complex results {n an upfield
shift of the carbonyl reso;ances, indicative of a decrease
in éhe donation of electron dens;ty from the metal to the CO
groups.

In view of the differences between the CX and CO
ligands, the chemical behaviour of thio- and selgnocarbonyl
complexes and their carbonyl analogues would also be expec-
ted to differ. The existing data on the thermal reactivity
of Group VIB metal thio- and selenocarbonyl complexes are
discussed below and are schematical{z reviewed in Figures
2.1 and 2.2. h

' Treatment of Cr(CO) (CS) in refluxing toluene or of
W(CO)¢(CS) in refluxing xylene with Ph,;P [Eq. 2.1] yields

o °

both cis and trans isomers of M(CO)“(CS)(Phap).

-1

o 0
[ Cc ° PPh, <
~ ' oy co "'. l \\\"c I \\t“co
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Cr(CO)(CN-R)

-

-
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i

Pigure 2.1. Thermal reactivities of c:(CO)s(cs) and((:r(co)s(csd.
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ols, tranes-W(CO)("cCONCS) (o-phon) W(COR(CS)L)

Figure 2.2, Thermal reactivities of w(cO),(CS).
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These isomers were inseparable by either column chroma-
tography or fractional distillation [17]. Synthesis of pure

trans—W(CO)“(CS)(Phap) by a different route (vide infra;

Eq. 2.2) and subsequent heating at 105°C results in its
isomerization to an equilibrium mixture of c¢is and trans

with a much higher proportion of trans (c¢cis:trans ~ 0.7:1)

isomer than predicted on the basis of a statistical distri-
bution of the phosphine (cis:trans 4:1), demonstrating that
the configuration. in which the CS ligand is trans to a weak
x -acceptor such as Ph,P rather than trans to CO is favoured
(18]. Investigations [19] using stereospecifically l3co-
labelled trans-W(CO), (13C0)(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), (Ph;P), as the major product, as
well as spectroscopic amounts of M(CO), (CS) (PhyP),, which
was not isolated (17]. However, the bidentate 1ligand
e;hylenebis(diphe;ylphosphine) (diphos) was found to react
with M(CO), (CS) (M = Cr, W) to yield one product [17],
M(CO), (CS)(diphos), which was assigned a mer geometry on the
basis of its IR spectrum; 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

S A e e A B b —
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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)g (CS) in excess diphos at wvery high temperatures
yielded W(CO)(CS)(diphos),. However, no substitution beyond
a single diphos 1ligand was observed for chromium [17].
Reactions of W(CO); (CS) with other bidentate 1§gands con-
taining nitrogen, such as 2,2'-bipyridine (bpy) or o-phenan-
thro{?ne (o-phen), yielded no thiocarbonyl-containing pro-
ducts, giving only W(CO), (bpy) and W(CO),k (o-phen), res-
pectively [17].- Reaction with pyridine (py) produced. large
amounts of W(CO), (py) [(17]. Cr(CO).(CX) (X = S, Se) reacts
with tetrabutylammonium halides to give a mixture of
[Cr(CO), (Y)]~™ and trans-[Cr(CO), (CX)(Y)]™ in a ratio of 2/3
for X = S and Y~ = E;, Cl™ (S]], while for X = Se a 5/4 mix-
ture is obtained for Y~ = C1- and a 3/1 mixture for Y~ = I~
{5,20]. In order to establish if [Cr(CO)S(Y)]‘ was produced
by thermal decomposition of the trans-[Cr(CO), (CX)(Y)]~ ion,
thermal decomposition of a [Cr(CO) (Y)]~/trans-(Cr(CO), -
(CX)(Y)]~™ mixture was monitored by IR spectroscopy; no
increase in the intensities of the v (CO) bands due to the
[Cr(CO)S(Y)]‘ ion was observed [20}. On the other hand,
W(CO), (CS) reacts with tetrabutylammonium halides in a
coordinating solvent (e.g., acetone, THF) to produce only

one product ([17], trans-[w(co)“(cs)(Y)]' (Yy”"=C1-, Br=, I7).
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The iodide complex undergoes halide abstraction and ligand

‘substitution forming exclusively the trans product acéording

to Eq. 2.2 [17].

[ttans—w?bo)“(CS)(I)]' + Agt + L+

trans-w(Co), (CS)(L) + AgI ' ) (2.2)

Halide abstraction and subsequent coordination of bpy
or o-phen in the presence of a coordinating solvent yields
mer-W(CO), (CS) (bpy) or mer-w(CO),(CS)(p-phen), respectively
[21]). These products were inaccessible through direct reac-
tion of the bidentate ligand with W(CO),(CS).

It should be mentioneg that M(CO), (CX) (X = S, Sei
complexes exhibit other types of thermal reactivity, in
addition to ligand substitution. Both chromium and tungsten
thiocarbonyls as well as the chromium selenocarbonyl deriva-
tive undergo reactions with primary amines to produce
M(CO)S(CNR) (R = alkyl group) [20,22]}]. W(CO); (CS) has also
beep found {22] to reacé with secondary amines forming thio-
formamide comélexes, W(CO), (S=C(H)NR,). Kinetic investiga-
tions of the reaction of W(CO);(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]. The mechanism proposed on the

basis of these data involves attack of a hydrogen-bonded



26

" amine molecule, ﬁHN-H...NHZR, at' the carbon of the thiocar-
bonyl ligand. Thus a second amjne molecule acts as a cata-
lyst, presumably by increasing the nucleophilicity of the
attacking amine [22]. The reaction of c¢is- and trans-
W(CO)“}CS)(Ph3P) with primary amines was found to be much
slower than that of W(CO);(CS), with the cis isomer reacting
faster than the trans [(22]. The low reactivity of trans-
W(Cco), (CS) (Ph,P) fapprox. 20,000 times slower than
W(CO)g (CS)] has been attributed to increased electron
density at the thiocarbonyl carbon due to the trans Ph.P
ligand, rendering attack by a nucleophile less favourable.
The kinetics of carbonyl substitution in W(CO)((CS) by
Ph; P were studied [17] to gain quantitative information
about the reactivity of this complex compared to that of
WiCO)s. The rate wa&(ound to have a ligand-independent

term and a ligand-dependent term as shown in Eg. 2.3.
rate = k, [W(CO) (CS)] + k,[W(CO),(CS)][Ph;P] (2.3)

This is analogous to the accepted mechanism for CO
substitution in W(CO), [23]. Cqmparison of k, aéd k; for
the thiocarbonyl complex with values obtained for the reac-
tion of W(CO), with Ph,P reveals that the d{ssociative

mechanism is approximately 75 times faster in" W(CO)/(CS)

K
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while the associative (k,) route is 250 times faster {[17].
Another kinetic study [17] involving the a’s;ociative reac-
tion of W(CO), (CS) with I~ showed that W(CO).(CS) reacts
more than 1000 times faster with I~ than does W(CO), under
the samé conditions. '

Th? reaction of trans-wW(CO0), (13C0)(CS) with I~ revealed
that the trans CO is lost with high specificity [19]. The
mechanism was’postulated to involve attack by I~ at the
metal accompanied by dissociation of the trans CO. Alterna-
tively, the I~ may attack the C atom of the trans CO; sub-
sequent rearrangement and loss of the trans CO would give
the observed product. These two possibilities could not be
distinguished on the basis of the kinetic data available
{19]. o

A kinetic study of <':arbonyl dissociation from W(CO),;-

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

W(CQJ, (CS) (o-phen) + L » W(CO), (CS) (o-phen) (L) + CO

[L = (MeO);P, (EtO),P, Ph,P] (2.4),

The rate of the reaction fallows a general two-term rate
expression [Eq. 2.5] in which kobsd = k; + k,[L] under:

pseudo-first-order conditions.

. . r

e
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Rate = k; [W(CO); (CS)(o-phen)]
+ k, [W(CO), (CS)(o-phen)] [L] - (2.5)
At higher temperatures, the k; term predominates and kobsér
is independent of the concentratlgn and the nature of the
ligand [21]. At lower temperatures the rate shows a small
but significant dependence on ligand concentration. A
direct comparison of the rates of the dissociative pathway
%or the thlécarbonyl complex and W(CO)Q(Q-phen),' made by
iiéxtrapolatlng the rate constant  for the thiocarbonyl reac-
tion to the temperature at which the reaction of W(CO)“(é—
phen) was studied [24], yields a k, value appr5x1mately 140
times faster for CO dissociation from the thiocarbonyl com-
plex than from the carbonyl analogue.

The only kinetic, data obtained for the reaction of
Group  VIB metal thiocarbonyl complexes have been lthose
presented above for w(CO)D(CS)'and its derivatuives. These
data have illustrated the difference between carbonyl and
thiocarbonyl reactivity. The CS ligand, being a strongex
x —acceptor than CO, limits the electron density available at
the metal for x-backbonding to the carbonyl groups,
especially the carbonyl trans to it. Thé CS 1ligand thus
activates the complex to substitution by'weakexlng the M-CO
bonds (predsmlnantly the trans M-CO bond), thereby reducing

the activation energy and enhancing the rate of CO dissocia-

tion (17].
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Angstriking example of labilization of ligands other
than CO resulting from the presence of a thiocarbonyl or a
selenocarbonyl ligand in a complex is the arene labilization

observed for Cn—Arene)Cr(CO)2<CX) (X = S, Se) [2,5,20]«

Cr(CO) (CS) <can be prepared by heating (mbz)Cr(CO),(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),
from (mbz)Cr(CO),; (65°C, 20 atm CO, 6 days). In addigion,
the lability of the arene in (n-Arene)Cr(CO),(CSe) complexes
is evgn‘more pronounced; (mbz)Cr(CO)z(CSe3 reacts with CO at
10 atm pressure 1in 1 h at 65°C to yield Cr(CO)(CSe).

Apart from the reactions with CO mentioned abové, the
thermal reactivity of (n-Arene)Cr(CO),(CX) (X = S, Se) has
not been previously 1nvestigated. In the present chapter,
reactions of these complexes involving arene displacement by
trialkyl- and triarylphosphites and selected tridentate
phosphine ligands will be described.

‘ .

¢ ‘ ‘/~"'

-«

2.2 Experimental

All synthetic reactions were performed under an atmos-
phere of prepurigied nitrogen. All solvents were freshly
distilled over sodium strips under nitrogeﬁ prior to use
with the exception of 1,2-dichloroethane and CS, which were

distilled over calcium chloride and molecular sieves,

respectively.



30

Trialkyl- and triarylphosphites were purchased from
Aldrich Chemical Co., with the exception of (C,H,,0),;P which
was obtained from Strem Chemicals. Carbon diselenaide,
chromium hexacarbonyl and the tridentate ligands bis(2-
diphenylphosphinocethyl)phenylphosphine {triphos), 1,1,1-
tris(diphenylphosphinomethyl)ethane (triphos-U) and 1,1,1-
tris{(diphenylphosphino)methane (tripod) were purchased from
Strem. (cht)Cr(CO); was either prepared by the ﬁiterature
method {25], or purchased from Strem.

FT-IR spectra were recorded on a Nicolet 6006 spectro-
meter (32 scans, 1 cm~! resolution). Proton, 13C and 3lp
NMR spectra were measured on a Varian XL-200 or XL-300 spec-
trometer equipped with a broad-band probe. The chemical
shifts reported here are relative to TMS (!H and !3C) and
85% H,PO, (31P).

Chromatographic separation of the products was per-
formed by column chromatography (silica gel 60-200 mesh)
under N, atmosphere or on preparative TLC plates (1 mm)
prepared from a slurry of 80 g silica gel G (Macherey, Nagel
& Co., 516 Durn, West Germany) and 180 ml water. The plates

were activated prior to use by heating them at 110°C for 1

h.
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2.2.1 Synthesis of (n-Arene)Cr(CO),

All (n—Arene)Cr-(CO)3 complexes were prepared according
to a literature method [26], outlined below for (o-xyl)Cr-
(CO),. A l-liter three-necked flask fitted with a reflux
condenser and a cold finger was used. The addition of the
cold finger is a new modification that has been found to
eliminate the possibility of the condenser blocking with the

\

easily sublimable starting material Cr(CO), . o

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

(50 ml), THF (35 ml) and Bu,0 (230 ml) were added under a
stream of N, to the l-liter flask. ‘The mixture was heated
slowly (at- the reflux temperature of THF) overnight wilth
magnetic stirring, allowing the Cr(CO), to dissolve. The
temperature was then 1increased to the reflux temperature of
Bu, O for 2 days. An IR spectrum’was measured to confirm the
complete disappearance of Cr(CO)b [v(CO) 1980 cm~!),. The
flask was then cooled and the ;reaction mixture filtered in
air using a sintered glass funnel (medium porosity) to
remove any decomposltion products. The solvent was then
evaporated on a rotary evaporator using a liquid nitrogen

trap to collect the solvent. Bright yellow crystals were

obtailned (yield 9.4 g, 88%).

1\5
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2.2.2 synthesis of (n-Arene)Cr(CO),(CS)

Thelprocedure for arene chromium thiocarbonyl synthesis
was identical to that in the literature ([27]. However since
a large amount of (bz)Cr(CO),(Cs) was needed for kinetic
studies, the procedure was modified to allow bulk syntheéis
of this complex.

(bz)Cr(CO); (6 g) was dissolved 1in 1.8 liter of benzene
and 300 ml of cis-cyclooctene under N, 1n a 3-liter flask.
A stainless steel transfer needle (18 gauge) was then used
to transfer 700 ml of the solution to a quartz reactor {27].
The solution was then irradiated with a 450-W quartz mercury

vapour lamp for 60 min. The reaction was monitored by the

-
El

increase 1n the IR carbonyl peaks of (bz)Cr(CO) ,(CyH, )
(v (CO) 1900, _1850 cm™!]}. The 1irradiated solution was then
transferred to another 3-liter flask. After two additional
cycles of this procedure, 500 ml of Cs, were added to the

irradiated solution. The workup at this point was identical

to the established method [(27].

' 2.2.3 synthesis of (n-Arene)Cr(CO),(CSe)

(n -Arene)Cr(CO),(CSe) complexes were synthesized
according to the previously reported procedure [28];

attempts to scale up the reaction resulted in poor yields.

N

\ |
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2.2.4 Synthesis of Cr(CO),(CX)[(RO);P]; (X = S, Se), (R =

Me, Et, n—Bu, Ph)

All CI(CO)2(¢X)[(RO)3P]3 complexes were prepared
according to the method outlined below for Cr(cCO),-
(CS) [ (MeO) ;P]; and Cr(CO) ,(CSe)[(MeO),P] ;.

Preparation of Cr(CO),(CS)[(MeO),;P];. (mbz)Cr(CO),(CS) (200

mg, 0.69 mmol) was dissolved in toluene (25 ml). (MeO) 4P
(1.5 ml, 12.7 mmol) was added and the reaction mixture was
heated for 12 h at 65°C under N,. After allowing the, solu-
tion to codl to room temperature, all volatile material was
removed und~er reduced pressure on a rotary evaporator. The
yellow ‘sod‘i,dgremalning was purified by preparative TLC on
si‘l\ica gel plates (eluent: l,é-dlchloroethane). Yield 275
mg (75%). Anal. (Guelph Chemical Laboratories, Guelph,
Ontario, Canada) Calecd. for C,,H,;0,,P,SCr: C, 27.6; H,
5.19; P, 17.7. Found: ¢, 27.2; H, S5.15; p, 17.0. FT-IR
(methylcyclohexare):  v(CO) 1976(w), 1899(vs) cm'\K; v(CS)
1199(m) cm-i. lH NMR (CD,Cl,): 3.40 (d, J = 11 Hz, 1),
3.72 ppm (d, J = 11 Hz, 2). }3C NMR (CD,Cl,): 224.2 (q, J
= 22 Hz, 2CO0), 336.5 ppm (td, Jt = 30 Hz, Jd = 6 Hz, CS).
31p NMR (C_ D,CD;): 181.2 (t, J = 65 Hz, 1), 188.6 ppm (d, J

= 65 Hz, 2). Crystals were grown in pentane at =-20°C.
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Preparation of Cr(CO),(CSe)((MeO);P),;. The same procedure

as described above was utilized for the synthesis of
Cr(Co) ,(CSe) [(MeO) ;P]; from (bz)Cr(CO),(CSe) (250 mg, 0.90
mmol) and (MeO);P (2.1 ml, 17.8 mmol). Purification by TLC
as above gave a bright yellow solid. Yield 355 mg (69%),
Anal. (Guelph Chemical Laboratories, Guelph, Ontario,
Canada) Calcd. for C,,H,,0,,P,S8eCr: C, 25.26; H, 4.74.
Found: C, 25.09; H, 4.90. FT-1IR (CSZ): v(CO) 1980.1(w),

1902.8(vs) cm~l; v(CSe) 1018(m) cm~ . !H NMR (C.D,): 3.37

(d, J = 10 Hz, 1), 3.81 ppm (d, J = 10 Hz, 2). 13C NMR
(Ce¢Dg): 223.8 (q, J = 22 Hz, 2C0), 356.5 ppm (td, J_ = 29
Hz, J, = 6 Hz, CSe). ?!P NMR(C,D,CDy): 177.5 (t, J = 65
Hz, 1), 184.9 ppm (d, J = 64 Hz, 2). Yellow crystals of

Cr(CO) ,(CSe) [(Me0) ;P] ; were obtained wupon cooling a

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

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

Triphos-U [(Me)C(CH,P(Ph),)3;] (985 mg, 1.58 mmol) and
(bz)Cr(CO),(CS) (197 mg, 0.855 mmol) were dissolved undeg N,
in 25 ml of toluene. The reaction was heated at 90°C over-
night. The resulting solution was evaporated under reduced
pressure, affording a yellow solid. The product was puri-
fied by TLC on silica gel plates using CS, as the moving
phase. The yellow fraction was extracted with methylene

chloride and evaporated to dry%ess. The solid obtained was
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dissolved in a minimal amount of benzene and hexane was
added slowly to precipitate bright yellow crystals. Yield
617 mg (93%). Anal. (Guelph Chemical Laboratories, Guelph,
Ontario, Canada) Calcd. for Cyy Hy30,P;SCr: C, 68.04; H,
5.02. Found: C, 67.87; H, 5.25. FT-IR (CH,Cl,): wv(CO)

1927.7(s), 1866.1(s) cm~1l; ,(Cs) 1190(m) cm™—!,

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

Triphos [(Ph2PCH2CH2)2PhP] (1.02 g, 1.91 mmol) tnd
(bz)Cr(CO)z(CS) (203 mg, 0.88 mmol) were dissolved in 25 ml
of toluene and heated at 95°C overnight while stirring under
nitrogen. The workup was identical to the procedure
described above for (triphos—U)Cr(CO)z(CS). Attempts . to
separate the isomers of (triphos)Cr(CO)z(CS) by TLC using
various eluents (1,2-dichloroethane:hexane 3:1, benzene:CS2
2:1, ethyl acetate:petroleum ether 3:2) were unsuccessful.
Yield 570 mg (94%). Anal. (Guelph Chemical Laboratories,
Guelph, Ontario, Canada) Calcd. for C37H3302P35Cr: cC,
64.66; H, 4.85. Found: C, 64.24; H, 5.02. IR’/(CHZC12):
v (CO) 1924.0(s), 1860.9(s) cm-l; yv(CS) 1191.4(m) em~l. 3lp
NMR (CyD;CDy ): isomers A and A*  67.4 (ad, I = 1), 79.8
(dd, 1 = }), 107.5 ppm (dd, I = 1); isomer B 100.9 (t, I =

1)' 71.9 ppm (dl I = 2)-
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’

2.2,7 Synthesis of (L-L-L)Cr(CO),(CSe) (L-L-L = triphos-U,
t}ighos) ‘

These complexes were prepared in quantitative yield

according to the methods outlined above for the correspond-

-
ing thiocarbonyl derivatives.

L

2.2.8 Reaction of Tripod [HC(P(Ph),),] with (bz)Cr(CO),(CX)

(X =S, Se)

583 mg (1.01 mmol) of tripod and an equimolar amount of
(bz)Cr(CO),(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) ;[(RO);P]; (R = Me, Et, n-Bu, Ph)

and (L-L-L)Cr(CO); (L-L-L = triphos and triphos-U)

The above complexes were prepared from (cht)Cr(CO); by
the same procedures as described above for the corresponding

thio- and selenocarbonyl derivatives.

2.2.10 Attempted Synthesis of (cht)Cr(CO),(CS) by Photoly-

sis of (cht)Cr(CO),

(cht)Cr(Co); (200 mg) was irradiated in 150 ml of
toluene in the presence of excess cis-cyclooctene (50% by

volume) under N, for periods ranging from 1 to 4 h using a
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450-W quartz mercury vapour lamp. 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), (CS) with Cycloheptatriene

Cr(CO), (CS) (30 mg) (prepared according to Reference
20) was refluxed in neat cycloheptatriene (30 ml) under N,.
No product formation was detected by FT-IR spectroscopy. In
the presence of THF or acetonitrile “(10\ by volume) decom-

position occurred.

2.2.12 Attempted Synthesis of (cht)Cr(CO)z(CS) by Arene

Exchange
(mbz)Cr(CO), (CS) (30 mg) was dissolved in 10 ml of neat

cycloheptatriene, or in cycloheptatriene containing 10% (by
volume) THF or acetonitrile and heated at 65°C under N, for
periods of 6-48 h. The progress of the reaction was
monitored by difference FTfIR spectroscopy. In all cases,
gradual decomposition was observed with no appearance of new

v (CO) peaks in the IR spectrum.

2.3 Results and Discussion

Since the synthesis of the first (n-Arene)Cr(C0),{CS)

and (n-Arene)Cr(CO), (CSe) complexes a decade ago, few chemi-

B
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cal reactions have been reported for them. However, a vari-
ety of spectroscopic technigues have provided a clear indi-
cation of the bonding properties of the CS and CSe ligands.
The synthetic investigations described here have probed fur-
ther the chemical behaviour of arene chromium thio- and
selenocarbonyl complexes. The thermal reactivities of
(h-Arene)Cr(Co), (CX) (X = S, Se) complexes established in
this study together with those reporteq in the literature
are summarized in Figure 2.3.

The major‘ reaction of (n-Arene)Cr(CO),CX complexes
identified in this work, the kinetics of which will be  the
subject of Chapter 4, is the displacement of the arene by
three ter;iary phosphite 1ligands under relatively mild

conditions:

(n-Atene)Cr(CO)z(CX) + 3(RO)3P +
Cr(CO)z(Cx)[(R0)3P]3 + Arene (2.6)

(R = alkyl or aryl)

The spectroscopic properties and the crystal and

© molecular structure. of a typical product, Cr(CO)z(CS)-

[(Me0)3P]3, are presented in this and the next section.

Following this, the crystal structure of the analogous sele-
nocarbonyl derivative will be described.

The Cr(cCo), (CS)[(MeO),P]; complex is the first example

e o, et
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Figure 2,3. Thermal reactivities of
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6€

25




40

of a substituted Group VIB metal thiocarbonyl complex con-

taining more than one monodentate ligand other than CO.

/

Attempts to prepare such complexes from Cr(CO),(CS) by ther-
mal replacement of the CO groupé have only resulted in the
loss of the CS ligand following the first substitution step,
i.e., yielding first Cr(CO), (CS)L and then Cr(CO)“L2 (17].
Thus, arene substitution provides the first entry into
multi-substituted complexes of the type Cr(CO),(CS)L,.

Arene displacement 1n (n-Arene)M(CO)3 complexes affords
EEE'M(CO)3L3 (M = Cr, L = CH3CN {29]; M = Mo, L = (MeO)JP,
Ccl,p, Ph,ClP, n-Bu,P ([30,31]; M = W, L = (MeO),P [32]).
Egng(CO)alfMeO)aP]3 (M = Cr, Mo, W) has also been synthe-
sized by the substitution of cycloheptatriene 1n (cht)M(CO)3
by (MeO),P [25]. The fac stereochemistry of the products
was established by the appearance of two strong v{(CO) peaks
in the IR spectra, in accord with the C3v local symmetry of
the M(CO)3 moiety ([r(CO) = a, + e]. In the present work, as
well as in other studies [25], 1t has been observed that

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

in refluxing methylcyclohexane yields a mixture of fac— and

mer-Cr(CO)a[(MeO)3P]3. Similar mixtures are obtained from

the reactions of (n—Arene)Cr(CO)3 complexes with monodentate
ligands at high temperatures, as evidenced by the appearance
of a third v (CO) band in the IR spectra and the splitting”

patterns in the 31 P NMR spectra of the products [33].
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While the reactions of the tricarbonyl complexes
described above give pz:edominantly the fac isomer under the
conditions employed in this work, the v(CO) region in the
PT-IR spectrum of Cr(C0),(CS)[(MeO),P], with one very strong
and one very weak band being observed is clearly at variance
with the intensity pattern expected for the fac isomer. The
spectrum of the latter should most likely resemble that of
fac-Cr(CO);L,; with two strong peaks of comparable intensity.
The FT-IR spectrum of the crude product of this reaction,
prior to TLC pu\riflcation, exhibits an additional peak in
the CO stretching region at 1961 cm~! of weak intensity
(~10% of that of the 1899 cm~! peak) (Figure 2.4). It will
be shown below that this peak can be assigned to fac-
Cr(CO),(Cs)[(MeO),P] ;.

The very low 1ntensity of the 1976 cm~! peak of the
major product is immediately suggestive of the mer geometry
(mer I, Figure 2.5) in which the two CO groups are trans to
each other. The mer stereochemistry is furtheri indicated by
the similarity of the 3!P NMR spectrum to that of mer-
Cr(CO),[(MeO) ;] ; 1n CD,CD; solution (Table 2.10), even
down to the 2J31P“pcouplings (64 Hz). The solitary l3c
resonance for the CO groups 1is evidence of the absence of
mer II and its appearance as a quartet is 1in complete agree-
ment with the splitting pattern expected for mer I provided

-~

that the two different tertiary phosphite environments are
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ZJCIS

sufficiently similar to afford comparable 11 31

C P
values. The observed coupling constant (22 Hz) 1s very

close to the 2JClSH 31 value reported f&or Cr(CO) . [(MeO) 3P]

C P
and trans-Cr(CO), [(MeQ) 3P], (21 Hz) [34]. The 13Ccs reson-

ance appears as a doublet, due to coupling with the trans
ilp nucleus, split 1nto a triplet by the other two egquiva-
lent 3!P nuclei, again 1n accord with the predictions for
mer I.

As mentioned above, the CO stretching region of the IR
spectrum of the crude product obtained the synthesis of
Cr(CO),(Cs) [(MeO) 3P]; contains, 1n addlgc::_’t—o\u)e) peaks of
mer-Cr{CO) ,(CS) [(Me0) ;P],, a weak peak at 1961 cm~!. Sub-
traction of the spectrum of the pure mer product from this
spectrum reveals a second peak at 1899 cm~! of comparable
Intensity to that at 1961 cm~!, as well as a peak 1n the
v(CS) region at 1199 cm~}, These data 1ndicate that some

quantity of either the fac or mer Il 1scmer 1S present 1n

the crude product. Further examination of the c¢rude product
using *3C and !P NMR spectroscopy provided definitive evi-
-
)
dence that the minor component present 1s fac-Cr(CO),(CS)-

((MeO) ;P] 5. In additi1on to the peaks attributable to the

[
mer I 1somer, the !3C NMR spectrum exhibits a single !3CO

resonance (6 = 226.3 ppm) split 1nto a doublet of triplets
and a !3CS resonance (5§ = 335.3 ppm) also split 1nto a
doublet of triplets. It 1s well established (8,34] that

chalcocarbonyl resonances exhibit a downfield shift when

k\\

%



they are trans to a stronger og-donor or a weaker\i—acceptor
than CO. On this basis the mer II isomer would be expected
to exhibit a thiocarbonyl resonance at higher field than
observed for the mer I 1somer and two distinct carbonyl
resonances, one at higher field than that of the mer 1 for
the CO trans to the CS ligand, and the other at lower field
for the CO trans to the phosphite group. Therefore, the 13C
NMR data are 1nconsistent with the 1dentification of the
minor product as the mer II 1somer. For the fac 1somer a
single carbonyl resonance situated at lower fiéld than that
of the '535 1 1somer 1s expected, while the thiocarbonyl
resonance 1s anticlpated Eo appear at higher field on the
bas1s that the CO groups should remove a larger share of the
electron density donated by the tertiary phosphites to'fﬁe
metal 1n the fac 1somer (CO trans to phosphite) than in the
mer I (CO cis to phosphite) 1somer. These predictions are,
completely 1in accord with the observed !3C NMR spectra.  The
peaks 1n the 3iP NMR spectrum attributed to the minor
product are also consistent with 1ts 1dentification as
Egg—Cr(CO)J(CS)[(HeOHP]3 with the two equivalent phosphorus

nuclei (trans to CO) being split into a doublet by the third

" phosphorus (trans to CS) which 1in turn 1s split into a trip-

let. The fact that this doublet 1s at higher field than the
doublet of the mer I 1s 1n line with the 3!P NMR observa-

. . »
tions made by Poilblanc and his coworkers that two trans
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phosphorus ligands appear at lower field than a phosphorus
ligand trans to CO for M(CO); [(MeO),P]; (M = Cr, Mo, W)
{33]. ‘

The IR, 13C NMR and Ilp NMR spectra of the crude and
the purified product from the reaction of (n~Arene)-
Cr(Co), (Cse) with (MeO),P exhibit the same 1ntensity
patterns as observed for the thiocarbonyl product. Thus,
the characterization of both the mer I and fac 1somers was
established 1n a similar manner to the spectroscoplc analy-
sis described for Cr(CO), (CS)[(MeO),P],. The FT-IR spectrum
of the crude Cr(CO)2(CSe)((’4eO)3P]3 product s shown 1n
Figure 2.6, while that of the yellow crystals obtained by
TLC purification 1s displayed 1in Figure 2.7.% The difference
spectrum generated by subtract{on of Figure 2.7 from Figure
2.6 1s displayed 1n Figure 2.B, revealing the hidden v (CO)
peak of the fac 1somer. The +3C NMR spectrum (Figure 2.9)
clearly shows the patterns expected for the mer I and fac
isomers. The spectroscopic properties of Cr(CO)z(Cx)-
[(RO); P], (X = O, S, Se; R = Me, Et, n-Bu, Ph) derivatives

will be discussed more fully 1n Section 2.3.3.

2.3.1 . Crystal and Molecular Structure of CrfCO)Z(CS)-—
[(Me0), P],
The mer stereochemistry (mer I) of the chromium thio-

carbonyl derivative was confirmed by single-crystal X-ray
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diffraction (see Appendix A for crystal parameters, final

t
positional parameters and structure factors). The resulting
perspective diagram including the labelling scheme is shown
in Figure 2.10. The arrang;ment of the ligands around the
central Cr(0) atom 1is slightly distorted from idealizea
octahedral geometry (see Table 2.1 for the interatomic
angles). The OC-Cr-CO angle is 175.2(4)°, while the trans
phosphorus atoms are bent away from P(2) with P(1)-Cr-P(3)
= 174.0(1)°, presumably to minimize steric 1interactions
between the tpree (MeO) ;P groups.

The interatomic distances are given in Table 2.2. The
trans Cr-P bond lengths are equal within experimental error
[mean value = 2.262(3) A], while the Cr-P bond trans to CS
is appreciably longer [2.346(3) A}, i.e., an increase of
0.084(3) A. This 1s attributed to the strong electron-with-
drawing capacity of the CS ligand, leading to less =n-back-
donation from the metal to the phosphite and thus to a
weakening (and lengthening) of the trans Cr-P bond.

A comparison of the Cr-C(S) and C-S bond lengths repor-
ted here with those in related metal thiocarbonyl Eomplexes
containing terminal CS linkages [35] reveals that these
distances are among the longest C-S and shortest Cr-C(S) .
distances known. This effect is also reflected in the low
value of the CS stretching mode (1199 cm~!). The Cr-C(S)

bond distance is significantly shorter than the mean Cr-C(0)
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Bond Angles (deg) in Cr(C0),(CS)[(Me0)4P]4®

Angles about chroamium atom
Cis angles

Cl-Cr-C2  96.0(4)
Cl-Cr-C3 87.8(4)
Cl-Cr-Pl 87.6(3)
Cl-Cr-P3 87.8(3)
C2-Cr-Pl 86.9(3)
C2-Cr-P2 89.6(3)
C2-Cr-P3 89.7(3)
C3-Cr-Pl 90.4(3)
C3-Cr-P2 86.6(3)
C3-Cr-P3 93.4(3)
P1-Cr+P2 91.6(1) ‘
P2-Cr-P3 93.3(1)
Trans anélel
Cl-Cr-P2 174.4(3)
C2-Cr-C3  175.2(4)
Pl1-Cr-P3 174.0(1)

<

Cr-P1-011
Cr-Pl-012
Cr-P1-013
Cr-P2-021
Cr-P2-022
Cr-P2-023
Cr-P3-031
Cr-P3 2
Cr-P3jiik
Ol1-Pl-012
0l1-Pl-013
012-Pi-013
021-P2-022
021-P2~-023
022-P2-023
031-P3-032
031-P3-033

032~P3-033

Angles about phosphorus atoms

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)
104.0(3)

96.2(3)

98.8(3)

103.0(3)
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Table 2.1 (Cont“d)

[\

Angles in Cr~C(X) linkages Angles about oxygen atoms in
phosphite ligands
Cr-Cl-S 176.4(6)
Cr-C2Z-02 177.2(8) Pl-011-Cl1i 119.8(6)
Cr-C3-03 178.7(8) P1-012-C12 121.6(6)
P1-013-C13 120.3(6)
!
P2-021-C21l 124.,1(6)
. P2-022-C22  121.6(6)

P2-023-C23  121.7(6)
- ) P3-031-C31 119.5(6)
P3~032-C32 122.1(6)

P3-033-C33 122.0(6)

values 1in parentheses are estimated standard deviations in the
last figure quoted.
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Table 2.2. Bond Leagths (%) 1n Cr(c0),(CS)[(Me0)4P],

Cr-Pl 2.265(3) P2-021 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) 013-C13  1.440(13)
Cr-Cl 1.782(9) P3-031 1.607(6) 021-C21 1.433(11)
cr-c2 1.8644(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)
PL-011 1.597(6) ¢1-5 1.585(9) 031-C31 1.430(12)
P1-012 1.569(6) C2-02  1.148(11)  032-C32 1.465(12)
P1-013 1.594(7) €3-03  1.157(11)  033-C33 1.474(11)

8Numbers in parentheses are
in the last figure quoted.

estimated standard deviations
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value [1.839(9) A]. These different observations are attri-
buted to the relatively large amount of electron density
available for n-backbonding at the metal centre resulting
from the presence of the three strongly o-donating tertiary
phosphite ligands.

Woodard et al. have reported a linear relationship
between the CS stretching frequency and the C-S bond length
1in a series of terminal thiocarbonyl complexes [35]. Least-
squares analysis of the currently availahle data given 1n
Table 2.3 [excluding Fe(OEP)(CS)| yields a correlation coef-
ficient of 0.99. Inclusion of Fe(OEP)(CS) reduces the cor--
relation significantly (r = 0.94). This difference may be
attributed to appreciable mixing of v (CS) with v[M-C(S)], as
observed in analogous porphinato thiocarbonyl complexes

{36].

2.3.2 Crystal and Molecular Structure of Cr(C0),(CSe)-
[(MeO), P], |

In this section, the crystal and molecular structure
determined by a single-crystal X-ray diffraction study at 118
K of a typical selenocarbonyl product, Cr(Co), (Cse)-
[(MeO)3P]3, of the reaction of (n—Arene)Cr(CO)Q(CSe) with
trialkylphosphite 1s presented. These data confirm the mer
I configuration postulated on the basis of spectroscopic

properties (FT-IR; !3C, 31P NMR) and the established struc-



Table Z.3. v(CS) Frequencies and C-S Bond Distances 1in
Selected Transition Metal Thiocarbonyl Complexes
Complex v(CS) d(Cc-8)
cn” ! &
v
[(n-CSHS)Fe(CO)Z(CS)]PF6 1348 1.501
[Ir(Ph3P)2(CO)2(CS)]PF6 1321 1.511
(n-CqHg)Mn(CS)(NO)(I) 1291 1.513
nggi-RhCl(Ph3P)2(CS) 1299 1.536
Fe (OEP)(CS)P 1292 1.559
trans-W(CO0),(CNCcH) )(CS) 1240 1.564
(n-C6H5C02CH3)Cr(CO)Z(CS) 1225 1.570
Cr(C0),(Cs)[(Me0)qP]5€ 1205 1.585
(7-CjH;0)Cr(C0)(CS)(PhyP)9d - 1.59
Eli’[("'csu )Fe(CO)(CS)]2 s 1124 1.592
(bridging tgiocarbonyl 1.587
ligands) )
8Data from Reference 35 and references therein except

57

from Reference 42 (OEP = o&taethylporphyrin), Cfrom this

thesis (in KBr pellet), and

from Reference 43.
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turé of the thiocarbonyl analogue described in the previous
section.

The final atomic coordinates are given 1n Appendix B
(along with the crystal parameters and structure factors),
while the bond angles and distances are listed 1n Tables 2.4
and 2.5, respectaively. A perspectilve view of# the structure
indicating the atom labelling scheme used 1s shown 1n Figure
2.11. The coordination around the central Cr atom is essen-
tially octahedral. The Cr-C-Se 1linkage 1is linear
[176.9(2)°] with :bond distances of Cr-C = 1.785(3) A and
C-Se = 1.750(3) f\\ These values for the selenocarbonyl
linkage are much more precise  than those in th; literature
from the room temperature studies on (mbz)Cr(CO), (CSe)
(Cr—-C-Se = 179.0(7)*, Cr-C = 1.79(1) A, C-Se = 1.73(1) A&;
(371) and RuCl, (CO)(CSe) [(C4H);Pl, (Ru-C-Se = 174(1)°, c-Se
= 1.07(2) AR; [38]). The Cr-C(Se) distance in the present
case 1is 0.108(l) A shorter than the mean (r-C(0) distance
[1.893(3) A] and the Cr-P distance for the (Me0O),P ligand
trans to CSe is 0.091(1) A longer than the mean Cr-P value
(2.282(1) A] for the other two (MeO),P ligands. While these
trends are identical to thse observed for the thiocarbonyl
analogue, the lengthening in the Cr-P bond trans to CSe 1is
apout 0.02 & more than the corresponding lengthening for the
thiocarbonyl complex suggesting that CSe 1is slightly better

tha# CS in terms of electron-withdrawing capacity. A
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Table 2.4. Bond Angles (deg) in Cr(CO)Z(CSe)[(He0)3P}_]3a

Angles about chromium atom Angles about phosphorus atoms

Cis angles

-~ ~

cl-Cr-C2 96.4(1) Cr-P1-011 120.44(9)
Cl-Cr-C3 88.1(1) Cr-P1~-012 114,48(9)
Cl-Cr-Pl 88.4(1) Cr-P1-013 118.264(9)
Cl-Cr-P3 87.8(1) Cr-P2-021 119.30(9)
C2-Cr-Pl 87.4(1) crb2-022 111.34(9)
C2-Cr-P2 89.0( W) Cr-P2-023 120.91(9)
c2-Cr-P3 89.4(1) Cr-P3-031 119.26(9)
C3-Cr-Pl 91.3(1) Cr-P3-032 118.88(9)
C3-Cr-P2 86.5(1) Cr~-P3-033 115.45(9)
C3-Cr-P3 92.3(1) 011-P1-012  100.2(1)
Pl-Cr-P2  90.92(3) 011-P1-013 96.4(1)
P2-Cr-P3 93.18(1) 012-P1-013  103.8(1)
021-P2-022  101.2(1)

-Trans angles 021-P2-023 97.8(1)
Cl-Cr-P2  174.5(1) 022-P2-023  103.3(1)
C2-Cr-C3 175.3(1) 031-P3-032 96.8(1)
P1-Cr-P2 174.75(4) 031-P3-033 99.8(1)
032-P3-033  103.1(1)

]




Table 2.4 (Cont~d) ¢

Angles 1o Cr-C(X) linkages
Cr-Cl-Se 176.9(2)
Cr-C2-02 178.3(3) Pl1-011-Cll
Cr-C3-03 176.7(3) Pl1-012-Cl2

P1-013-Cl13
P2-021-C21
P2-022-C22
P2-023-C23
P3-031-C31
P3-032-C32

P3-033-C33

61

119.2(2)
121.1(2)
120.?(2)
121.9(2)
120.6(2)
119.8(2)
119.8(2)
122.0(2)

121.1(2)

Angles about oxygen atoms 1in
phosphite ligands

4€3

3values in parentheses are estimated standard deviations 1n the

last figure quoted.

ax

b §
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2.5. Bond Lengths&(X) in Ct(CO)Z(CSe)[(HeO)3P]3a

62

Cr-Pl
Cr-P2
Cr-P3
Cr-Cl
Cr-C2
Cr-C3

Pl1-011

2.285(1)
2.373(1)
2.279(1)
1.785(3)
l.891ﬂ3)
5.895(3)

1.608(2)

Pl1-012 1.597(2)

P1-013 1.612(2)

p24021
P2-022
P2-023
P3-031
P3-032
P3-033
Cl-se

Cc2-02

C3-03

1.600(2)
1.590(2)
1.613(2)
1.612(2)
1.614(2)
1.600(2)
1.750(3)
1.153(4)

1.142(4)

0117011
012-C12
013-C13
021-Ccz21
022-C22
023-C23
031-C31
032-C32

033-C33

1.457(4)

1.456(4)

1.442(4)
1.440(4)
1.461(4)
1.430(4)
1.431(4)
1.644(04)

1.451(4)

8yalues 1in parentheses are estimated standard deviations

in the last figure quoted.
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similar very strong electron-viithdrawing effect was found
]

for CSe in RuClz(CO)(CSe)[(C6HS)3P]2 since the Ru-Cl disﬂ

tance trans to CSe is 2.480(5) A, while the one trang to CO

is 2.427(5) A [38].

2.3.3 FT-IR and 3!P NMR Spectra of Cr(co),(cx)[(RO),;P], (X

=0, S, Se)

Arene displacement from (n-Arene)Cr(CO)z(CX) (X = S,
Se) by tertiary phosphite ligands affords a variety 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-
nyl complexes. This can be clearly seen from the increase
in the mean IR wavenumber for the carbonyl groups in the
thiocarbonyl complexes 1in Tables 2.6 and 2.7 resulting from

the decreased back-donation of electron density from the

*
metal to the n orbitals of the CO groups [l].

The number of known Group VIB metal selenocarbonyl
complexes is quite limited and restricted to chromium for
reasons discussed elsewhere [5]. The compounds listed 1in
Tables 2.6-2.8 are the first examples of Group VIB metal
complexes <containing both phosphorus and selenocarbonyl
ligands. These complexes triple the number of selenocar-

bonyls known for Group VIB metals and provide further sup-
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Table 2.6. ¥(CX) Frequencies (Cl-l) in the FT-IR Spectra of ,

fac-Cr(C0),(CX)[(RO)4P]5 (X = O, S, se)?

Complex v(co)® Average  »(CS)/
v(£0) v(Cse)
G—
Cr(Co) 3 ((Me0)P], 1962(s), 1875(s) 1919
Cr(co),(Cs)[(Me0)5P], 1957(s), 1895(s) 1926 1199(m)
Cr(Co0),(Cse)[(Me0)qP]4 1962(s), 1903(s) 1933 1018(m)
Cr(Co)3[(Et0)3P], 1957(s), 1867(s) 1912
Cr(C0),(CS)[(EL0)3P]4 1950(s), 1889(s) 1920 1193(a)
Cr(C0) ,(CSe) [(Et0) 5P, ‘;1957(8), 1898(s) 1928 1016(m)
Cr(C0)43[(n-Bu0)3P]4 1956(s), 1867 (s) 1912 J
Cr(C0),(CS)[(n~Bu0)4Pl, 1950(s), 1889(s) 1920 1192(m)
Cr(C0),(CSe)[(n-Bu0)3P}; 1956(s), 1897(s) 1927 1016(m)
Cr(C0)3[(Ph0);P]; 1982(s), 1910(s) 1946 .
Cr(co),(Cs)[(PhO)5P], 1973(s), 1929(s) 1951 1220s)
Cr(C0),(CSe) [(PhO) 3P4 1974(s), 1940(s) 1957 1023(m)

21n CS solution; s = «trong, m = medium,

beor %ac-Cr(C0)3L3, Feg = a; + e, with the a; mode assigned to
the higher-frequency peak; for fac-Cr(C0),(CX)Ly (X = 5, Se), T¢qy
= a” + a", with the a” ®ode assigned to the higher-frequency
peak. These symmetry assignments are based on the assumption of
Cy, and C, local symmetry of the Cr(C0), and Cr(CO)z(CS)/Cr(CO)z-
(CSe) moieties, reBpectively; the valid%ty of this assumption 1s
indicated by the appearance of only two (CO) modes in the spectra
of the trxricarbonyl species.




Table 2.7.

mer-Cr(C0),(CX)[(RO)4P]3 (X = O, 5, Se)®sP

65

¥(CX) Frequencies (c-'l) in the PT-IR Spectra of

Complex v(co)© Average p(CS)/
v(Co) v(CSe)
)

Cr(Co)3[(Me0)qP]4 1979(w), 1875(vs) 1927
Cr(C0),(CS) [(Me0) 3Py 1974(w), 1895(vs) 1935 1199(m)
Cr(Co),(Cse)[(Me0) 3P]4 1980(w), 1903(vs) 1942 1018(m)

Cr(C0) 3 ((Et0)4P], 1973(w), 1867(vs) 1920
Cr(C0),(CS)[(Et0)3P], 1970(w), 1889(vs) 1930 1193(m)
€r(C0),(CSe) [(Et0) 4P}, 1975(w), 1898(vs) 1937 1016(m)

" Cr(C0) 5 ((n-Bu0);P], 1973(w), 1867(vs) 1920
Cr(C0),(Cs)[(n-Bu0) 3P, 1971(w), 1889(vs) 1930 1192(m)
Cr(C0),(CSe)[(n~Bul)4P], 1974(w), 1897(vs) 1936 1016(m)

Cr(C0)4[(PhO)3P], 2004(w), 1910(vs) 1957
Cr(C0),(Cs)[(PhO)43P ], 1987(w), 1929(vs) 1958 1220(s)
Cr(Co),(CSe) [(PhO)3P], 1996(w), 1940(s) 1968 1023(m)

»

81n €S, solution;

w = weak,

In the case of X =
For mer-Cr(CO)43Ly, Tgq
assigned to the
of the lower-frequency

isomer of Cr(CO)z(CX)LB (X =

mode assigned to the
assignments

all species.

S or Se, mer

vs = very strong, s

higher—frequency peak;
peak were not resolved.
S, Se),
higher—frequency
are based on the assumption of Cyy, local symmetry for

= gtrong,

= mer I,
= 2a; + bl’ with one of the
and bl

Leo

(\

the ap

= g
pea&.

m = medium,

aj modes

components

For the mer

+ by,

with the a;
hese

symmetry
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Table 2.8. ¥(CX) Frequencies (ca™!) in the FT-IR Spectra

of (triphos—U)Cr(CO)z(Cx) aad (triphos)Cr(CO)z(CX)

(X = 0, s, Se)?

Complex v (Co) v(cs)/

s v(CSe)
(triphos-U)Cr(Co), 193:(s). 1830(s) -
(triphos-U)Cr(C0),(CS) 1929(s), 1871(s) 1190(m)
(triphos-U)Cr(C0),(CSe) 1937(s), 1881(s) 1031(s)
(triphos)Cr(CO), 1934(s), 1844(s)
(triphos)Cr(C0),(Cs)P 1924(s3, 1861(s) 1191(m)
(triphos)Cr(co),(cse)P © 1940(s), 1885(s) 1037(s)

a1 CS, solution; s = strong, m = medium.

bThe peaks due to isomers 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 = S, Se) wave-
number and the o¢-donor/m—acceptor properties of the othef(
bound ligands in chalcocarbonyl complexes has been reported
by English et al. and attributed to appreciable mixing of
the v (CX) and v [M-C(X)]) modes [3,4]. However, a gqualitative
trend can be seen for the v (CX) modes as the g-donor/a-
acceptor properties of the ligands are varied. This trend
appears to be sensitive to the net electron density at the
metal rather than the stereochemistry of the ligands rela-
tive to each other. This 1is 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 trans-W(CO), (CS)(L) derivatives [18]. ~

To date, no 3l!P NMR data have been obtained for phos-
phorus-containing thio- or selenocarbonyl complexes of Group
VIB metals. The 31P NMR spectra of M(CO).__ [(MeO),P] (M =
Cr, Mo, W) complexes have been examined by Mathieu and
co-workers (Table 2.9) [33]. From their investigation, they
concluded that the nature of the central atom appears to be
the major factor influencing the chemical shifts, and thaé

the resonance of the phosphorus atom trans to a carbonyl




Table 2.9.

Selected Group VIB M(CO),_ [(MeO)4P] Complexes

3lp NMR Chemical Shifts and IR P(CO) Frequencies of

o R i e e e ————— A A W P A A

Complex s(31p)t v(co)€
ppa ca~ !
Cr(Co)g(Me0) 4P 179.6 § 2073, 1985, 1963, 1948
c1s-Cr(C0),[(Me0)4P], 180.2 2026, 1947, 1939, 1913
trans-Cr(Co),[(Me0)4P], 193.1 1914
fac-Cr(co)4[(Me0)4P], 1864 1966, 1888 sh, 1879
mer-Cr(C0)5[(Me0)P] 189.1(1 = 1)d 1981, 1891 eh, 1878.1
197.4(1 = 2) ~ ¢
cis-Cr(c0),[(Me0)yP], 187(1 = 1) 1901, 1847
198(1 = 2) |
Mo(CO) 5 (Me0) 5P ; 162 2080, 1993, 1965, 1952 |
ci1s-Mo(CO0) 4 [(Me0)4P], 164 2037, 1945, 1926, 1921
trans-Mo(CQ),[(Me0)4P], 174 1972, 1921
fac-Mo(C0)4[(Me0)4P], 168,59 1976, 1893 sh, 1883
mer-Mo(CO)5[(Me0)4P], 164.5(1 = 1)4.¢ 1993, 1919, 1890 o
174.2(1 = 2) ®
ELE_MO(CO)Z[(M30)3P]4 166.9(1 = 1) 1909, 1856

t

s



Table 2.9 (Cont~"d)

W(CO)S(MCO)3P

cis-W(C0),[(MeO)4P],

:trans—W(CO)a[(HQO)aP]Z

fac-W(C0)5[(MeO) 4P},

cis-W(CO),[(MeO)4P],

A Y

137.3

141.1

147

146,64
144.4(1 = 1)9

148.6

2081,
2035,
1915

1973,
1989,

1905,

1988, 1951, 1936

1947, 1939, 1915

1894 sh, 1880
1890 sh, 1871

1845

8pata from Reference 33,

Most compounds were examined in benzene;
downfield from 85X H3PO,.

©In hexadecane solution.
Remeasured in this study on a Varian XL-200 spectrometer.

€Assigned to the fac isomer in Reference 33.

chemical shifts are in ppa
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group occurs at higher field than Ehat for a phosphorus atom
trans to another phosp?orus. The latter trend was rational-
ized using Eq. 2.7 derived by Van Wazer and Letcher [39]
where the 3! P chemic¢al shift is treated as the summation of

4

the oc-bond and n-bond contributions:
5 - & = 5 + 8 (2.7)

where 50 is a constant associated with the particular
reference standﬁrd employed., Both the 60 and 5n terms are
negative and so an 1ncrease in the amount of metal dn elec-
tron density transferred to the dn orbitals or a decrease in
the g-donation from the phosphorus atom to the metal results
in a shift of the 31P resonance towards lower fields [33].
Table 2.10 summarizes the 3!P NMR data obtained for the

Cr(Co), (CX)[(RO}, P] (X = 0, S, Se; R = Me, Et, n-Bu, Ph)
2 3 -

3
complexes. A comparison of the 3!P resonance for the two
phosphorus atoms trans to each other 1n the chalcocarbonyl
triad reveals an upfield shift of about 7 ppm for the thio-
carbonyl derivative and about 11.5 ppm for the selenocar-
bonyl derivative when compared to the tricarbonyl complex.
These upfield shifts are 1indicative of a net decrease in
electron density at the metal centre‘available for donation

to the dn orbitals of the phosphorus atoms and are consis-

tent with the established order of p-acidity for chalcocar-

)
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o
Table 2.10. 3lp NMR Data?® for ESL-Cr(CO)Z(CX)[(RO)3P]3
(x = 0, S, Se)b and £E£-Cr(CO)2(CX)[(RO)3P]3 (X = S, Se)
s(3lp) 5(3p)
Complex 2Jpp (d, 1=2) (t, I=1)
Hz ppm ppm
mer isomers
Cr(C0)4y[(Me0)45P]4 64 197.4 189.1
Cr(C0),(Cs)[(Me0)4P], 65 188.6 181.2
Cr(CO)Z(CSe)[(MeO)3P]3 64 184.9 177.5
Cr(COo)3[(Et0) 4P ], 60 ‘ 193.3 184.9
Cr(C0),(Cs)[(Et0)3P]y 65 186.3 177.4
Cr(C0),(CSe)[(Et0)4P], 64 181.6 172.5
Cr(co),[(n-Bu0)P]; 59 193.0 [184.6
Cr(C0),(CS)((n-Bu0)4P], 64 186.2 177.2
Cr(CO)z(CSe)[(E—BuO)3P]3 64 181.5 172.8
Cr(CO)5[(PhO)4P ], 65 177.7 168.6
Cr(C0),(CS)[(PhO)4P]4 62 170.5 _ -~ 162.6
Cr(C0),(CSe)[(PhO)43P]4 62 166.0 159.9
fac 1isomers
Cr(€0),(CS)[(Me0)4P]; 72" 180.7 178.2
Cr(CO)z(CSe)[(MeO)3P]3' 72 178.4 174,7
Cr(C0),(CSe)[(PhO)4P], 68 160.1 157.0
81n C DgCD3 solution; chemjcal shifts are in ppnm (+0.1 ppm)

downfield from 85% H4PO, . )
In the case of X = S or Sg, mer = mer I,

)

ey
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bonyl 1ligands (CSe > CS > CO). °“An increase in electron
density donation from the phosphorus atoms to the relatively
electron-deficient metal 1in the thio- and selenocarb;znyl
complexes may also contribute to the observed ef fect.

The signal for the phosphorus atom trans to the CX
ligand is shifted upfielnd from that for the two trans phos-
phorus atoms. This resonance also is observed to shift to
higher fields with increasing n-acidity of the CX ligand.
The magnitudes of the shifts with variation in the CX ligand
are comparable to those for the resonances of the two trans

phosphorus atoms. v

2.3.4 Reaction of (n—Arene)Cr(CO),(CX) with Tridentate .

Phosphine Ligands

Reaction of triphos—U with (n.-Az:'ene)Cr(-CO)2 (Cx) {X =S,
Se)“ly%’elds' novel complexes characterized as fac-(triphes-
U)Cr(CO), (CX) (Figure 2.12). The IR and 3!P NMR data are
presented in Tables 2.8 and 2.ll, respectively, together
with data for the corresponding tricarbonyl complex. As
expected, the mean IR y(CO) frequency shifts to higher wave-
number on descending the chalcocarbonyl triad. The 31 P NMR
spectrum of the (t:::'iphosﬁj)Cr(CO)3 complex exhibits only one
signal since the three phosphorus at/oms are equiwvalent. 1In

the case of (triphos-U)Cr(CO)z(CX) (X = S, Se), one phos-

phorus atom is trans to CX while two phosphorus atoms are
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. Table 2.11. 3lp NMR Data for (triphos-U)Cr(C0),(CX) and
(triphos)Cr(C0),(CX) (X = 0, s, se)? " )
) " . e i
c : , 31
omp lex Jpp 8(°*P) .
Hz opm
s \
(triphos-U) . -25y8
(triphos-U)Cr(CO)4 39.6 R -
/ (triphos-U)Cr(co),(Cse) 3N 31.5(d, I = 2)° '
. 26.9(t, I = 1) -~
triphos 28 ~11.7(d, I = 2)
! -15c6(t, I = 1) ]
Y ’\’ f
(triphos)Cr(C0), {12 84,0(d, I = .2)
: : 115.2(t, I = 1)
(triphos)Cr(C0),(CS) (A) 10,24 67.4(dd, I = 1) |
: 79.8(dd, I = 1)
\ 107.5(dd, T = 1)
/ - —
> (triphos)Cr(co0),(CS) (B) 9 71.9(d, I = 2)
T AR e ey Ll L 100.9(t, T = 1)
(triphos)Gr(Co),(CSe) (A) 10,24 ¥ 64.4(dd, T = 1)
N 76.9(dd, I = 1)
N 104.0(dd, I = 1)
(triphos)Cr(C0),(CSe) (B) 10 68.6(d, I = 2)
96.7(t, I = 1) . ~
o -

81n CD,Cl, solution; chemical shifts (+0.1 ppm) are given

with positive values downfield from 85 H3PO,.
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trans tq‘co. The different environments result 15 a doublet
and a triplet splittfng'pdttern for these complexes where
the 31 P signal trans to CX (triplet) is further upfield than
the 31p résonance (doublet) of the two phosphorus atoms

-

trans to CO. Comparison of the 31p resonance for

i

; ‘ (triphos-U)Cr(CO), with that Of the corresponding resonance

of the E?osphorﬁs~atoms trans to CO in (triphos-U)Cr(CO),~

- (CSe) indicates an upfiéld shift of 8 ppm in the selenocar-
bonyl complex. The phosphorué trans to CSe is approximately
5 ppm upfield from the other two phosphorus atoms trans to
CO in the same complex. ‘ )

Arene displacement by .triphos from (n—Arene)Cr(CO)z—

(cxi (X = S, Se) affordé three new interesting types of fac

" isomer (A, A* and B, where A* is an enantiomer of A) (Figure

2.13) that are not available to the parent tricarboﬁyl
"complex. The IR spectra (Figure 2.14) of the complexes in
the carbonyl stretching region display only two strong
absorptions w%}h meaé 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.

S, Se) modes for the A and B isomers appear

The v (CX) (X
as one unresolved peak. As will be shown below, the 31!P NMR
data for the complexes provedk crucial ,in wverifying ' the

presence of the two isomers and in establishing their rela-




P

A* v

Figure 2.13.
(X = s, se),

270

PP
A\' .
Cr
oc cx 3=
) " §
A

The two possible ifsomers of (iriphol)Ct(CO)z(Cx)

Cr
A\
C
OF (4]
.
[ ]

Isomer A exists in two enantiomeric "forms,

-

,

9L

1

TN T S e

A

PR

.

-

e et Pk Gt MA T o P e e ity 7 g0




ABSORBANCE
208 .276 .34 .41z .4

. 140

- 072

~ D04

X

NN~ VY,

2056 2011 1966 1921 1876 1831 1786 17%1 1696
WAVE NU,NBERS . ’

&

Figure 2.14. The V(CO) regiog of the FT-IR spectrum of
(triphos)C'r(CO)z(CSe) io 6820123

{

LL -

{ ;%‘

L]

W e T S AN T G R R K SR

R VP o P Sy



P

78

b
tive copcent:rations. ) . M,,‘\
Isomer A (a;nd A*) of (triphos)Cr(C0), (CX) (X = S,’ Se)
is -expected to e;hibit thr@e>i!P NMR signals since the two

-- terminal phc;sphc\)!:lus atoms of the triphos ligand are trans to
different ligands and tha bridgi;:z_; phosp\horus atom is in a
dift%erent environment from the other two phosphoruS‘a;:oms in
the pure ligand. Isomer B with the bridging»p“hosphine E:rans
to the CX ligand is expecg;e"’d to have two sigmals sincé the
terminal phosphorus nuclei experience  identical environ-
ments. The isomers were detected in the 31P NMR spectrum
(Fic:;ure 2.15) in a 4:1 ratio (A: B). The assignment of the
resonances for isomer A was facilitated by comparison with
the spectrum of the parent tricarbonyi which~enabled the
resonance due hto th bridg‘ing phosphorus atom to be easTJ:.ly
(identified. The resonances due to the te'rminal phosporug
atoms werz assigned on the basis of the trend observe'g for
> 31lP redonances in the. chalcocarbonyl complexes presented in
\ ‘this chapter. Thus, the TFresonance at higher field was

vassigned to the phosphorus atom trans to cx (X' = s, se).

" The 31p NMR spectrum of isomer B was directly assigﬁed by

comparison with the spectrum of (triphos)Cr(CO), [41].

2.3.5. Attempted Synthesis of (cht)Cr(CO),(CS)

In Chapter 4 of this thesis, a kinetic investigatjon of

.
at .
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Figure 2.15. 31P §MR spectdum of (triphos)Cr(CQ),(CSe) in

C6DSCD3.‘ Conditic;ns: o{;taine_d on a Varian XL-300 FT

*ny

spectrometer operating at 121.42 MHz; lH--de»::ouupl.ed; sweep

width = 6,300 Hz; offset =.10,200 Hz; flip angle = 66°;

repetition time = 20 s8; number of scans = 200,
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. arene 'displ\acement’ reactions of (n-Arene)Cr(C0O),(CX)
(X= s, Se) complexes with (RO);P ligands will be presentéd.
Similar kinetic studies have be:en reported in the literatux:e
for .(cht)M(CO); (M = Cr, Mo, W) anq; -(n~Arene)M(CO); (M = Mo,
W) but not for (n-Arene)Cr(CO}; complexes because the
reactions are too slow.’ It would be of interest to compare
kinetic data for tricarbonyvl,‘thiocarbonyl and selenocar-
bonyl complexes. However, it appéars that molybdenum and
utungsten arene thiocarbhonyls are not accessible [5] due to
the. inability to photochemically or thermally generate the

.

(n—Arene)M(CO)z(L)_ (L:= CgH,,,;-THF) precursor necessary to g

aéfordu (n-Arene)M(CO),(Cs) [1]. Therefore, synthesis‘ og
(cht)Cr(CO),(Cs) w;s atten{pted in an effort to obtc;in a
basis for direct comparison of, the effects of CS ~and CO-
ligands on the lability of the metal-arene bond @n analogous
complexes. The ;onvencior\mal ‘synthetic ‘route to thiocar\z-
bonyls through photolysis of .th.e parent tricarbonyl complex
in cis-cyclooctene and subsequent addition of CS; to yield
the thiocarbonyf complex [1} éroved unfeasible because
v.(cht)Cr(CQ)3 was _photzochemically inactive under the condi-
tions employed. Only .one reseérch group has obtai’ned .spec,—
troscopic &vidence for phbtochemical formation of (cht)-
Cr(co),(L) [L = py, (PhO),P], this after irradiation -for 40

h at -40°C [42]. For L = CgH,,, no product formation was

‘detected. . Consequently, they postuléted initial forma-—
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tion of (n“-cht)Cr(aC0)3'(L) prior to CO .dissociation for the
reactions where L = py and (PhO),P. The poor nucleophili-
city and the size of the cyclooctene ligand may hinder its

7} . ° -
binding to the metal at such a low temperature [42]. In the

.present work UV photgiysis of (cht)Cr(C0j; in 1:1 toluene/.

cyclooctene at 0°C and at room ‘temperature produced no
detectable concerntration gf the cyclooctene complex. Heat-

i\ng the sample in conjunction with photplysis resulted in

@

decorﬁposition. The ring exchange procedure, whic(h‘ was
reported for the synt}:esis of (cht)M(CO); (4 = Mo, W) from
.(n-—Arene)M(CO)s in excess cht [25], resulted in decomposi-
tion in the case’th (mbz)Cr(CO)g(éS). Another s;\mthetic
route to (cht)Cr(CO0); involves ref%uxing. a mixture of cht
and Cr(CO), gither in neat ligand-or in ‘é “high-boiling sol-

vent such -as he\f)tane [(25]. = Therefore, Cr(CO)S'(CS) was
L]

synthesized following the established procedure [20], and
its reaction with cht was investigated. After refluxing for

24 h, no prq;{]uct was obtained. Finally, attempted synthesis
of Cr(CO), (Cs) (CH,CN), from either (n—-Arene)Cr(C0O),(CS) or

R g

-Cr(CO)s(CS) resulted in decomposition. This complex -would

have provided another route to the’ coordination of cht to

: . ( v

the chromium thiocarbonyl moiety, “as demonstrated by the
s ’ ) ’ ot f ? R B %

synthesis of (cht)W(CO), from W(CO);(RCN); (R = alkyl) [43].

> > N i - s , Q -t .
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Chapter 3_

-

Intramolecular Isomerization of Cr?CO)Z(C)'{)[(MeO),P]q (X

7
0, S, Se) Complexes
3.1 Introduction
An unexpected feature of the arene displaceme reac-

tions of (n—Arene)Cr(CO)é(CX) (4§ = 3, Se) compleies invesgti-
gated in Chapter 2 is the involvement of anaisomerizat'
process. The major product isolated from these reactions
has been characterized as the mer I isomer and not the fac
isomer observed as the major product in triene displacement
reactions of Group VIB (cht)M(CO); and arene displacement
reactions of (n—Arene)M(CO)3 (M = Mo, W). The formation of
the mer I isomer may be postulated to result from the
isomerization of an intermediate in the ‘seaction pathway.
Howevér, %n recent years several reports have appéared in
the 1literature [1-10] of intramolecular isomerization of
Group VIB metal carbonyl complexes. Accoraingly, the possi-
bility that mer-Cr(CO),(CX)[(MeO),P], 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 either a trigonal prismatic [11]

or bicapped-tetrahedral [(12] intermediate or transition

.

| ) ' }

1
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state. The schematic representation of these processes is
shown in ~1=‘igur'e 3.1. One of the first “examples reported of
intramolecular rearrangement in Group VIB metal carbonyl
complexes was the isomerizatior; of Cr(CO),[C(OMe)Me] (R,P) (R
= Et, Cy) [1,2]. Shortly after, the thiocarbonyl-containing
complex trans-W(CO),(13C0)(CS) was investigated by Angelici
and his co-workers and was also shown to undergo isomeriza-
tion through a non-dissociative mec;hanism {3]. Since then,
Darensbourg and his research group have found that other
complexes such as M(CO)G—n(RBP)n (M = Cr, Mo, W; n =1,2; R

= Me, Et, i~Pr, n-Bu, OMe, OEt) undergo isomerization by a

‘non-dissociative pathway [4-7], with the rate of reagrange-

ment decreasing i(n the order Cr > W > Mo (6,7]. Similarly
intramolecular isomerization of M(CO)“(PE‘3)2 (M = Cr, Mo, W)

has been reported (8]. Activation parameters were deter-

mined for some of the above complexes (Table 3.1). In the

case of the chromium and tungsten complexes trans—Cr(CO) - .

(13co) (EtyP) -[7] and E_a_r\_s-W(CO)“(13.C:O)(éIS) [3], large posi-
tive enthalpies of activation and positive . entropies of
activ;tion were obtained for the isomerization to the cis
isomers. On the basis of the large enthalpies of activa-
tion, significant bond lengthening irT the activated states
was bostulated to oc_éur. For trans-w(CO),(13C0)(Et;P) [7],
isomerization exhibited a small enthalpy and a large nega-

tive entropy, supportive of a trigénal prismatic twist.
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Table 3.1, Activation Parameters Reported for

Group VIB Metal Carbony1-Complexes

Intramolecular Isouérkzations of

-

Compiex Process AH# AS#~ Reference
. kcal mol™l ca1l mpl-1 deg™!
Cr(CO)4[C(OMe)Me](E§3P) cigs —---> trans 21.240.5 .—6.5:_!-_1.5 ’ 1,2
- . trang ---> cis 22.5+0.5 ~3.5*1.5
Cr(CO)4(13CO)(Et3P) cis ---> trans 26.6+4.3 ' 1.8+13.1 ’ 7
. /
Mo(CO0),(n-BujzP), cis ---> trans 24.511;6 -5.6+4.8 : k
‘trans ---> cis  24.2+1.3  =9.8+4.0
(S
W(CO)A(13CO)(Et3P) cig ---> trans 9.2+3.7 ~54.9+11.4 ' 7
\») ) -
w(co),¢t3cor(cs) trans ---> cis 31.5+1.9 9.1+5 3
\\ 8
\— B

-

-3

v
Erniae



90

3.2 Experimental

'3.2.1 Synthesis of Cr(co),(13co),(cs)

(mbz)Cr(CO),(CS) (10 mg) was dissolved in 10 ml of THF

and transferred under N, to a specially éonstructed high- .

pressure stainless steel réaf:tion vessel, li.ned with a Tef-
lon jacket and connected to a second stainless steel chamber

4 containing a measured amount of !3CO (transferred on a
vacuum line through"a manometer and adsorbed on charcoal at

77 K). The solution was degassed by threle freeze-thaw
cycles and frozen in 1liquid nitrogen-.l The !3CO was
transferred to the sélution chamber to give 20 atm pressure.

The valve to the 13cCo stc;rage chamber was then closed. The
solution was heated at 65°C for periods of 6-24 h.
Unreactedh”CO was then readsorbed on the chargcoal in the
storage chamber by opening the valve between the chambers
while both were submerged in liquid N,. The product was
isolated by evaporation of the solvent under‘reduced
_pressure with the temperature maintained at -15°C due to the
volatility of Cr(CO) (Cs) [13]. _.13C NMR (10~ scans) (rela-
tive to T™S): 212.1 (d, J £ 5 Hz, cis CO) and 209.2 ppm (t,

o J = 5 Hz, _g_ﬁ_‘_aisi CO). FT-IR (CS,): v(CO) 2066(m), 2056(w),
2008(m), 1988(m), 1978(s), 1958(vs), 1956(vs), 1945fm) cm— 1,

The high-resolution mass spectrum\of Ahe product was
optained with a DuPont 21-—492805pectrometer interfaced to a

Hewlett Packard computer. Mol. wt: calculated for

13c,12¢c 0.sCr, 238.897; found, 238.894.
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'When the above reaction was carried out with less than
1 atm !3CO pressure, partial decomposition of the starting
material was obsgrved. With the use of octane in place of
THF as Dsclvent under identical conditions to those described
in the above procedure, .no reaction occurred and the start-
ing material was recovered‘ with no observed ‘decomposith(n.

'

3.2.2 Kipetic Investigation of Isomerization of Cr(CO),-

(CX)[(MeO0),P], (X =0, S, Se)
The fac——mer I isomerization reactions of Cr(Co0), (CX)~
[(MeO); P], (X = 0, S, Se) were monitored by FT-IR spectro-
scopy. Solutions of complex in DCE v'ver,e prepared and trans-—

ferred under nitrogen to a thermostatted IR cell (0.1 mm

@

pathlength, NacCl windows) (constructed in-house in accord-
ance with a design publishedA in Reference 14). The thermo-
'statted cell assembly was placed in the IR beam, and IR
spectra were acquired at recorded time intervals. The rate
of fac + mer isomerization for the tricarbonyl complex was
followed by monitoring the decrease of the a; v(CO) peak of
the fac isomer, while the rate of mer I » fac isomerization
for the thio- and selenoca\dényl derivatives was monitoréd
by {:he growth gf the a' v (CO) peak of the fac isomer. Rate
constants (k, + ic_l) were calculated from the first-—order
rate plot of ln[Ae/(Ae—At)] vs., time, where At is the

absorbance at time t and Ae 'is the absorbance at equili-
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*brium, using a linear least-squares program (Plotrax 2 from

4

bnéineering-Sciénce Inc., Atlanta, Georgia, U.S.A.). The

rate constants for the forward and reverse reactions were

.
<

obtained by solving the equations:’

where kc is the calculated raté constant and Keq was deter-
mined from the .integrated areas of the resonances of the
isomers in the 3lP NMR spectrum recorded on a Varian XL-300

NMR spectrometer. 'The activation parametefs were calculated

from the rate constants at three different temperatures.

3.2.3 Monitoring of Stereochemically Nonrigid Behavihqur of

Cr(co), (CX)[(MeO),Pl, (X = O, S, Se) Complexes

Two-dimensional (2-D) NOE 3!p NMR experiménts were
performed on.a Varian XL-300 spectrometer, equipped with a
S5-mm broad—band probe. Cr:‘(CO)z(CX)[(MeO)3P]3 (X = 0, 8, Se)
was die:.solved, under N, in deuterotoluene and heated in the
probe at temperatures ranging from 30-80°C. Usuali\y 4-32
transients were co-added to achieve a good signal-to-noise
ratio. A total of 128 or 256 FIDs :.»le;:e acquired and zero
filling was performed in the—evolution domain. The 2-D NOE
Accordian' pulse sequ‘ence’ used was: (n/2, t;. 1;/2, mix, =wn,
t, ) with a repetition delay of 2 s and incrementing the

“ -

S s o




~ mixing time according to the equation t ig = K X tpwith ¢ =

36. 31P nuclei were proton-decoupled during the evolution
‘ hi

and detection periods. The ‘FIDs were collected_iﬁ\either 2=~
{512 X ?12] or [1024 X 1024] matrix. THe data matrix was
Fourier transformed in two dihen§ﬁons and plottgd by a con-
tour plot program. The digital reéolutioﬁ in the evolution

domain is sw,/NI, where sw, is the spectral width in the

” .

evolution domain and NI is the, number of increments or FIDs,

while the digital resolution in the detection domain is

equal to 1/AT (AT = acquisition time) and is approximately 8

Hz. ! bl

\a |
" . -

3.3 Results and Discussion

The isomerization gf‘mgg-Crsﬁo)z(CX)Y(ﬂgQ)3P]3 (X = 8,
Se) in solutkqn at room'temgerature was established by moni-
to;ing the changeé with time in the carbonyl region of the
IR spectfﬁm of the pure mer I isomer, obtained by TLé purié//
fication as describéd in Chapter 2. The mgg‘& to fac inter-
conversion is illustrated in figure 3.2 for the case of the
selenocarbonyl derivative, display#ﬁd/the growth of the peak
at 1962 cm~! characteristic of the fac isomer (Figure 2.8).

The study was also extended to -+the analogous fac- %
r(CQ)3[(MeO)3P]3 compléiz The pigher-frequency v{CO) mode

in the FT-IR spectrum of this complex in solution at room

2
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L temperature w;é observ;d to“decreése with time, acbompaniéd
by the.growtﬁ of a.new peak at 1977 cm™! (Figure 3.3) attri-
butable to géE-Cr(Co)alkMeO)a%]; (see Table 2.7). The in-
tens}ty of the second v (CO) mode of the ;gg isomer increased

: di;h time due to its coincidence with the intense lower-fre-

g

quency v (CO) mode of the mer isomer (Figure 3.4). Thus fac-

Cr(CO)3[(MeO)3P]3,has been shown to also undergo rearrange-

t

ment in solution at room temperature. In a recent publica-
tion (9], electrochemical oxidation has been reported to

induce intramolecular isomerizationh of fac—M(CO)a[(MeO)apl3

5

. . (M = Cr, Mo). This process occurs through the generation of
thé fac-{M(CO), [(Me0O),P] }* cationic complex which undergoes

) < - N
( ,rapid conversion to mer—{ M(CO), [(MeO), P], |, Addition of

4
one electron to the cationic mer isomer generates mer-—

1

M(C0)3[(Me0)3P]3. The authors mention that the neutral

. but af a much slower rate than the cation.

{
» In order to establish that the isomerization of

-

’Cr(CO)z(CX)[(MeO)3P13 (X = S, Se) proceeds through a non-
dissociative meéhanism,‘ the isomerization oOf mer-Cr(CO), -
(CX)[(MeO)3P]3 was foilowed in solution in the presence of
excess (PhO)aP at 60°C using FT-IR spectro§c6py.-.No incor-

'poration of (PhO),P into the complex was 6b§ervgd, as evi-
denced by tﬁe lack of any peaks in ghe FT-IR difference

( spectrum <3é ;he‘ equi%ibrium mixtures obtained %n the

SA

Ll Bl

chromium complex also exhibits intramolecular isomefizatioTL',f(

e ——

9
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presence and absence of (PhO);P. Furthermore, there was no.

shift in the sition of ‘the isosbestic point obtained for

the 1isomerization process. The above evidence indicates>__

that the isomerization occurs through a non—dissc;ciative
pathway:

In a rsecond experiment, arene displacement from
(mbz)Cr(CO),(CS) was effected in the presence of 13c0 at
60°C for 6 h in THF to yield Cr(C0),(!3CO),(CS). The split-
ting pattern in the !3C }‘IMR;gpectrum of this product (Figure
3.?) reveals thai':_ only threé labelled carbonyl groups are
;Jresent, while a fourth !3cO 1ligand would have been incor-
porated if isomerizatgon occurred by a dissociative mech-
anism subsequent to product formation._ The two 13co reson-
ances observed were identified on thg basis of the previous
assignment of the 13C NMR spectrum of Cr(CO).(GS) [13]. The

higher-field resonance (209.2 ppm) is attributed to !3CO

trans to the CS 1ligand and is split into a triplet, while

the lower-field resonance (212.1 ppm) due to !3CO0 in the -

equatorial plane is split into a doublet. This splitting
pattern is consistent with both the fac and mer I configura-

tions of Cr(CO),(CS)L; (L = 13C0), whereas thé mer II iso-

?

mer, having three 13CO 1ligands™ in the equatorial plane, .

would give rise to a singlet which may be ‘hidden under the
doublet. While the number of isomers of Cr(CO),(13C0)(CS)

[
in the sample thus cannot be established from the 1!3C NMR

SV ]




Figure 3. 5.

ws | el ®in & C =

13¢ NMR spectrum of c:(c0)2(13c0) (CS) 122CD,CL,,

Conditions:

obtained o

on a Varian XL-200 FT spectrometer operating at 50.31 MHz; sweep width = 20,000 He;

'o,ffset = 5,000 Hz; flip angle = 30° .repetition time = 0.6 s;

1

number .of scans = 10,

o by




spectrum, the abundance of peaks in the carbonyl region of
the IR spectrum {Figure 3.6) establishes‘ that more than a

single 1isomer is _present. The observed frequencies are

tabulated in Table 3.2, together with the frequencies calcu-

"lated in the energy-factored force field approximation on
the basis of force- constants reported for Cr(CO)g(CS) [15].

The comparison of the observed and calculated frequencies

reveals that fac-Cr(cCo), (13€0), (CS) is present togther with.

some amount of either the mer I or the mer II isomer or
both, These results do not demonstrate definitively that
’Cr(Cb)z (13¢0), (CS) also undergoes intramolecular isomeriza-
tion, since the,observati_on of at least two isomers of this
complex may be thfa result of a rearrangement process during
the course of the arene displacement reaction. However,
they do establish that if Cr(CO),(13C0),(CS) does isomerize,
it does so by a non—-dissociative mechanism, as does
W(Co), (13c0) (CS) [3].

The rate constants for fac » mer and mer » fac isomer—

ization of Cr(CO)2 (CX)[(MeO)3P]3 (X = 8, Se; mer = mer I)

and Cr(CO); [(Me0); P]; were calculated from the opposing

first-order reactions

. .
£ac-Cr(C0), (CX)[(MeO), P, ,_T-__f_ mer-Cr(C0) , (CX) [ (MeO), P,
' -1

2

(X =0, S, Se) '

I T T,




-~
ABSORBANCE™
42
)

.28

P o

8 N

2ib1 2078 2055 2032 2009 1986 1963 1940 1917 189%
> ¢ WAVENUMBERS K

Figure 3.6, FT-IR spectrum-in the carbonyl stretching re:gion
v of Cr(co),(13co);(cs) tn cs,.

H S - —— - R " [P VU e
[ A —— O, JROT—

101

I e Lt Rt i W e

nepnlsa B g iy

PR




102

Table 3.2. Observed and Calculated Frequencies (cm-l) for
»(CO) Modes of Cr(C0),(!3c0)5(cs) 1n cs,

A

Observed \\ Calculated?
fac pmer I " ger II
2066 > ) 2067 2069 2066
2056 - - .- .
2008 2007 : : 2014
1988 1991 1986
: 1989
R 1978 1978
' . R 1972
~N
© 1958 _ 195h
1956 1955 » 1957

19%5 1945 © 1945

8Calculated from energy-factored anharmonic force con-

—~stants reported in Reference 15 for Cr(C€0)5(CS) in CS,
solution: kco(ax) = 16.63; kco(eq) = ?6.46; kco,co(ax,eq)

= 0.225 kco,co(cis)(eased) = 04245 ke co(trans)(ed.ed) =
0047 l;ldyn x—lo . ‘
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using the equations:

Keq = K1/k_q = [mer-Cr(C0),(CX) [(MeO) 3P} 4] ¢
[£ac-Cr(CO),(CX) [(MeO) 3P| ;] -

X

-1 .
=t 1n Ae/(Ae-At)

>~

+

x
[

where At is the absorbance at time t and Ae is the absor-

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 necessary to measure ti‘ne distribu-
tion of the isomers at equilibrium. 1P NMR spectroscopy
was the technique chosen. The relative intensities of the
peaks in a 31P FT-NMR spectrum are a reliable measure of
relative concentration providing the nuclei are given sgffi*—
cient time to reiax'between pulses. Conseq{xently, the spin-
lattice'relaxaéion times, T~ wére determined for the iso-—
mers under investigat;ion and the values obtained_ are shown
in Table 3.3. It 1is of interest to note that the relaxation
times 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)n[R3P]6_n complexes and is attributed mainly to dipole-
dipole relaxation [16]. Using gated decoupling, with an

interval between pulses approximately ten times 1longer than

,



Table 3.3. Spin-Lattice

Relaxtion

Cr(€0),(CX)[(Me0)4P]3 (X = 0, S, Se)

Times (T;) for Phosphorus

Nuclei in

Complex.

Tl'(s)

P trans to P

P trans to CS/CSe P trams to CO

fac-Cr(C0)45[(Me0)4P];y

mer;c£(c0)3[(ueo)3p13

~

fac-Cr(C0),(Ccs)[(He0)4P]4

B
2]

er I Cr(C0),(CS)[(Me0);P]4

me

o]

IT Cr(C0),(CS)[(Me0)3P],4

£ac-Cr(C0),(CSe) [(Me0),P],

mer I Cr(CO)Z(CSe)[(HeO)3P]3

A}

1.84+0,03

" 1.76+0.05

1.86+0.05

2.40:0.14

2.40+0.04

2.45+0.02

3.1740.24

3.18+0.23

2.35+0.03

2.3740.06

2.28+0.03

2.41+0.10

2.8440.22

voT1

DRATAFS 2% soer

P

P
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. T thus allowing the nuclei sufficient time to relax, the

1'

relative ratios of the 1isomers present were obtained

(Figures 3.7-3.9). The equilibrium constants were not found -

to be temperature dependent in the range of 20'(5 to 80°C.
For all three complexes, the mer isomer (mer I in the case
of the CS and CSe comp\lexes) is predominant and the equili-
brium 'mg_g_/_fﬁ ratio Jis approximately the same (Keq = 5,0).
Althotigh the mer II isomer has not been observed spec-
troscopically by FT—-IR or 13C NMR, \the ilp NMR spec;tra of
both the thiocarbonyl ar;d -selenocarbonyl cqmp}exes prov ided
some empirical evidence of a minor compohent (~ 5% of the
mer I isomer) with a splitting pattern and chemical shift
values consistent with the mer II config'u'rat;;ion (Figures 3.8
and 3.9). The appearance of;a doublet and a triplet with a
coupling constant similar to that-of the mer I isomer indi-
cates a structure in which two (Me0),P ligands are trans to
each other and cis to a third (MeO);P. ‘The location of the
triplet resonance dowqfield from the. triplet of both fac and
mer I is;amers is in(;icative of a phospho;'us trans to a CO
rather tRlan a CX, while the upfield shift of the doublet
resonance relative to that of mer-Cr(C0),T(Me0) P], (see
Table 2.10), indicating a lower ' electron density at the
metal centre, confirms the presence of a (X 1igaqd. The low

5

concentration of the mer II isomer relative to the fac or

mer I isomer can be interpreted in terms of a site
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Figure 3.7. 31p .yur spectrum (in deuterotoluene) of an

v

equilibrium mixture of the isomers of Cr(C0);[(MeO);P];. Kelq

= mer /fac = 5.0. Conditions: obtaiﬁed on a Varian XL-300

FT spectrometer operating at 121.42 MHz; 1H-—r.iec:ouplled; sweep

( - .width = 2,700 Hz; offset = 22,900 Hz; flip angle = 66°;
repetition time = 20 s; number of scans-= 4. a
o :
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Figure 3.8. 3lp yur spectrum (in deuterotoluene) of an

equilibrium mixture of the isomers of Cr(C0),(CS)[(Me0)qP]j5.

= mer I/fac = 5.0, mer I/mer II = 20.3. Conditions:

Keq

obtfﬂined on a Varian XL-300 FT spectrometer operating at

121.42 MHz; ‘IH-decouple‘d; sweep width = 2,600 Hz; offgset =

-~

22,100 Hz; flip angle = 90°; repetition time = 40 s; number

of scans = 400.

. 7
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Figure 3.9, 31p MR spectrum {in deuterqtoluene) of an

Q
equilibrium mixture of the isomers of Cr(C0),(cse)((Me0)4P],.

= mer I/fac = 5.0, mer I/mer II = 20.3,

’

Conditions:

obtained on a Varian XL-300 FT spectrometer operating at

u
121.42 MHz; 1H-—decoupled; sweep width = 3,400 Hz; of faset =

o

of scans = 400.
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Moreover, for the three chalcocarbonyl complexes examined,

preference of the CX ligand. In studies of the trans » cis

isomerization of a series of W(CO),(CS)(L) complexes [17], -

it wads found that Keq = [cis]/[trans] decreased with an

increase in the ratio of g~-donor/n-—acceptor strength of the
ligand L. Therefore, the thiocar;bonyl ligand appears to
exhibit a preference for a site trans to a strong o-donor/
weak n -acceptor. Consequently, the fac and mer I isomers of
Cr(Co), (Cs) [(MeO);P];, -in which the Cs ligand is trans t;_ol
(MeO)a P, would be predicted to be favoured with respect to
the mer II isomer, in which Cs is trans to CO. While the:

»

site preference of the CSe ligand has not been investigated,

it is expected "to be the same as that of CS, due to the

similarity in the boh.ding properties of these ligands.

-

The tate constants for ther fac +—— mer isomerization

of Cr(C0), (CX)((MeO),P], (mer I for X = S, Se) revealed that
k, > k-, (Table 3.4) and that k decreaseé in the order X = )
Se > S > 0. The 1n kL'vfs 1/T plots .are shown i'n Figure
3.10. The activation parameters for the forward and reverse
processe‘s are given in Table 3.5. The activation enthalpies

are large and positive while the entropies are negative.
. &

) -

the forward and reverse reactions differ mainly .in the

entropy value, indicating steric factors determine the

) -

equilibrium ratio. The greater stability of the mer or mer

I isomers may thus be postulated to result from the

¢




Table 3.4.. First-Order Rate Constanb&:r the Isomerization Processes of
R :

Cf(CO)Z(CX)[(Me0)3P]3‘Qx =0, Sy Se) 1in bichloroekhane

o

Observed T ' Rate constants X 104 (s—l)
cx . ‘
prbcess OC kl + k_l kl k_ﬂ
CSe mer I ---> fac 50.4 8.82 7.35 C1.47
S =T 3.0 T 3.28 2,73 0.55
- . 32.6 2.14 1.78 0.36
' t
CS fac -~=~> mer I  61.8 15.28 12.73 >2.55
\%5‘3 3.88 3023 ' 0.65
) 23.4 5.96 0.50 0.10
€0 fac --=> mer 59,0 3.58 2.98 0.60
fac mer —
49.2 1.64 | 1.37 . 0.27
T 22.0 - 0.12 0.10 " 0.02

o A = =

OTT
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6.6 +
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2.88 2,94 3.08 3.07 3.3 3.9 323 331 1M 1M 3
(VT) x 108 (k1)

FPigure 3.10.. Plots of in k; ve. 1/T for the fac < mer ~
fsomerization of Cr(C0);((Me0)qPly (§) and the fac<—'mer I

isomerization of Cr(CO)z(CS)[(HeO 3P]3 (a) and
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Table 3.5. Actiw&tlon Parameters for Isomerization P;ocesses ofd

Cf(CO)z(CX)[(HEO)3?33 (X = o, S, Se)

Complex. Process AH' AS'
kcal mol™! cal mo1”! deg_1

Cr(Co),(cCse)[(Me0)4P], fac ~--> mer I 15.640.3 -25+1
Cr(C0),(Ese) [(Me0) 3R]y mer I ---> fac  15.5:0.3 -28+1
€r(co),(cs)[(Me0)3P]4 fac ---> mer I 16.6+0.4 -22+1
Cr(C0),(CS)[(Me0)3P)y mer I =-=> fac’ ~ 16.6+0.4 =253l
Cr(C0)3[(Me0) ;P4 fac ---> mer 18,040.3 -20+1
c'r(c6)3[(ﬁeo)3rl,3, mer T-->  fac 18.0+0.3 -24+1

iy Y

Ve
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decreased steric i&teracticnn between phosphite ligands in
these isomers relative to the fac isomers. .
Large enthalpies of activatign have been measured for
the intramolecular isomerization of other Group VIB metal
carbonyl complexes (Table 3.1) and have been accour:ted for

.in terms of bond lengthening in the activated complex prior

.
¢ ~

to or during the course of rearrangement [7}. In comparing
the acgivation 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 wi!th the
observed trans labilizing effect of CS and cse ligands in
dissociative procesises. The increasing negative entropy of
activation in the order O < S < §e 'can be related to the
relative sizes of these 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 present work, a
2-D NOE 31p NMR investig’ation demonstrated dynamic intra-

‘molecular interconversion between the mer I and mer II

isomers of Cr(C0),(CX)[(MeO),P]; (X = S, Se) taking place on

the time scale of the NMR experiment at temperatures above

50°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 ‘in solution. Howevei‘, the fac to mer I or

-

-
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Figure 3.11. 2-D 31p contour map for Cr(C0),(CS)[(M 0}}943 in

deuterotoluene at 61°C on a Varian XL-300 spectrometer; an NOE

= 30, All three

accordian pulse sequence was employed with K

isomers exhibit an AB, coupling pattern (chemigal shifts are

“

relative to H3P04 as external standard): ¢ = mer II PZ,P3(d)
191.4 ppm, P;(t) 184.0, ppm (J = 64 Hz); @ = mer I P,,P,5(d)
188.6 ppm, P (t) 181.2 ppm (J = 64 Hz); X = fac P,,P5(d) 181.1

ppm, P;(t) 178.5 ppm (J = 72 Hz).
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Figure 3.12, 2-D 3lp contour map for Cr(CO)Z(CSe)[(Me0)3P]3 in
de;nterocoluene at 61°C on a.Varian XL-300 spectrometer; an NOE
accordian pulse sequence was employed with K = 30, Ail three
isomers exhibit an AB, coupling pgttetn (chemical shifts are
relative to H3PO0, as extern’al standard): v = mer II P, ,P5(d)
187.2 ppm, P (t) 180.3 ppm (J = 63 Hz); ® = mer I Py,P5(d)
184.9 ppm, P;(t) 177.5 ppm (J = 63 Hz); X = fac Py,P3(d)

=
178.6 ppm, P (t) 174.7 ppm (J = 72 Hz).

S
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187 183 179 175

4 d )
Pigure 3.13, A cross section at 185 ppm in the
evolution domain of Figure 3,12, displaying the
correlation between the resonances of the mer I
(@) and mer II (V) isomers of
Cr(C0),(CSe) [(Me0)3P] ;.
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fac to mer II interconversion was not observed at tempera-

tures ranging up to 80°C for either the selenocarbonyl or

-

the thiocarbonyl complex. Temperatures higher than 80°C

resulted in some decomposition of these complexes.

The 2-D NMR studies of the mer I to mer II isémeriza-

}ion of Cr(CO)z(CX)[(MeO)apl3 (X = S, Se) provided informa-

"on the possible nature of the intermediates ihvolved.

tion
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 mer I isomer would correlate
"with the doublet of the mer II isomer while the doublet of
the mer I isomer would correlate Qith both the triplet and
the doublet in the spectruym of the mer II isomer. The 2-D
NMR spectra (Figures 3.f;>}\12) illustrate both NOE and
possible chemical éxchange between the phosphord; nuclei of
the same molecule by the distinct symmetrical off—diagonai
contour on the exchange map. More importantly, however, the
exchange of the mer I to mer II isomer provides convincing

proof of dynamic rearrangement via a trigonal prism rather

than a bicapped tetrahedron, as seen from the correlation of

the off-diagonal peék of the doublet of the mer II isomer

, (bottom left-hand side of the contour map) to the doublet

and triplet of mer I, while the triplet of the mer II is

exchanging with the doublet of mer I.
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Oon the basis of the observation that mer I +» mer II
isomerization of C;'(COiZ(CX)[(MeO\iaP]a (X = S, Se) proceeds
through a trigonal pfismath: twist, it is highly probable
that the mer I » fac isomerization of:thesq coﬁplexes, aé
well as the fac + mer isomerization’ of the gricarbonyl
analogue, occurs in the same manner. The failure to observe
.the dynamic interconversion of the fac and mer igomers may
imply'that the rearrangement is taking placéﬂafltoo slow a
raté to ‘be observed on the NMR time scale, i.e;, that;the
phosphorus ndclei are :elaying at a faster rate than. the
time required for rearrangement to take place at these tem-
peratures. This in turn indicates.that the ,energy "barrier
‘for mer I to mer II isomerization is lower than that for mer
——; fac exchanée. Figure 3.15 shows the schematic repre-—
sentqtion of the rearrangement of the thio- or selenocar-
bonyl complex through a trigonal prismatic twist. This
mechanism should involve a .large negative entropy for ing?r—
conversion from mer I to fac due to éhe steric hindrance
resulting from the ecliﬁsing of two phosphites in the acti-
vated state. However, the interconversion of the mer I to

mer II isomer should take place with a smaller entropy of

activation; in this case, the activated state woald have the

_. phosphite ligands eclipsing CO and CX ligands,” thus minimiz-

e

ing the steric effect. The activation parmeters obtained

for thé interconversion of fac and mer isomers suggest that

©
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1n the assumed trigonal prismatic intermediate the unfavour-
able steric interactions between eclipsed pairs of ligands
are minimized by the occurrence of some bond lengthening.

Figure 3.15 illustrates that a 2-D NOE J¥!p NMR experiment

would allow the trigonal prismatic and bicapped-tetrahedron’

pathways to be distinguished in the case of fac » mer I iso-
merization as well, if this process could be detected.
: . )
These two pathways would not be distinguished by %»D Ilp NMR
'
in the case of the tricarbonyl complex due to )»tl're/ simplicity
of the spectrum of the fac isomer, with only a single
resonance. v
The observation of an off-diagonal correlation ‘between
the doublet and triplet of the _f_a_<_:_.isomer in the 2-D 3lp NMR
spectrum of Cr(CO),(CX) [(MeO) 3P]; (X = S, Se) (Figures 3.11
and 3.12) m‘a)y t;e due to chemical éxc\ha‘nge l;etween equivalent
fac ;somers. The energy barrier for such a rearrangement by
a trigonal prismatic mechanism would be ex;)ect’jed to be of
comparable size to the barrier for mer I to‘inig IT inter;
cc;nversion srince the actiyated state would involve 1n this
A case as well the eclipsiné of each phosphite by a CO or CX
o)ligand, rather than by a second phosphi‘te ligand. However,
the possibility that the observed correlation is solely due
to NOE cannot be ruled out at tr;e present time. It is,
however, :os,sibie to distinguish chemical exchange between
-1 .

fac isomers and NOE in the case of (triphos)Cr(COﬂ) J(CX) (X =

S, Se), since two fac configurations of these complexes are

i

T
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chemically qistinguishabie. Initial 2-D NOE 31P NMR inves-
t@gation of these complexes in deuterotoluene at tempera-—
‘tures ranging from 60-90°C revealed no off-diagonal corre-
lation between the A and B isomers. However, the stéric
c.onstraints and electronic properties of the triphos ligand
are quite different from those of the ‘trimethylphosphite
ligands in fac-Cr(C0), (CX)[(MeO),P]; so that the evidence
obtained for the triphos complexes is not necessarily perti-
nent to the trimethylphosphite complexes. 6

Vancea et al. have examined the stereochemical non-

{
rigidity of cis—M(CO)l’(E}Ra)2 {M = Fe, Ru, 0Os; E = Si, Ge,

Sn, Pb; R = organic group or halogen) der.:ivatives {(21}+ 1In
these complexes, the axial and equatorial carbonyls exhibit
one signal in the carbonyl region of the !3C NMR spectrum at
room temperature sign‘ifying that the axial and equatorial
carbonyls are exchanging extremely .fast on the NMR time
scaléd, through an intramolecular rearrangement- process.
These complexes become stereochemical}y rigid at, or below,
approximately -50°C. The crystal structures of cis-Fe(CO) -
(SnPh3 ), [22) and E_i_g»_—Fe(CO)“)(SiMea)z [23] are significant—
ly distorted from octahedral geometry with the latter com—
plex being particularly distorted, its structure Dbeing
described as "a pseudo-bicappéd tetrahedron with the trime-
thylsilyl groups as capping ligands”™ {23]. The most strik-—

ing feature of this complex is the 141.2(1)° angle betweecg

i
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th:e two CO trans ligands instead of the 180° expected for a
regular octahedron. Also, the Si~Fe-Si angle is 111.8(1)°.
The _c_i_s-l“e(CO)vL‘(SnPh3)2 complex is similarly distorted with
an angle between trans CO groups of 159.6(4)°, and an Sn‘-Fe-‘
Sn angle of 95.95°. The above distortions provided support
for the possibility that rearrangement occurs through a
bicapped—tetrahedral intermediate. The authors furt‘her
showed that this rearrangement involved a cis to tramns to
cis sequence where the carbonyls become equivalent .in the
trans isomer.

The crystal structures of Cr(CO)z(C)()[(MeO)3P]3 (X =8,
Se), described in Chapter 2, exhibit no marked distortions
of the magnitude rep-orlted for; cis-Fe(CO), (SiMe ), or cis-
Fe(CO), (SnPhy),. All the angles between trans 1igan‘ds are
approximately "174 + 1° for both con}p_lexes. On this basis,

rearrangement by a bicapped-tetrahedron mechanism would not

appear to be favoured.
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Chapter 4

Kinetic Investigations of Arene Labijlization in (n-—Arene)-

Cr(CO), (CX) (X = 0, S, Se) Complexes

4.1 Introduction

g

The study of arene labilization in Group VIB metal
tricarbonyl corhplexes. has been of consideral;le interest for
many years [1-8], and the.mechanism of arene displacement
reactions remains under investigation to date ([9-11]. Such
interesf stems from the importance of these complexes in
catalytic hydrogenation ([5,12] as well as the potential
utility of arene exchange processes in ttlle liberation of
arenes from such complexes following thei;: derivatizatio;‘x
l‘)y,, for example, Friedel-Crafts reactio‘ns {12].

Arene and triene displacement from (n-Arene)M(CO),; and

(cht)M(CO), (M = Cr,'Mo, W) by a monodentate 1ligand L |[L =

(R0)3P, R, P, RCN, RnCl

3_P (n = 1,2; R = alkyl orfryl)] has

been’ reported [2-7] to yield fac-M(CO);L,. Kinetic investi-
‘gations of arene displacement reactions of (n-Arene)M(CO),
(M = Mo, W) [2,3',51 and (n-naphthalene)Cr(C0), [5]. complexes
revealed that they follow a second-order rate equation,
first’ order with respect to both the complex and the attack-—

ing ligand. In the case of the (cht)M(CO); (M = Cr, Mo, W)

complexes, initial studies involving cht displacement i)y
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(MeO); P indicéted that these reactions also follow a second-
'—\order rate l‘aw,~first order‘witfh respect to the éomplex and
with respect to the attacking ligand f3]. 1In later studies,
employing RCN (R = alkyl and aryl) as entering ligand, the
reaction was found to be second order in the case of Cr but
third order for Mo and intermediate between second and third
order for W [6].

A mechanism for arene displacement reactions of this.
type was first proposed by Zingales et al. [1] in their
study of arene substitution by RnCl3_nP (n - 1,2; R = alkyl
or aryl) 'in (n-Arene)Mo(CO), complexes, and has been widely
aécepted. ,In a recent kinetic investigation of arene
exchange . and ;:;\rene displacement reactions, Traylor et al.
[10) demonstrated that this same mechanism can account for
the observed kinetic behaviour of both arene displacemént
and arene exchange, as well as catalyzed arene exchange,
reactions of (n-Arene)Cr(C053. The mechanism involves a
slippage process whereby the ring initially undergoés a
transformation from an n® to an n* bonding mode prior to

attack by the incoming nucleophile. T

k)
- : k'
(1°-Arene) M (CO)y = (T-Areme) M(CO), = (areme)m(co)L

iy ' L

: }
‘ ” it

M(CO) L 5
*

Arene
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If ‘the'rate ;:onstant for the reverse process, k_1 ¢ WwWere
small; then the reaction would be zero order with respect to
the incoming ligand. Since this is not the case in awny of
the arene displacement reactions studied, where no dissocia-
tive term has been found, it is assumed that k., >> k,.
Thus, the arene displacementL reactions exhibit a first-order
dependence on the concentration of both the incomivng ligand
and the complex. Subsequent steps 1leading to tgotal dis~
placement of the arene are rapid, and genérally do not con-
tribute to the observed rate. The variation in the reaction
order observed 'rfor cht displacement f'rom (cht)lvl(CO)3 ‘TM =
Mo, W) by nitriles was attributed to the weak nucleophilic
strength of the nitriles resulting in comparable rates of
nitrile dissoéiation from ‘and coordination of a seco_nd
nitrile to the proposed intermediate (n'-cht)M(CO),(RCN) (M
= Mo, W) [6].

The above mechanism 1s consistent with various con-
siderations that have been put forv.;aré in the 1literature
regarding the reaction pathways available to complexes of
this type. Basolo [13] has stated that “Substitution reac-
tions of 18~electron transition metal Qrganometallic com-
pounds may proceed by an associative mecha}nism provided the
metal complex can delocalize a pair of electrons onto one of
its ligands.” Mluetterties et al. [14] postulated for the

BN

reaction of (bz)ML, complexes with L' that "Mechanistically

L
o,
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a reasonable intuitive séenario would start with an n® to n*
dissociation of the toordinatéd arene ... An associative
mechanism (or an interchange mechanism of associative
intimate éharacter) for the attack of an external ligand on
nG-benzene—ML3 would seem unlikely.i' Such a "ring slippage"
creates a vacant orbital at the métal, providing a low-
energy associative reaction pathway [14]. Muetterties et
al.. also stated that the resulting n“ complex should be
sensitive to steric effect's induced by either a substituent
on the ring or on the incoming nuéleophile, and that the n!
ring must undergo distortion frhom planarity to allow the
incoming ligand access to the metal. They estimated- that
the energy required to bend tﬁe coordinated benzene ring in
(bz)Cr(CO), fro;n planarity, as well as to distort the
Cr(CO); group to facilitate acceptance of the incoming
ligand, is about 15 kcal mol~=! [14].

In this cpapter, an investigation of the kinetics of
arene displacement from (n-Arene)Cr(CO)z(Cx) (X = 8§, Se)‘
complexes by tertiary phosphites 1is reported. This
represents.the first kinetic study of an organometallic
selenocarbonyl derivative, ever undertaken. These studies

will provide a quantitative measure of the influence of the

chalcocarbonyl ligands on arene lability in these complexes.

o -
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4.2 Experimental

4.2.1  Sources of Materials

All (n-Arene)Cr(CO),(CX) (X = 0, S, Se) complexés'and
(cht)Cr(CO),; were purified by‘TLC prior to use, and their
purity was established by the absence of any superfluous
peaks 1in the ‘v(CO) region' of their FT-IR spectra,
Trimethyl- and triphenylphosphite, gold label purity (99+%),
triethylphosphite, 99% purity, and trimethylphosphate, gold
label purity (99+%), were purchased from A;drich Chemical
Cos and were used withou£ further purification. Tri-n-
butyl- and tricyclohexylphosphite were obtained from‘SFrem

Chgmicals. The phosphites were handled under an atmosphere

of prepurified N, (3 ppm Q,r 5 ppm H,0). 31P NMR spectra of

the phosphites over a full spectral window (40,000 Hz) were

measured periodically to verify the absence of any

&

phbsphorus-containing impurities. Fresh bottles -of

phosphite (100 ml) were used every third run or within four

days hﬁ' opening the bottle. The methylcyclohexane (99%)

9

solvent was distilled over sodium under nitrogen and trans-
ferred under nitrogen to a nitrogen-purged flask containiné
a weighed amount of the complex. Dichloroethane (99%) was
distilled over calcium chloride under nitrogen and trans-

ferred according to the above procedure.

B}

¥
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4.2.2 Prepara‘tion of Samples

All procedures were performed under a nitrogen atmos-
éhere in a stainless steel glove box which was periodically
evacuated and purged with nitfogen.’ The nitrogen purge was
maintained throughout the sample p;eparation procedure.
Typically two samples of 1.40 mg of (n—Arene)Cr(CO) ,CX (X =
0; S, Se) were weighed out on a Cahn electrobalance
(precision’ +0.01 mg) and were transferred to two 25-ml
volum;tric flasks fitted with hollow Teflon plugs capped
with rubber septa. The flasks were then purged with
nitrogen prior to transferring the solvent. A third flask
was filled with distilled solvent under nitroden. The three
flasks were then transferred to the glove box, together with
at least four matched quartz cuvettes (l-cm pathlength)
fitted with Viton O-rings, the bottle containing the
phosphite ligand and two 1-ml (+1%) Hamilton syringes with
Teflon barrels. A measured volume of _the solution was
syringed out and replaced by an equal volume of phosphite
(pro{iding \[L] 800-3000 times 1in excess of
'[(n-Arene)Cr(CO),(CX)]). The flask was then capéed and
shaken vigorously. One cuvette was filled with the solution
containing only (n-Arene)Cr(CO),(CX). Another cuvette was
filled with the solution containing both phosphite ligand

and complex. The, other two cuvettes were filled with pure

solvent.

’1
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©
The cuvettes were transferred to a Varian Cary 210 UV-

vis spectrophotométer equipped with a themostattéd multi-
sample support assembly. ‘Due to the elevated temperatures
used (> 45°C), two water-cooled jackets (supplied by Varian)
were placed on either side of the heating ass'emb‘ly to pro-
tect the spectrophotometer optics, The time to equilibrate
the cuvettes to the designated kinetic run temperature was
17 min. The kinetic run temperature was determined by plac—
.ing a calibrated thermocouple wire into a cuvette containing
methylcyclohexane under the exact conditions of the kinetic
run. No loss of solvent was observed up to 72 h at 85°C.
The spectrometer was equipped with a cell programmer acces-—
sory and was interfaced to an Apple II+ computer (64K). The
programs "Master Scan Storage” and "Master Kinetic Storage®,
both supplied by Varian, were utilized to collect and store
wa‘velength scans © (500-280 nm) and absorbances at three
selec'ted wavelengths, respectiv'gely, at® programmed: time
intervals. Usually a run was between 10 h a‘nd 48 h in dura-
tion and the data |acquisition was triggéred every 10 or 15
min. The data acquired for the disappearance‘ of the start—
ing material were analyzed, yielding kobsd’ using the
"Advanced Order Kinetic Program" supplied by Varian and
based on a multiple-linear-regréssion program described in
Reference 15.

-~

Least-squares analysis for the calculation of k; and k,
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|
and the activation parameters was performed with no data

smoothing or data averaging, using a "Curve Fitter" program
written By P.K. Warm for Interactive Microware, Copyright

(C) 1980.

4.3 Results and Discussion

A

The kinetics of areme displacement in (n-Arene)Cr(CO) ,-

(CX) (X = S, Se) by trialkyl- and triarylphosphifds were

monitored by UV-vis spectroscopy. All reactions exhibited

one isosbesti¢ point (Figure 4.1), indicating only one -pro-
cess was taking place, with no side reactions. The rate of
reaction under pseudo-first-order conditions (800-3000 fold
. excess of tertiary phosphite) was determined from the
decrease in absorbance of the starting material with .timeé.

The pseudo-first-order rate constants, were deter-

Kobsd'’
mined by a multiple-linear—regression program [15]1. -u
The dependence of reaction rate on ligand concentration
was investigated for. the reaction of (bz)Cr(C0o),(CX) (X =
S, Se). with trimethylphosphite (Tables 4.1 and 4.2)_.‘ Plots

of vs. [(Me0);P] were linear for the range of concen-

kobsd
trations used (Figure 4.2). Least-squares analysis was used
to fit the dat.a to the eqguation kobsd =k, + k,[(MeO) ;P],
The value of k, was obtained from the slope. For both com-

plexes the intercept was zero within the standard deviation
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Figure 4.1. Typical UV-vis spectra obtained in kinetic

investigations of (n—Arene)Cr(CO)z(Cx) (X= s, Se): (&)

(bz)Cr(CO)z(CSe); (b) reaction of (bz)Cr(CO)Z(CSe) with

(Me0)3P at 53°C, sh wi;g isosbestic point; (¢)

Cr(Co),(cse)[(MeO)4P] 4.

s

-
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' Table 4.1, Pseudo—First-Order Rate Constants for the

——

Reaction of (bz)Cr(C0),(CS) with Trimethylphosphite
[ 4

in Methylcyclohexane at 83.3°c?®

"

[(Me0)5P] X 10 Kopgq ¥ 107 )
M - - g1
R
- 2.37 1.52
2.37 1,43
4.07 ' 2.24
4.07 2.17
4.07 -~ ’ 2.24
5.10 3.24
5.10 - ) 3.20
: 6.10 , 3.135 t:
) 6.10 .o - 3.38
6.10 . o Ng.43
6.78 . B 3.96
. 6.78 ‘ ’ < 3.74

‘.» e

8A least-squares fit of these'd}ta.;o the equation
-6 -1
kopga = kI * ky[(Me0)3P] yields k) = (1.4 % 1.1I”x 107°% &7 1,

ko = (5.46 + 0.34) x 1072 w17l £ = 0,98, .

/
1
N . .//
"

kd
)
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Table 4.2. Pseudo—-First-Order Rate Constants for the
Reaction of (bz)Cr(C0),(CSe) with Trimethylphosphite
%

in Methylcyclohexane at 72.6°?2

[(Me0);P] X 10 | kopgg X 10°
M | s !
2.71 " 4.06
2.71 4.06
3.39 4.73
’ 3.39 4,52 i

. 3.39 4.57

/’/ v
g 4.06 /~1 5.84
4.06 5.93
4.06 5.85
5.08 6.95
5.08 7.02
z 6.10 ' 8.58
6.10 8.73
6.10 8.79

-

3A least-squares fit of these data to the equation
Kobsd = kj + kp[(Me0)3P} yields k; = (1.2 * 1.8) X 1076 471,

k, = (1.39 + 0.04) x 1074 ¥1 57}, ¢ = 0.99.
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(b:)c:(co)z(cx) vith (ﬁc’ﬂ.«,h A, X = %. @, X = Se,

LET




O e e S R S T

and hence k, is zero (Tables 4.1 and 4.2). Therefore, the
rate of the reaction can be accurately re‘presented by -the

rate expression:

dl(n-Arene)Cr(CO),(CX)

dt
= k, { (n-Arene)Cr(C0),(CX)] [(MeO),P] (4.1)
So, k, = k_, 4/[(MeO),P] for the range of (MeO),P concentra-

tions used. It is of interest to note that all of the kine-
tic investigations reported to date on arene and triene
displacement from chromium(Q) tricarbonyl derivatives by a
range of both strong and weak nucleophiles or another arene
or triene did not reveal any contribution from a dissocia-
tive term.

.

The activation parameters were obtained by least-
squares analysis of the kinetic data for the variation of k2
with temperature (Tables 4.3 and 4.4) employing the follow-
ing equation:

’ st/r _-an*/rr

k, = (kt/h)ed

p)
The enthalpy of activation was calculated from the

slope of the usual 1n k, vs. 1/T plot and is small and posi-
tive while the entropy of activation is large and negative
in both the thiocarbonyl anf/tzh/e/ selenocarbonyl case (Figure

4.3). Thus the rate-—determini/@g//step appears to involve a

138
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Table 4.3. Variation with Temperature of k, for the

Reaction of (bz)Cr(CO)z(CS) with Trimethylphosphite

~

in Methylcyclohexane

5
T ky X 10
°c M—:l s-l
76.6 3.27 + 0.09
72.4 2,42 + 0.12
67.0 : -1.69 + 0.05 .
) 59.9 ‘ “x, 0.92 + 0.06
& o
\
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Table 4.4, Variation with Temperature of k, for the
Reaction of (bz)Cr(CO)Z(CSe) with Trimethylphosphite

in Methylcyclohexane

5
T k, X 10° 5
oc H—l 8-1
3
72.6 13.9 + 0.4
63.2 5.92 + 0.04
57 .9 > 4.31 + 0.13
53.0 2.72 + 0.07
; 1 (\ '..C
/
/
!
/
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Figure 4.3, Plots of ln k, ve., I/T for the reaction of
(bz)Cr(CO0),(CX) with [(MeO)3P) : 4, X = S, @, X = Se. Least-

squares analysis of these data yiields AH’f- 17.7+0,4 kcal mol~!

and as? = ~28+1 ca] mol ' deg for X = S and AHY = 17.9+41.3
kcal mol~! and as? = -2!o+2 cal mol~! deg~! for X = se.

T
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bimolecular associative process. Similar activation para=-
meters (Table 4.5) were obtained in previbus kinetic studies
of the reactions of (n-Arene)M(CO); (M = Mo, W) with a
ligand L [L = (MeO),;P, RnC13_nP (n = 0-2; R = alkyl or
aryl)] [(1,2,4] and of (cht)M(CO); (M = Cr, Mo, W) with
(MeO)3P {3]. These data were interpreted in terms of the
mechanism described in Section 4.1, involving a partial
displacement of the n®-coordinated arene or triene to an np*-
bonding mode prior to attack by the ligand. This same mech-
anism may, therefore, be postulated to account for the kine-
tic data reported here for arene displacement from (n—
Arene)Cr(C0), (CX) (X =S, Se).

Comparison of the activation parameters in Figure 4.3
reveals that the entropy of activation is the fac;or govern-—
ing the difference in reactivity between (bz)Cr(CO)z(Cé) and
(bz)Cr(CO), (CSe), while the enthalpies of activation are

similar for the two complexes. That AS# is more negative
4 -

for (bz)Cr(CO),(Cs) than for (bz)Cr(CO),(CSe) may iﬁply a

closer proximity of the arene and the incoming ligand to the

metal in the transition state in the thiocarbonyl complex,

leading to more unfavourable stgric interactions. This
possibility is supported by the longer metal-arene bond in
(mbz)Cr(CO)Z(CSe) compared to (mbz)Cr(CO)Z(CS), established
by X-ray diffraction studies of these complexes [16]. Fur-

thermore, the P-Cr bond 1lengths observed in the crystal

P




Table 4.5, Activation Parameters for Ring Displacement Reactions

of (cht)Cr(C0); and (n-Arene)Cr(C0),(CX) (X = 0, S, Se)

Complex . Entering AH' -1 'AS_"_l _
ligand kcal mol cal mol deg {
(cht)cr(co),* (Me0) 4P 16.5 + 0,7 =25 + 2
(cht)Cr(Co)4® - CgHsCN 17.7 + 0.5 -26 + 1
(cht)Cr(co)4® ) CH4CN 21.6 + 1,0 -15 + 3
(naphth)Cr(C0)4P CH4CN 16.8 -20
(bz)Cr(c0),° Cg(CHq)g 29.6 + 1,0 -4 + 3
(p-xyl)Cr(C€0) ;¢ "~ Cg(CHyg 29.9 + 1.0 -12 + 3
(mes)Cr(C0)4° Ce(CHy)g 25,7 + 0.9 -18 + 2
(n—Arene)Cr(CO)z(CS)d Arene™® decomposition
(bz)Cr(co),(cs)f (MeO)3P . 17,7 + 0.4 -28 + 1
(bz)Cr(co),(cse)" (MeO) 4P 17.9 + 1.3 ~24 + 2.
~—

SFrom Reference 3; methylcyclohexane solution.

From Reference 6; dichloroethane solution.
CFrom Reference 8; cyclohexanone solutiom.
®This work; Arene” = C H (CH3 . Cb(CH )g» CyHg (neat or with THF).

This ‘work; in nethylcyciohexane solution.

03
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: %
structure of Cr(CO), (CSe)[(MeO),P]; [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 ljonger P-Cr bond distances suggest a
less significant steric effect due to the incoming ligand
during bond formation in the activated complex in the case
of the selenocarbonyl derivative.

A second factor that may be considered in accounting

# is the ease of distortion

for the observed diéference inAS
of the arene ring. The complexes (n-1,2,3-trimethoxy-
benzene)Cr(CO), and (n-diethylaniline)Cr(CO); have been
found to exhibit a greater degree of arene 1lability than
would be anticipated on the basis of the metal-arene bond
stréngths in these complexes [18]. Recently, crystal struc-
ture investigations of these complexes ({19] revealed signi-
ficant distortions of the arene from a planar geometry in
both cases; it has been proposed [19] that these distortions
allow an incoming nucleophile greater accessibilty to the
metal centre, thereby effecting an enhancement in ring’
lability. Analysis of the crystal structure data :for the
complexes (mbz)Cr(CO)z(CX) (X = 0, S, Se) [16] revealed
minor lvariations in the metal-C(ring) distances. No evi-
dence was found for arene distortions of comparable magni-
tude to those observed for (n-diethylaniline)Cr(C0); or

(n=1,2,3-trimethoxybenzene)Cr(CO), . However, the lack of

T
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‘

ring distortion in the solid-state structure does not
preclude the possibility that the lower entropy of activa-
tion in the arene displacement rgaction for (bz)Cr(CO), (Cse)
relative to the thiocarbonyl analogue may be due to a more
facile'distortion of the arene ring in the activated state.
Subsequent to establishing the rate expression for
arene displacement, an examination of the effect on arene
lability of substituents on the ring was undertaken.
Increasing the number of methyl groups on the ring generally
decreases the rate of the reaction (Table 4.6). The reac-
tion of (n-mesitylene)Cr(CO), (CS) with (MeO), P was too slow
t6— measure accurately so that only the rate for reacttion
with the much more nucleophilic (n-BuO),P (see Table 4.7) is
given in Table 4.6. No attempts were made to investigate
reactions of arenes with more than three electron-donating
subst1tuents because these would be too slow to monitor with
any degrée of accuracy. The results in Table 4.6, including
the anomalously fast rate of o-xylene displacement, are in
line with kinetic studies reported by other groups who have
investigated the arene displacement reactions of
(n~Arene)M(CO), (M = Mo, W) [1l,2,4]. The decrease in reac-
tion rate upon addition of electron-donating substitjﬁfts on
the arene ring may be attributed to the strengthening of the
metal-arene bond resulting from the increased electron den-

sity at the ring. Steric effects may also contribute to the -
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Table 4.6 Pseudo-First-Order Rate Constants for Arene
Displacement by Trimethylphosphite from (n-Arene)Cr(CO),(CS)

Complexes at 83.3°c?

Complex Arene in kobsd x 105b
> (n-Arene)Cr(C0),(CS) g1

I 1,3,5-CoH3(CHy) 4 0.99 + 0.02°¢

Ir - p-CgH,(CHy), -- 4

18 9 0-CgH,(CH3), 2.06 + 0.04

IV CelsCHy 1.99 + 0.04
e

VI m-CgH,(CH4)(CO,CHy) 4.15 + 0.14

VIt CeqHgCO,CH4 7.33 + 0.08

VIII P-CgH,(CO,CHY), 10.2 + 0.2

1X ) . p=CgH,(0CHS), 20.2 + 0.2

2In methylcyclohexane at [(MeO)3P] = 0.508 M.
Average of at least 3 runs; uncertainties are standard
deviations.
CRate constant for (n-Bu0)4P; cf. value for reaction of
(bz)Cr(C0),(CS) with (n-BuO)4yP in Table 4.7.
Reaction too slow to yield an accurate rate constant,
€Value interpolated from plot in Figure 4.2; uncertainty is
standard error of the least-squares—fitted line.

&
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observed t;:;aﬂfzﬁﬁithat the substituents on the ring may

hinder the atfack of the nucleofhile at the metal centre.

The presence of electron-withdrawing groups Qn-the ring

enhances ring lability (Tab 4.6) 1in. accord Qihh the
ability of these groups tog decrease the electron densitg
available at the ring for bonding to theé metal. The
presence of both anxeiectron-donating and an electron-with-
drawing group on the ring gixes an intermediate rate for the
ring displacement reaction, while the presence of a second
electron-withdrawing group in the para position has a
cooperative effect in enhancing the rate of displacement.

In order to probe further the relationship between khe
rate of arene displacement and metal-arene bond strength,
force constant Ealculations for the metal-arene stretching
vibrations in these complexes would be in order. These
force constants can really only be acquired through detailed
normal coordinate calculations [20]. Fortunately, 'however,
the CO stretching force constants are kn;wn to reflect the
electron density at the metal in complexes of this type and
¢can' be correlated with éhe electron-donating/withdrawing
properties of the substituents on the arene [21]. There-
fore, the rate constants for arene displacement for a series
of (nsArene)Cr(Co), (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

L4
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(31, 32) of the two v(CO) peaks in the IR spectrum according

to the energy-factored force field approximation:

. ' !
7
\ P X
)

Kan = (A + 25)/2p . (4.3)

where A, = 1/(41€2c2;§), ¢ is the speed of light and u is the

5

reduced mass of CO. A least-squares analysis of these data

yields a linear relationship between the CO force constant

obsd
IIT-VIII). Howeverj, the points corresponding to the
\

and 1n k (Figure 4.4) (r = 0.98, for compounds

dimethylaniljne and p-dimethoxybenzene complexes exhibit

anomalous behaviour (r = 0.1l ‘/Eor compounds II}—X). The

same observ tion‘ has been reported by Pidcock et al. in
their studies of arene displacement from (n-Arene)M(CO) 4 ‘(M
= Mo, W) ‘[2,4).. This may be proposéd to result from dis‘tor—
tions of the‘ arene Jfrom a planar geometry, as observed for

the diethylaniline and trimethoxybenzene chromium tricar-

-

bonyl derivatives discussed above. Thus, in the thiocar-

bonyl complexes studied here, a similar distortion ink con-

jungt-ion #ith the labilizing effect of the thiocarbonyl

ligand can explain the ganomalously fast rate of arene dis-

plac‘“e‘ment ifrom (n-p-dimethoxybenzene)Cr(CO) ,( CS) and
(n-di‘}nethy}aniline)Cr(co) ,(CS).

~ The rate of ring .displacement can also be affected if

"the carbonyl groups are replaced by weaker =-acceptors or

f
El
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stronger o¢-donors. The reactivity of (mbz)Cr(CO) ;(CS) was
compared with that of (mbz)Cr(CO)(CS)I[(PhO),;P]. ~ The
monocarbonyl complex 1s seen to t;e unreactive over a -neriod
of 24 h at B7°C while (mbz)Cr(CO),(CS) reacts at 60°C in
half the time. The lack of reactivity may be attributed to
two factors. First, the weaker n-accepting and s/t/ronger

o-donating properties of the tertiary phosphite relative to

*CO increase the electron density at the metal available for

n-backbonding to the arene, thus. strengthening the metal-

» .
arene bond, Second, a steric effect may also contribut€ in

that the phosphitgﬂ may !leock the acéess of the attacking
nucleophile to the metil. The decreased catalytic activ‘lit“y
of (n—Arene)Cr(CO),(R3P) (R = Ph, OPh) co.m';;ared to
(n-Arene)Cr(CO); has been attributed to the above factors

[22,23].

) Table 4.7 shows'the effect observed with the variation
in the steric and nucleophilic character of the attacking
ligand. The reaction rate -increases w/iﬁthn. increasing nucleo-
philicity for ligands of comparable §ize (similar cone
angles) and decreases with increasing size of the li,gand.
This trend has also been reported in the study of arene
displacement from (n -Arene)Mo(CO)3 complexes [(l1]. Thus, the
rate of arene displacement by tertiary phosphite decreases
in the order (g—-BuO)avP > (EtO),P > (MeO)3Pf > (Phs)aP >
(CgH,0);P [no reaction was observed for (C6H110)3P].

éatalytic enhancement of ring displacement from

-4
[




Table 4.7 Pseudo-First—Ofﬁéf Rate Constants for Arene Displacement by

Tertiary Phosphites from (n-Arene)Cr(C0),(CS) Complexes at 83.3°%*9

Arene in Phésphice Cone angleP Kobed X 103¢
(n-Arene)Cr(C0),(CS) ; : ‘
. , deg s~ 1

< ? C¢cH (n-BuO) P - 14.4 + 003

‘ 676 - 3 -

kvfr7ﬂ\\\ .

T CgHg (Et0) ;P 109 7.16 + 0.28
CyHe (Me0) 4P 109 2,91 + 0,179
C¢HgN(CHj) : (MeO) 5P 107 24.8 + 0.2
CeHgN(CH3), (Pho) 4P . 128 5.68 + 0.18
C6H6 o (C6H110)3P 135 no rxn.

. 8In methylcyclohexane
From Reference 25. '
CAverage of at least 3 runs; uncertainties are standard deviatiomns.

Value interpolated from plot in Figure 4,2; wuncertainty is atandard

error of the least-squares-fitted line.

e

at [(RO)4P] = 0.508 M. '

—
1’
v h
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(bz)Cr(CO) ,(CSe) was seen with the addition of (Me) ;PO
(Table 4.8). Decomposition was observed in the absence of
tertiary phosphite. The strong labilizing effect of oxygen
donor bases has been noted previously [24]. Trialkylphos-
phine oxides have been used in various systems éo catalyze
CO substitution [25,26] and have been reported to enhance
ring lability in (n-Arene)Mo(CO); (2]). 1In the present case,
the catalytic enhancement <can be postulated to linv&lve
nucleophilic attack on the metal by the oxygen, forming
(n*~-Arene)Cr(CO),(CSe)(+0=P(Me) ;).

The kinetic study of arene displacement in (n—-Arene)Cr-
(CO),(Cse) by (MeO);P was also performed in dichlorcethane

(k, = 3.56 x 10~7° M—l s=l at 53.0°C). The reaction rate is

,slightly(gigher than that observed in methylcyclohexane (k,

= 2.72 x 1073 M~1 s-1 at 53.0°C) prov}ding evidence that the
acti;ated complex may be polar in character and possibly
;olvent stabilized [1]. '

) No kinetic data are avail;blg for arene displacement
from (n—Arene)ér(CO)a complexes due to their slow reactiv-
ity. Attempts were made in this study to measure the
kinetics of arene substitution reactions of arene chromium
tricarbonyls under rigorous conditfohs (83.3°C, [(Meang]:
((n-Arene)Cr(C0);] = 3000:1) and/ ;Gen for (n—-dimethyl-

o

aniline)Cr(CO) 4, one‘of the most reactive tricarbonyl’ com-

plexes, after heating for 48 h,there was no decrease in its
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Table 4.8 Pseudo-First-Order Rate Constants for Arene
Displacement from (bz)Cr(C0),(CSe) by Trimethylphosphite
in the Presence of Varying Concentrations of f
Trimethylphosphine Oxide at 42.6°C2 .
. T _
[(Me0)3P] . [(Me)5Pp0] Kopsq X 10°
M M s”1
0.510 . _ 0.610
0.510 . 0.171 : 2.60
0.510 - 0.343 : 10.2
N !
- 0.510 1.43¢ -
|
H
J
2In methylcyclohexane solution. . . f
Reaction too slow to measure; value estimated as L,
k, x [(Me0)4P], with k) calculated using Eq. 4.2,
CRate of decomposition,
\\\ ) e, . - . . L

.
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UV-visible absorbance nor was there any evidence of product
formation. Under the same conditions, (n-dimethyl~-
aniline)Cr(CO),(CS) reacts completely in less than 3 h.
Clearly, the effect of the thiocarbonyl 1ligand on the reac-

tivity of the arene chromium carbonyl complex is quite

significant. From these data it can be seen that e’{;{én 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—-arene 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 carbonyl ligand has—
even more dramatic effects on arene lability. These first
kinetic results for a selenoc;arbonyl complex reported here
have provided a quantitative (measure of the increased reac-—
tivity of (n-Arene)Cr(CO),(CSe) complexes with respect to
their thiocarbonyl count’erpafts, the enhancement in ring
lability being close to fivefold at 50°C.

. Table 4.9 shows the rates recorded for various ring
displacements from Group VIB metal complexes by (MeO);P.

A

Ring 1lability decreases in the order (cht)Mo(CO); >

(chtﬂ:v(CO)E; 35“‘(chc3fCr(c0)3 >> (bz)’ﬂa(cm3 > (bz)Cr(CO) ,(CSe)

> (bz)Cr(CO) ,(Cs) > (bz)Cr(CO)j;. The reactivity of the

cycloheptatriene derivatives has been attributed to the

relative weakness of the bonds between the metal and the

R ——_

= e s g e s
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Table 4.9. Rate Constants for Ring Displacement from &

(q*Arene)M(CO)Z(CX) and (cht)M(CO)3 Couplexes by (Me0)3P at

50.0°C
Complex L kz

M=l g1

. (eht)Cr(co)4@ (11.0 1_0.23 x 1074

(bz)Cr(Co),P < 1078 ‘
(bz)Cr(C0),(Cs)¢ (4.11 + 0.26) x 107¢
(bz)Cr(Co),(Cse)® (2.17 + 0.06) x 107>
(cht)Mo (C0) 42 ' 2.43 + 0.03
(cht)W(Co0)42 (3.94 + 0.11) x 107!
(bz)W(C0)4¢ - (2.29 + 0.10) X 1075

8From Reference 3, in methylcyclohexane.
Estimgted wvalue from the present study; the rate of the
reaction was too slow to measure accurately under the con-~
ditions employed. .
€From this work, in methylcyclohexane. \
From Reference 4, in 1,2-dichloroethane,.

T C
N o , z

.
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ring carbons adjacent to the methionine group in the cht
ligand while the relative rates down the metal triad have
been correlated to the ring-metal force constants and metal
size [‘3].

A striking feature of the arene displacement reactions
of (n-Arene)Cr(CO),(CX) (X = S, Se) complexes 1is the
involvement of an isomerization process, as evidenced by the
predominént formation of the mer I isomer rather than the
fac i‘somer which is the major product in the cht displace-
ment from (cht)Cr(CO);. It has been shown in Chapter 3 that
in the temperature range at which the reactivity of
(n—-Arene)Cr(C0) ,(CX) with (MeO)3P has been studied the fac
and mer I isomers of the products, Cr(CO)z(CX)[(MeO)3P]3,

are in equilibrium, with the mer I isomer predominating (Keq

= 5). Furthermore, comparison of the rates measured for the

fac > mer I isomerization process with results of the kin-
etic studies reveals that the isomerization of fac-Cr(CO),-
(CX) [(MeO) ;P1; is at least an order of magnitude faster than
the rate of reaction to form Cr(C0),(CX)[(MeO) ,P]; at all
temperatures studied. It 1is therefore 1likely that fac-
Cr(CO),(CX)[(MeO);P] 3 1is formed first in the reaction of
(n=Arene)Cr(C0) ,(CX) )w{th (MeO) 3P, and then isomerizes to
the mer I isomer. However, the possibility that isomeriza-
tion‘ also takes place in the intermediate steps of the reac-
tion prior to the formation of the final proiiuct cannot be

)

[ U
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ruled out. Some evidence against this latter possibility
was obtained by monitoring the reaction of (bz)Cr(CO), (CSe)
with (PhO),P by 3!P NMR spectroscopy. fac-Cr(CO),(CSe)-
[(Ph0)3P]3 was detected in a higher concentration than.the
mer I irsomer in the initial stages of the reaction with
(PhO),; P (Figure 4.5), while the final-  product was predomi-
nantly the mer I isomer. This observation suggests that
rearrangement to the thermodynamically more stable mer I
isomer occurs subsequent to the formation of the kinetically
expected fac product. The initial detection of the fac
isomer with the (PhO)3P ligand but not with (MeO);P may be
the result of a slower rate of isomerization in the former
case due to steric effects imposed by the bulky phenoxy
substituents. -

The reactions of the tridentate ligands triphos-U and
triphos with (n-Arene)Cr(cCo), (CX) afford fac-(L-L-L)-
t‘f’(CO)z(CX) complexes in quantitative yield, giving added
support to the hypothesis that the fac proé‘uct is formed..
first 1in the reactions 'with th‘e monodentate phosphite
ligands. If the formation of the-mer I isomer in the latter
cases was the result of isomerization of an intermediate in
the reaction pathway, then reaction with tridentate ligands
. might be expected to result either in bridging of the tri-
dentate ligand across the metal or, if such a structure were

unfavou;rable,”‘in a low, rather than quantitative yield of

A
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Figure 4.5. 3‘? NMR spectrum recorded at t = 60 min of the reaction of
(bz)Cr(CO)Z(CSe) with (Ph0)3P at 60°c, revealing the initial formation of
ggs—Cr(CO)z(CSg)[(Ph0)3P]3. Conditions: obtained on a Variam XL-300 FT
spectrometer operating at 121,42 MHz; 1 -~decoupled; sweep width = 30,000
Hz; offset = 12,400 Hz; flip angle = 40  repetition time = 0.5 8; number
of scans = 400,

861

—
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the fac product. However, the high effective local concen-
tration of incoming ligand after coordination of the first
phosphorus atom of the tridentate ligand to the metal would
not provide much time for rearrangement of an intermediate
to occur.

It is of 1interest to note that 1in earlier stuc}ies of
arene displacement from (n-Arene)M(CO);, kinetic investiga-
tions of the reactions of (n-Ar;ane)Cr(CO)3 with ligands L
were not undertaken because they yielded products other than
the expected fac-Cr(CO),L,. Although we were unable to
obtain kinetic data for arene displacement from (n-Arene)Cr-
(CO)3.('be (MeO) ;P, we were able to characterize the products

of these reactions as mixtures of mer-  and fac-Cr(CO);- X

3

[(MeO)\3P']3 with the mer isomer prédominant. Furtglermore,

the rate measured for fac » mer isomerization of this com-

plex (Chapter 3) is faster by at least three orders of mag-

nitude than the rate of arene displacement in the (n-m‘ene)—
Cr¢Co),; systems (Table 4.9). Therefore, just as for the

thio~ and selenocarbanyl analogues, the formation of pre-—
dominantly m_e_E-Cr(COL;[(MeO)aP]3 in the reactjon of (n- .
Arene)Cr(CO); with (MeO),;P may be attributed to isomeriza- |
tion of the expected fac isomer at a much faster rate t‘ha%

its rate of formatipn. In the case of the reaction of

e

(cht)Cr(CO); with (MeO);P, the reaction rate at, for exam-

ple, 50°C" [3] is eight times faster (for [(MeO) P] = 1 M) ‘
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than the rate of isomerization of Cr(CO) ,{(Me0O) ;P]; at this

temperature, thus acco)unting for the formation of the fac

isomer. i

/
\ 4
.

s
~

4.4 Concluding 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-
responding tricarbonyl complexes. — The results described

here demonstrate that the products of arene displacement

_reactions of the thiocarbonyl complexes exhibit a faster

{

rate of intramolecular isomerization than the parent tricar-
bonyls. The rapid occurrence of rearrangement processes ;)f
the type observed in this study would not afford tl§e neces—
sary intermediates required for catalytic activity to take
place, since it has been shown that the fac configuration is
crucial 1in effecting hydrogenation throudh the mechanisms
outlined in Chapter 1. In addition, the crystal structure
of Cr(CO)z(CS)[“(MeO)aP]3 obtained provided evidence for a
very large amoﬁnt of electron density on the thizocarbonyl
ligand - the C-S bond distance appfoximating that of a
bridging CS group. Nuvci_ljophilic attack by the sulfur atom
of the thiocarbonyl ligand has been 'reported {27] for com-
plexess exhibiting 1low v(CS) frequencies and, accordingly,

long C-S bond lengths. Since hydroYyenation, studies take

place 1in the presence 6f\\donor solvents, Cr(CO),(CS)L,
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spgcies are probably formed. It is likely that the electron
density on the CS ligand in such species is sufficient to
cause the thiocarbonyl to act as a nucleophile leading to
side reactions or autodecomposition.

, Although, to date, no catalytic studies have been per-

formed with selenocarbonyl complexes, their catalytic acti-

vity will almost certainly be the same as that of the thio-

carbonyl caomplexes because of the similar reactivities of |

these chalcocarbonyl derivatives.
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' " PART II
Applications of FT-IR Spectroscopy
and MetaI/Chalcocarbonyl Chemistry

in Biological Systems
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Applications of FT-1IR' Spectroscopy in the Study of

. 4 - -
Biological Systems N

In the 1984 May—-June 1issue of Applied Spectroscopy,
Jakobsen announced in a guest editorial the recent formation
of the first National Center for Biomedical FT-IR Spectro-

scopy. The logo- for the center is %an interferogr&m joining

3

the double helix structure of DNA with a caduceus to repre-
sent the bridge of molecﬁlér spectroscopy between biology
and medicine. He stated the fanctions of the centca—:r:' a;re "1)
to advance the s:tate—of-,-the-'art of FT-IR; 2) to dé;nonstrate
r:ew applications of FT-IR in both k.aiology and medicine; 3)
to collaborate with scientist¥"outside the Center and pro-
vide them with spectroscopy information useful to their

research;” 4) to spread the word to the scientific community

about the use of FT-IR in this research; and 5) to train

c ' ¢

e
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o . scientists in the use of FT-IR for biomedical pufrposes.
In the past, IR spectroscopy -has been limited use-—
N h fulness in the study of complex biologic systems for the

\

following reasons:
’ . " (a) Spectra of dry protein could not provide a direct
: correlation to in vivo bioiogical processes. Therefore, in
cal systems: were generally 'measured in HZQ (or D’[éo-) solu~
. . tjons; resulting in’a/loss of tlarge reg;;ions of the spectra
because of the strong H,0 (D,0) absorpti‘gns. The use of D,0
« ‘posed additional problems because of hydrogen~-deuterium
exchange which often causes conformational changes.
(b) Biological systems generally contain many different

( proteins, as well as numerous organic speciZs, which can
have an interfering effect in the study of the biomolecule
or the biological process of interest. c

(c) A large number of biologically activ\e species exist
in too low concentrations to be detected by dispersive IR
spectroséopy. - '

The advent of E‘T-‘IR ;nstr,umentation has allowed several
orders of magnitude improvement in signal-to—noise (S/N)
ratio in relatively short times of ziata acquistion [1—13‘] as
a result of the multiplex (Fellgett's) and throughput
(Jacquinot':s) advantages of the FT-IR spectrometer. Digiti-

zation of the spectra permits digital absorbance subtrac-

tion, thereby eliminatfng solvent and other interferences.

order to simulate biological conditions, spectra of biologi-
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The following examples -illustrate the types of information

ﬁ

which have been obtained by FT-IR in est1gations of blol/g
cal systems. ThlS survey in part ves to indicate’/ the

rather limited extent to.which FT-IR spegtroscopy has been

- 1
.

applied "in biological studies. It does not include studi_eg
of the FT-IR spectra of isoclated small biomolecules or model
compounds, which are far more numero{y‘s. 5

- The first applications of FT-ﬁIl?‘ spectroscopy in biolo-
\gical investigations were carried‘ out by Alben énd co~wor-—
kers. An example of this group's work' is their séudy of the
- nature of carbon monoxi'de)binding and of the mol’ecule;r bind-

ing sites in various hemocyanins [14,15]’. HemqQcyanins- are

the oxygen transpoft proteins in the hemolymph of many mol-

o

luscs and decapod crust'aceans\ and reversibly bind oxygen or
i p ca;rbon monoxide w#th a stoichiometry of one ligand per two hd
copperl atoms. Relatlvely llttle was known about the ligand
bindiné to copper 1in these protelns before the FT~-IR stu-

-

dies. The IR spectra of the hemocyanin-carbon monoxide
it -
complexes. of various species show great similarities. They

~ ‘ ) exhibit only one hnarrow absorption .band between 2300 and
1800 cm™! due to bound carbon- monoxide. There'éore, only one
k1nd of CO env1ronment appears to exist for gach spe01es
[16]. The observed narrow half- band width, as compared to

half-band widths of carbonyl peaks in solvents of different
b4

p'olarities/, suggests that the active site of the copper is

g
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- AN
located in a non-polar environment in the protein [14,15].

Also, the observed. differences in Ehe absorption maximd

[v (CO)] for carboxyhemocyanin in various species were attri-
buted to differences in the amino aegid, \groups coordinated to
the copper binding the carbon monoxide [15].

¢

Alben and his lco—worker.s have also utilized the

enhancement of the S/N ratio im FT-IR spectroscopy relative

. 1.
to previous IR spectroscopic methods to examine specific

amino acid interactions (e.g., sulfhydryl groups [v(SH)] of

cystine residues of human carboxyhemoglobin) [17]. They
showed that the absorbance of the sulfhydryl group is highly

sensitive to the state of ligation, and to the tertiary and

guaternary, structure of the protein,’ thus,providinc_j a new

probe of native hemoglobin structure and its conformational

£Y

More recently Alben et al. undertook a detailed FT-IR

investigation of the dynamic interaction of carbon monoxide

. with a, Fe and CuB in cytochrome c oxidase at low temperature

[18].. The; éound that phétolyzing the Fe-CO bond results in
the transfer of CQ to Cujp. This process is reversible in
the absence of lig"ht above 140 K. That the a;FeCO showed a
very narrow v (CO) peak, while the CuB exhibited a mucr;
broader one, indicated that the’ carbon monoxide in a; FeCo is
in a highly ordered environment separated from the Cu_ atom

B

» . + [l - 3 I3
which is in less ordered, more flexible surroundings.
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Mantsch and co—wor}é’rs have employed FT-IR spectrwoscopy

in the elucidation of the structure ahd functional proper-

. ties ' of biomembranes. They have desigﬁed an integr:ated
system, including hardware- and ?oftnware modifications
[19,20], to study several aspects of the thermal behaviour

of natural phosphatidylethanolamines, phc‘)sphati'dylcholin‘esp
and phosphatidylsulfocholines, by monitoring subtle changes

] -
in the absorption bands characteristic of .specific func-

¥ N 1

tional groups. -
FT-IR spectroscopy has rec‘enfly been usred‘to examine
metal ion interactions with .-DNA nucleotides [21], as well as
the intelractions of ,certain drugs, such as platinum com-
pounds with anti-tumour activity [e.g., cis-Pt(NH;) ,C1,1,
Y with ova [22]. . o
; A The monitoring of blc;od pretein interactions with poly-,
mers .is of gfeat importance for the assessment of the suit-

ability of a material as an implan‘t in the body (e.g., arti-
. ficial ‘heart‘valves,‘ indwelling catheters, dialysxis mem-
'br‘anes and other artificial organs), The event which seems
to determine how well the body will tolerate a given implant
is protein adsorption, since adsorption of c?rtai-n proteins
° can induce thrombosis (clott';ing), The coupling of FT-IR

with ATR D(a;:tenuated total reflection) has provided the

necessary sensitivity to detect very thin layers of adsorbed

g proteins on various surfaces [23-25]. Gendreau et al. have

s
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utilized’ this technique for the first time to study protein _

adsorption from flowing, intact dog 'blood on a polymer-

coated germanium surface [24] (Figure 5.1). They demon-

strated that within the first few seconds of flow rapid
adsorption of albumin and glycoproteins took place; immedi-
ately thereafter, increased amounts of. fibrinogen and other

proteins boegan to adsorb, displécihg albumin until finally a

. clot was formed. This example represents one of the only ex

vivo biomedical experiments involving FT-IR spectroscopy.
— 4

Clearly *the use of FT-IR spectroscopy in the study of

-

biological sys@ems has not been widespread. As biological,

biochemical and medical resarchers become more aware of the

P 4
enhanced sensitivity and flexibility o%}this nondestructive

spectroscopic technique, new applications will certainly
emerge. In Chapter 6, the investigation of such an applicaj
éion, involving the use of ’FT—IR‘ spebtroscopy to detect
organometallic-labelled steroidal hormones in their target
tissue for purposés of Teceptor‘assayf Qill be descrqbed.
gurther' utility of FT-IR in the study of some selected
chalcocafbonyl porphyrin derivatives will be presented 1in

Chapter 7. v Tk

-




L4

- Jugular Vein
Carotid Artery.

- ¥igure 5.1, ‘Efperimental setup of Gendreau
et al, for the study of protein adsorption

7

from flowing, 1ntact dog blood on a
polymer—~coated germgnium ATR crystal.s

Adapted from Reference 24,

~
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Chapter 6

FT-IR Spectroscopy ianiolo'gical Assay

6.1 Introduction

The determination of hormonal receptor concentrations
in tissue requires highly sensitive techniques in view of
the minute quantities involved (nanograms or less per gram

of tissue). Radioassay has been the principal technigue

used 1in measuring such low concentrations, Though this

method has proved quite powerful and is widely accepted, it

has certain drawbacks: high cost of radioisotopes, health
hazards, limited variety of usable isotgpes., labelling dif-
_ficulties, chemical and biochemical instability (including
radiolysis in solution). These problems hgve encouraged the
search for non—rad.ioisotopic’: methods in biological assay.

In this chapter, the investigation of thé feasibility

of a new method of receptor assay will be presented. The

method is based on the labelling of a steroidal hormone with.

a metal tricarbonyl moiety‘and detection of this label in
the hormone-receptor complex by FT-IR spectyoscopy. The
receptor chosen for the investigation was the e%trogerI
receptor. The approach to receptor assay described in this

chapter represents one of the few examples reported of

research on the incorporation of organometallic labels into

st s i 0

B SR \

s
o e s e



177 .

estrogens in order to label the estrogen receptor for diag-
nostic or therapeutic purposes. Recently eétrogen hag been
:
labelled with boron-10 atoms (in the form of a cage carbor-
ane molecule containg ten boron atoms 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 with a low-
energy neutron beam would split the lOQD giving off alp£a
partiéles causing necrosié in the immediate area. Cais and
co-workers [2] have investigated the determination of metal
labels in steroids by atomic absorption spectrometry. Dilu-
tion of the metal-labelled steroids 1in phosphate buffer
yielded an atomic absorption calibration curve in the 20-500
ng ml~! range for Fe-labelled steriod. However, no in vitro
or- in vivo studies have been performed to date to assess the

~

utility of this method for receptor assay.

The process by which specific estrggen binding to its
receptor takes plac/ue has been traditionally described as
follows: the estrogen enters the target cell from the blood
stream and interacts”with specific receptor proteins in the
cytoplasm, forming a non~cova%ent, high—affinity complex.
This complex then enters the cell nucleus and ultimately
effects neQ brotein synthesis [3] (Figure 6.1). However,

recent studies utilizing monoclonal antibodies to estrophi-

lin (estrogen receptor protein) [4] and cell enucleation [5]

' .
v
I3 —
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Figure 6.1. Traditional representation of the mode of action

of a steroidal hormone in a target cell.
A.L. Lehninger, "Biochemistry", 2nd-ed,.,
York, 1975, p. 824,

»

Adapted from
Worth Publishers,
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'
haQe providéd evfdence that the est;ogen reeeptor residps
solely in the cell nucleu§. It has been postulated that éhe
observed localization of the free receptpr ip the cytosolic
fraction of cell homogenates occurs during homogenization
[51. '

The interaction of estrogens with kheirnspecifié recep-
tors has been the focus of considerable research [6] and

changes in esfrogen receptor levels arewimpiicated in céra
tain . hormone-dependent cancers [7]1 Estrogen receptor
levels have been determined by radiochemical techniques
using a variety of radiolabelled modified estrogens (e.g.,
3g, l¥c, 1251) [e6]).

'The synthesis of chromium tricarbonyl derivatives of
steroids has been reported 1in the 1literature [8,9].
(es£)Cr(CO)3 has been prepared by heating Cr(CO0), and
estradiol in the presence of donor solvents such as THF and
Qféuzo. The A ring is the preferrgd site® for complexation
because it acts as a six-electron donor to complete an
18-electron configuration for the Cr(CO), mo&ety. Since the
Cr(Cb)3 moiety can complex on either side of the A ring, two -
diasteriomers with the Lr(CO); group either trans (a) or cis
() to the methyl group at the 13-position of the steroid
are obtained. These isomers have recently been separated '

using thin layer chromatography [10].” The « isomer was

found to be more stable as well as being the preferred pro-
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duct; thjis situation was attributed to the greater steric

hindrance| encountered by the tricarbonyl moiety in the cis

product due to the methyl group. -

The first requirement that must be met by these deriva-
tized hormones if the organometallic moiéty\is to serve} as a
label for réceptor assay 1is that they must be stable in
raqueous media. ‘The second requirement is that they must
retain a high specificity for their particular receptor.
The presence of th;a hydroxyl‘group at the 3—’~polsition of the
sterqid was found to contribute to the rapid decomp?)sition
of (est)Cr(CO), ;omplexes Din solution, yiglding estradiol
and chromium ~salts. Incorporation of a' protecting group at
the 3-hydroxyl group of the estradiol resulted in stabiliza-
tion of the product, presumably by shielding the metai tri-
carbonyl moiety from attack by solvent molecul?{ .

| Enhancing the stability of Nthe ‘complex in solution
invariably decreases receptor binciing. Thus a \’/ar‘iety ‘of
protecting groups wefe examinéd (11} in order to Kselect the
modified estradiol with the highest affinity for the estro-
gen rcgceptor. The binding affin'i‘ties of the modified estra-
diol complexes were assayed by competitive binding studies
using uncomplexed, tritiated estradiol hormone. (A drawback
of this pro‘cedure is the inability to measure accurately the
levels of high-affinity, non-specitfic binding of the modi-

fied estrogen complexes.) Both the « and B complexes with a

g
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variety of pgotecting groups at the 3-hydroxyl group were

®
o

tested and th relative bind’ing affinities (RBA) were
calculated (Tai: e 6.1). When the hydroxyl group is main-
tained away from the steroid sk‘e%eton by a Spacernchain‘
(H~O-(CH, ) 5~,9) t;he highest affinity was observed. It
appears also that the fix‘ati‘on site of the tripod on the
A ring of the steroid stron’g;ly discriminates the o« and 8
diastériomer§ with respect to their receptor recogni;:ion
properties. While the B-isomer:s (6,11) show relatively
modest :;ffinities, the a—isomérs (5,7,10) bind with signi-
ficantly higher affinities. Amongdt'he complexes listed in
Table 6.1, compound 10 has the highest*RBAﬁ value, 28, wh%ch
is very close to that of the free ligand 9 (RBA = 37), and
thus may serve as an excellent choice on ‘the basis of the
recognition criteria. -

t
!

In this chapter, an investigation of the utility of FT-

IR spectroscopy 1in the detection of' the modifiéd, organome-
tallic-labelled estrogens at physiolog'ical concentrations
will be presented and the potential and limitations of the

use of FT—-IR in their quantitative analysis as an alternate

technique to radiocassay will be discussed.

B e s s
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Table 6.1. Relative Binding Affinities of Modified Estradiols

and Their Chromium Chalcocarbonyl Derivatives?®

7

OH

B~ Cr(CO),L

©

HO(CH )/
&),

r

Compound R/metal Relative binding affinity
chalcocarbonyl molety (RBA)
| H/- 100
4 Si(Me),(t-Bu)/~ — 11
5 Si(Me),(t-Bu)/
a—Cr(50T3 1.05
[ Si(Me),(t-Bu)/ .-
1 Si(Me) ,(t-Bu)/
a—Cr(%O)Z(CS) " 145
9 HO(CH,)4/- 37
10 HO(CH, ),/
11
g—Cr 1.75

8pata from References 10 and. 11,

brhe relative binding affinity represents the ratio of the
concentration of unlabelled estradiocl to that of the compound
required to inhibit half of the'binding of [%H]-estradiol in

a competitive binding assay,

1002.

with the RBA of estradiol set at

T

far)



eyt

6.2 Experimental

The general procedure for organometallic labelling of

! 8

the steriod has been published previously (9] and is not
included l:\e‘re. However, the biochemical assay has not l;een
fully published. It should be noted that the précedureé
describea i:1 Sections \6.2.1 and 6.2.2 were performed by A.
Vessiéres -and ar; only included here to provide the reader
with the necessary background in the sample preparation

required for the FT-IR studies.

6.2.1 Sheep Uterus Estrogen-Receptor Purification

Young sheep uteruses were obtained from the slauéhter—
house and were put in ice immediately after their removal
from ‘the animal (the weight of the uterus si’lould not exceed
10 g). All further manipulationé were performed between 0
.and 4°C. Surrounding fat was first removed from the uter-
uses, which were then.washed with 0.9% NaCl solution and
weigﬁed. They were then homogenized in a "Waring Blender”

in twice their volume of Tris-Saccharose (Tris pH 7.5, 50

mM; Saccharose, 0.25 M, mercaptoethanol, 1%), and centri-

\fuged for, 15 min at .800. x g. After centrifugation the

supernatant was filtered through nylon gauze and Eentrifuged

at 105,000 x g for 1 h. The supernatant from this centrifu-

gation constitutes what is called the cytosol. The receptor

concentration ‘in the cytosol was measured for one aliguot
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using. the method described by Thieulant et al. [l2]. . The

N

° [
cytosol was subsequently divided inte small fractions not

larger than 10 ml which were kept at =-70°C. Periodic mea-

} .
surements of the receptor concentration in these samples

showed that under these conditions the .level of estradiol
receptor remains constant for several months. The amount of
cytosol proteins was determined by the Lowry assay using

BSA (bovine serum albumin) -as a standard. The concentration

of proteins in' the above preparations was usually '10-12

[N

mg/ml cytosol. . ;
' 4§

6.2.2 Péeparationcﬁ Samples for FT-IR Studies \\\,
»~ Varying volumes of cytosol were incubated fpor 4 h at
0°C with known concenfratioﬁs of ‘he organometalliC*iébelled
estradiol derivatives to yield a fingl concéntration of Fhe
label in the range 10=8 - 1076 M. At the end of the incuba-
tion period, an equal volume of protamine sulfate solution
(6 mg/ml) was ESBed to precipitate thé proteins, The préci—
pitate obtained was collected by'centrifugation (3500 X g,
15 min). After élimination of the.supern§§36$L<£he precipi-~
tate was washed 4 times with 5 ml of phosphate buffer (0.05
M, pH 7.4), twice with 5 ml of distilled water and lyophi-
lized. THs providés a‘white powder which can be used with-

out further \treatment for the IR sfﬁgiqs. The receptor con-

centration 1n these samples was established by competitive

2
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A

binding assay using ‘3H-estradiol to be 'in the range of 300

fmol per mg of precipitated proéein,

6.2.3 Infrared Studies

5 N

All solvents used were of spectrograde purity or were’

distilled under nitrogen prior to. use. KBr and CsI (gold
label 99.999%) were obtained frém Aldrich Chemical Co.
Solidtsamples were bressed into 3- or 5-mm pellet;, using a
"Owik Handi-Press Set" available from Aldrich. Samples
mixed with KBr or CSI were ground iﬁ‘stainless steel vials
using "Wig-L-Bug", also available frem Aldrich.

All spectra were recorded with a Nicolet 6000"“Fourier

<
&
transform-infrared spectrometer equipped with ‘a mercury

+

cadmium telluride (MCT) detector (Infrared Associates, New

Brunswick, NJ), and having 'a beam diameter at the focal

‘poiﬁt of 5 mms The pellet holder was supported on an X-Y

translator, so that.the sample position could be ‘adjusted to
obtain maximal detector response. Ten thousand to thirty
thousand scans (with a medium correlation) were accu&uléted
and co-added using the' LWA 1pfogram listed in Appendix C.
The mirror velocity was adjusted empirically to 0.640 cm é”l

for optimum detector sensitivity; the gain was increased to

" allow the interferogram to reach 50~75% of its height in a

background scan recorded for the empty pellet holder with'a

source aperture of 6.3 mm. The relative gain of all the,

)
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points after thenfir§t 1024 set was increased by a factor of
efght. The co-added interferograms were apodized using the

Happ-Genzal function and Fourier transformed with one level

-

of zero filling to yiteld a resolutiqn of 4% cm~!.
S

\

¥4

6.3 Results and biscussiorxi . -

The preliminary results presented *selow were obtained -
with an organometallic-labelled estradiol derivatized a&t-

position 3 with a silyl group (compound 5, Table 6.1). The

[
.

10, having the

v

results of further studies with compound
highest RBA of any derivatized steriod complex tested, will
be shown later in this section..

In the receptor asséy' proceaure under iﬁvestiéatioﬁ;c
the "orgéﬁometallic-iabelled hormone is £nc;bated with thé
cytosol containing thé hormohal~;ecep£or, forming an organo-
metal%ic~labeiled receptor complex (OLRC), and the cytosol
proteins are then precipitated by addition of protamine
sul fate. The precipitate "is then lyophilized, yieléing a .
white powder. The same procedure is followed in the absence
of the organometall%g—labelled hormoné to yiel@ the apopro-
+teins. Figure 6.2 shows the spectrum of Epe apoprotein
diluted in a CsI matrix. Of particular iqterest here is the
lack of absorption-.in thé region .between 2200 and }800 cm™l,

thereby limiting any interference from the protein backbo?é
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in the detection of the metal carbonyl stretching vib,rati‘ons

>

which occur in this region., Samples in which the proteins

from the cytosol had been precipitated with hydroxyapatite .
/

rather than protamine sulfate were also examined. The
choice of this preci;}itating agent pfoved unsuitable for the
purposes of this woék since the FT-IR spectra of these sam-
ples exhibited four weak pleaks in the 2200-1800 cm~! region,’
presumably due to overtonés of hydroxyapatite P-0 stretching

modes . ¢ v
M

" The spectrum of Cr(C0),-labelled modified estradiol’

(compound 5) 1is presented in Figure 6.3. The much ‘la‘rger

relative intensity of the'metal carbonyl vibrations of the
A
Cr(C0), moiety at 1956 (a; ) and 1876 (e) cm~! compared to the

estradiol backbone, vibrations 'clearly indictates the advan-

tage of the Cr(CO); label in the detection of low concentra-

\

‘tions of steroids by F%I‘—IR speé:troscopy).

o

Since the ratio of recéptor to total precipitated pro-

teins is very small, and, since mixing with CsI or KBr or

dissolution 'would dilute the sample, thus weakening the IR
B - <

dintensity of ‘the carbonyl peaks, the protein was pressed

into a 3-mm diameter minipellet without addition of ‘CsI.
The choice of thé 3-mm diameter, which is ﬂless than the
diameter of the IR beam (SN ‘mm) , represents a compromise
between allowing the maximum amount of “enkergy to ' pass

through ‘the sample and minimizing the amount of pfotein

required. / .. -
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The spectrum of a pressed pellet of the precipitatgd
proteins containing the OLRC (Figure 6.4) demonstrates the
importance of the "window" in the carbonyl region since all
the absorptions of the steroid skeleton are masked t;y the
enormous absorptions due to the precipi‘tated proteins. The
carbonyl reg%on of this 'spectrum is shown in Figure 6. 5; two
peaks at 1955(a,) and 188l(e) cm™! are observed which cor-
respond well to the v(CO) modes identified in the spectrum
of compound é’ in a CsI matrix.

The spectrum in Figuye 6.5 was obtained by cdsadding
‘20,000 scans. Co—adding spectra results in an increase in
the S/N ratio equivalent to (number of scans)!/2. This can
be a time-consuming process; however, if the numbt;r of data

points collected is reduced (i.e., lower resolution), the

time required to obtain a given spectrum 1is shortened by

-
(lower res./higher res.)?. Accordingly, enhancing the $/N

ratio is achieéved much faster at 1lower than at higher

J

( ) -
resolution. Since the width at ‘half-height of the carbonyl

peaks is approximately 17 and 25 cm™! for the a, and e
modes, respectively, 4 c&m"1 resolution is ‘quite acceptable
as no further information could be gained . from scanni:ng at
h;igher resolution [13].

In order’ to confirm that the peaks. observed in the

" cafbonyl region can be attributed to the carbonyl strevtching

vibrations of the Cr(C0),; moiety, samples of the precipita-’

- y ¢

e MR M
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ted proteins obtained after incubation of the thiocarbonyl
analogue of (RO-est)Cr(CO); (compound-7) [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 tompound j_iE\CsI is shown in Figure 6.6.
The v(CS) vibration is observed at 1204 cm~! and the v(CO)
modes at 1954 and 1895 cm~!. The carbonyl region of the
FT-IR spectrum of the p;otein sample (figure 6.7) shows two
v(CO) bands which afe shifted as expected in going frgm the
tricarbonyl to the thiocarbonyl analogue. This observatign
prqvides confirmation that the bandé seen a;e andeed due to

the carbonyl absorptions. The thiocarbonyl stretching

vibration (1200 cm~!) is buried beneath the extremely .

T

intense vibrational modés of the proteins.
“ :

In order to assess the potentiall of this method in
quantitative determination, investigation of the intensity
of the carbonyl’ peaks of thé Cr(CO); label as a functién of
pellet weight (i.e., amount of protein) was undertakén.
Clearly a linear relationship is requireé if the FT-IR mea-

surements are to serve as a basis for receptor assay.

Various methods of treating the data were investigated

using CsI pellets of varying weights with the same concen—‘

tration of (RO-est)Cr(CO); (compound 5) so as to ascertain

the best approach to the correlation of carbonyl intensity

‘with amount of complex present (as represented by wt. of the

e e e e ——
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Figure 6.7. The »(CO) region in the FT-IR spectrum of a pressed pellet of
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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 all cases, data were ana-— -

lyzed for the a; v(CO) mode rather than the hroader e mode.
The results show that the integrated band area method pro-
vides the best correlation between band intensity and the

4

concentration of the organometallic complex by virtue of

having the highest cdrrelation coefficient and the largest

slope. The peak height measurements are also seen to corre-
late well with concentration, whilae the derivatiyes ‘are
somewhat less reliable. Dif ferentiation enhances narrow
spéctral lines, and this enhancement can be used advantage-
ously in the analysis'for trace gquantities of small or
highly symmetrical molecules. Conversely, the broader the
band the less useful this feature becomes ’[1.4]. The second
derivative spectrum of the (RO-est)Cr(CO), complex is
presented in Figure 6.8. The second derivative of the a,
mode can be clearly .seen while that of the broader e mode is
‘poorly defined..

Subsequent to t{gese studies of compound 5 in CsI, FT-~IR
spectra were recorded for a series of pellets of varying
weights prepared from the precipitated proteins containing
the OLRC without addition of CsI, The,;reas undér the a,

v(CO) mode in these spectra were plotted as a function of

pellet weight (Figure 6.9). The linearity of this plot is
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Table 6.2. Analysis of Peak Area, Peak Hei’ght and Deriv\ative

Methods for Quantitative Determination of (RO-est)Cr(CO),

(Compound 5) in cs1?

Parameter \ ab B r Standard

x 10? X 102 . error x lO2
Area®d’ 2.56 S54.10 .99992  0.92
Peak 1.59 2.03 +9991 0.13
height , ’
lst derivative, 0.85 0.36 .9771 0.099
maximum ’ . :
lst derivative, -0.31 -0.54 9930 0.099
mininum
lst derivative, span 1.16 0.91 .9894 0.099

2nd derivative, span -0.13 -0.075 «9371 0.097

-

3Results for the a; v(C0) mode. .
Intercept, A, and slope, B, obtalned from plot of parameter
as a function of weight of 3J-mm CsI pel}et containing
compound 5 at a dilution of 5.540 X 10™' g/g CsI

©Integration limits between 1984 .0 and 1924.0 cm ".
Uncorrected 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 1in the

iategration).

-
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satisfbactory in the range of pellet v:;ights from 1.4 to 2.5
.mg (r = 0.98)., Samples weighing iess than 1.4 mg represent
insufficient material to form /a pellet. For pellet weight;s
1‘greater%than 2.5 mg, significant deviations from 1linearity
dccurred, indicating self-absorption or a deérease in energy
throughput in these thicker pellets. Therefore, although it
would be advantageousk to use pellets of the maximum
thickness Qossible in order to enhance the intensity of the
peaks due to the Cr(CO); label, pellet weights under 2.5 tpg
must be employed for guantitative accuracy. -
In order to obtain an approximate wvalue for the 'amount
"of Cr(CO), -label in these pellets, “the integratgd absorpti-
vity of the a; mode of (RO-est)Cr(CO); (compound 5) in CsI
was calculated from the area under the a.l v(CO) mode (Aint
as a function of pellet weight according to the following

-derivation:

Jt!\i_m'j = fAvdv‘ g
= bec | €, dv - N
where J evdv is the iﬁtegvaﬁed absorptivity = €int
b = thickhess of the pellet
c = wt. of (RO-est)Cr(CO),/xr?b, for a pellet of

diameter 2r and thickness b

[\
o

.
An

y

~,

™,
2



’ )
This holds true if r >

beam r'pellet:7 also if r

pellet = Ypeam’

maximum throughput is ‘achieved with minimum sample weight.

ke ‘

The wt. of (RO-est)Cr(C0); in the pellet;, W__ , 'is given

" by:

wcom = Ccom x (wt. pellet)

o

P—

where Ccom is the known c.onc‘entratiof\ by weight of the com-—

plex in the <€sI matrix and wt. pellet >~ wt. CsI in pellet.

Thus

= g." 2

Aint €int X b x (wcom/nr b)
3
= 2
sint/nr X Ccom x (wt. pellet)

lott i . i = ¢, 2
Plott}ng Aing VS- (wt. pellet) gives a jslope Fint/“r x
c___ .
com

— - The measurement of A, (area under the a, v(CO) mode -
. " i N

. nt
integrated from 1984.0 to 1924.0 em~!) for vartious ~weights

(mg) of pellets "of (RO-est)Cr(CO); 1in CsI having - a

‘concentration

]

= -l -
Ccom = 5,54 x 10 g (RO-est.)Cr(pO)_a/g Csl
gave a slope, through least-square;; 'a'nalysi’s,' of 0.541 (r =

0.9999). Thus

0.541 mg~! x = x -(0.15)2 cm?

-—
=

€., 7
1Nt 554 x 10-7 g (RO-est)Cr(CO) ;/mng CsI

A - ‘ . . .
* ‘ -
. )
. B .

"




( o
: = 6:88 x 10%¥ cm? g—!

Ed
S

1

Using this value, the integrated absorbance -expected .

for the a;» v(CO) mode of compound 5 (mol. wt. = 521.47)
labelling all the receptor sites in a 2-mg pellet containing
300 fmol mg~l of receptor protein can be estimated as:

N

A, . = [6.88 x 10%/1(0.15)2] x (300 x 10-1%)(521.47) x 2

- lnt\/\ |
| . . j

' = 3,04 XNO~4 !

®
. W

This estimated integrated absorbance value is.signifi-

cantly ‘lowe,r than that observed “for the precipitatedﬁ pro- .

teins labelled with compound 5 (Figure 6.9). This indicates

. a large, degree of high—affinity, non-specific’ binding in

tion of the receptor with a high concentratlon of comgVund 5

(106 M) and possibly insufficient washlng of the precipita—~
K
ted prokeins [11].

o -

,Further studigs’were"carried out with compound 12
&y

({17a-7H]compound 10). The elegant synthesis by Jaouen et

Figure 6.10. ‘It should be noted that introduction of the 3H

. -4
label at a carbon too close tp the metal resulted in auto-

K

( radiolysis of the organometallic moiety. FT-IR studies of

#

h 202

these samples which may be attributed to the initial incuba=>

#l. [15] of this doubly labelled complex is illustrated in -~




Figure 6.10.
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as described in Reference 15.
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compound 12 indicate that it is quite stable in solution.

Figure 6.1la shows the v (CO) region of the FT-IR spec-
trum of a sample obtained by in vitrg incubation of compound
12 with sheep uterine cytosol at approximately the same con-
éentration‘ ( 1078 M) as cc;rently used in radiochemical
assays with estradicgl itself. The.carbohylvintensities in
this spectrum.are clearly much lowe;: than those observed
with compound 5. Although the S/N ratio is high enough to
discern definitively the bresence of the carbonyl vibra-
tions, the areas of these peaks cannot be measured with
quantitative Jacc;racy. The results of a competitive binding
assay with free die“thglstilbestrol (DES) show that compound
12 i'sv bound specifically and revefsibly to the uterine
isjix:gg,e,n\f\ejéptor [15] -(Table 6.3). It should be noted that
in this sample the level of non-specific binding is signifi-~
cantly lower than that of specific binding, indicating the
high degree qf specificity of compound 12 for the estrogen
recéptor. - Therefore, the weak carbonyl peaks detected in
Figure 6.1la are ‘due in large part to the OLRC.

The reversibility of the bindihg!{between compound 12
and the receptor was demonstrated by Ef‘T—IR, as well as by
radioassay. 'I:Pe spectrum of -a sample obtained supsequent to

the competitive binding experiment with excess DES was

] -
recorded. ' The carbonyl region of this spectrum (Figure

"6.11b) reveals the absence of any pea‘ks due to the 'OLRC,

o~

3 - e S
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fncubation with (a) compound 12 and (b) compound 12 and a 100-fold excess
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Table 6.3. Determination of Specific and Non-specific Binding of Compound 12 and
Estradiol in Sheep Uterine Cytosol by Radioassay?
Radioactivity (dpm ml™!)
. 5
Ligand ) Added Bound without Bound with Specifically
) DES DES bound
_ ¥
Compound 12 | 46,420 19,472 4,664 14,808 (32%)
. . s
¢ [6,7-31]- 535,466 | 166,333 23,080 143,253 (28%)
17f~estradiol { '

@

aResults from Reference 15. Portigns (500 ul) of sheep ‘uterine zytosol were incubated

at 0° f for 6 h with either [6,7—3H]l73 —-estradiol (4.7 nM; specific activity, 52 Ci

mmol °) or compound 12 (6.3 nM; specific activicty, 3.3 Ci mmol™ "). Non-specific -

binding was determined by using a 100-fold excess of unlabelled diethylstilbestrol
- (DES). “Bound fractions were determined by protamine sulfate precipitation.
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because of the bind{ng of DE‘S to the receptor, and also
aemonstrates the relative insensitivity of the FT-IR
measurements at the present time in that the non-specific
binding of compound 12 measured by the raciioassay was not
detected in the FT—IR spectrum.

The measurement of non-specific binding can' also be

.
i -

accomplished by deactivating the recéptor (usually by heat-
ing) 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 with the organometallic-labelled hormone displayed a
‘carbonyl intensity larger than that of the unheated sample.
This situation, however, was also observed radioisotopically
[11], indicating that denaturation contributes in these
samples ‘to increasing the non-specific binding.

The FT-IR spectra of the organometallic-labelled recep-
tor complex may also be used to elicit some information on
the polarity of the receptor binding site., The dependence
of v(CO) frequencies of metal carbonyl complexes on solvent
polarity 1is well established [16]. Table 6.4 shows the
.shift of the carbonyl pﬂea'ks of compound 10 to lower
frequency as the polarity of the solwvent increases.
Comparison of these data with the positions of the v (C0)
modes in the protein samples suggests that .the carbonyl

moiety in the OLRC lies in a polar environment. However,
x . .

|

S T ST
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Varying

Table 6.4. V(CO)-Frequencies (em™ 1) of (go—esE)Cr(co)3 (Compound 10) in Solvents of

Dielectric Constant (€)
v(Co)

Solvent € Solubility? A E Average
Benze‘ne 2-3 -] 195707 1879.3 1918.5
Carbon disulfide 2.6 8s 1959.0 1885.3 1922.,2
Ethyl acetate - 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
CsI - @ - - 1952.9 1868.4 1910.6
s = soluble; 8s = slightly soluble; vs = very soluble. >

80¢
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this - does not provide definitive evidenci of a polar
environment at the receptor binding site since the carbonyl
moiety may not be in proximity to the actual_binding site,
Also, the proteins were precipitated using protamine sulfate
which could be a contributing factor to the polarity of the
environment. Recent studies have sho:m that the addition of
hydrophobic substituents such as aliphatic chains in the
7a-positilon of estradiol increases the affinity of the
steroid for the receptor binding site [17]. This could be
considered as evidence for hydrophobic character of the
binding site. However, further studies [17] have show;zn that
a_dd"it:ion of/aliphatic chains o©of varying length 1in the
6q -position brings about a significant decrease in the bind-
ing affinity of the steriod, thereby demonstrating the vari-
ability in the polarity of the receptor binding site.

The FT-IR measurements reported here have shown that
FT-IR spectroscopy can provide qualit.:atirve information on
hormone~receptor binding and has the potential to serve as a
technique for quantitative determination of receptor concen-
tration. However, the very weak intensities of the carbonyl
peaks in Figure 6.1lla, obtained from a sample in which there
is a higher level of specific binding than of non-specific
binding, indicate that receptor assay by FT-IR spectroscopy
is not as yet feasible. The transformation of this tech-

nique from the qualitative to the quantitative realm will

[P,

-
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require enhanced sengitivity of the FT-IR spectrometer in-—

the carbonyl region of the spectrum. Possible instru;nenta—l/

modifications that may achieve such enhancement include the
use of more sensitive detectors and larger collection
mirrors after the xsample.‘ The FT-IR spectrometer can be
interfaced with a variety of specialized detectors. Room

-~

temperature (triglyceride sulfate, TGS) detectors are not
suited for fast-scanning spect;‘omeﬁerg working in the mid-IR
region because of their slow response time. Mercury cadmium
telluride (MCT) detectors give a much faster response time
and 'are well suited for the mid-IR region, the faster
response time significantly decreasing data acqguistion
times. The MCT detectors are made of an alloy"of HgTe and
CdTe, and their spectral response is a function of bcl>th
specific alloy'composition and operating temperature. Tﬁese
detectors operate in the 5000-750 cm™! (MCT A), 5000-400
cm™l (MCT B) and 5000-300 cm~} (MCT C) regions with a typi-
cal operating temperature range of 77-295 K. The detector
used for obtaining the protein spectra in this study was the
MCT B detector operating at 77K. Figure 6.12 illustrates
the relative sensitivity of the different detectors commer-—

cially available over the mid-IR range. It can be seen that

the InSb detector has its maximum sensitivity in the metal

. carbonyl region (2200-1850 cm~!) and is about an order of

magnitude more sensitive in this region than the MCT A

\,
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Figure 6.12. Detectors utilized in FT-IR spectrometers
and their sensitivity as a function of enmergy. Adapted
from PT-IR documentation supplied by Nicolet Instruments
Corporation, Madison, Wisconsin, U.S.A.




detector and approximately forty times more sensitive than
the MCT B detector ‘used in this study. Clearly the InSb
detector is the detector of choice- for further research on
the use of metal carbonyl labels in receptor assay. Other
recommendations include directly placing the pellet onto the
detector, which would reduce energy lossldue to scattering.
Alternatively, scattered energy <could be captured and
refocused By using a larger collection mirror to intercept a

wider cone of diffusely scattered radiation [18]:

6.4 Concluding Remarks »
) ]
In the present work, it has been 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 fof 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

radfbisotopic techniques. However, the development of this
¢
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technique is in its early staées. in order for it to become
vi;ble in clinical use, a minimum of two orders o% magnitude
increase in the sensitivity of the FT-IR measurements must
be Aachieved. Current work in this area is also beiﬁg
focused on the synthesis of ho;mohé~labelled metal carbonyl
cluster complexes [1l1l], which should yield higher integrated

v(CO) absorptivities.,
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Chapter 7

Investigation of Chalcocarbonyl(§,10,15,20—tetrapheny1-‘

porphinato)iron{IIl) Derivatives by FT-IR Sﬁectroscopyj

o
o

7.1 Introduction ) i .

3

Many metal-porphyrin derivatives have been synthesized

as model compounds for the study of. the binding of oxygen

and other small diatomic molecules to hemoglobin and
3

myoglobin, as well as to further the understanding of the
detoxification mechanisms of porphyrin=containing cytochrome |
P-450 [1). Among these porphyrin derivatives, (5,10,15,20-

tetraphenylporphinato)iron(ITI) (Fe’I’PP):f= is often .used

because of its stabilit} and convenient synthesis [2,3]. The
e . .
structure of FeTPP is shown in Figure 7.1. Four nitrogens

LY . \ .
bind the iron in the equatorial plane through c-donation,
¥

and two ligands can be introduced at the‘axial positions to

complete a pseudo-octahedral structure. The bonding between
A .

the iron and :the porphyfin'alsa involves n-donation from the
filled metal dn orbitalslyo the vacant n* orbitals delocal-
ized, over the porphyrin ring. '}'l}e extent of the n-back-
bondiné component of the metal-porphyrin inEeraction varies

with the n-accepting properties of the axial ligands. FeTPP

L3
r o

=FUnless otherwiser gtated, FeTPP in the various complexes
discussed in this section will represent low-~spin Fe(II).




Figure 7.1,

/
HOOC~—CH,

"Structure of (a) iron tetraphenylporphyrin and

(b) protoporphyrin IX.
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’

differs from the naturally occurring protoporphyrin IX found
in hemoglobin or anglobin in that four phenyl groups are
introduced at the meso carbons and hydrogens at the 8
carbons, while in hemoglobin the meso carbons are hydrogen
substituted and the B positions have propionic acid,
ethylenic or methyl group substituents (Figure 7.1},
Complexes of the form FeTPP(CO)L with axially bound CO.
trans to various ligands L (e.g., py, EtOH, Im, MeIm) are
well-known syntheticvmodels for the study of the binding of
C3 to hemoglobin [4]. Recently, a series of analogous
complexes in which the CO ligand 1sfreplaced by a thiocar-
bonyl or selenccarbonyl ligand have been prepared [5=7]. In
addition, the pentacoordinated species FeTPP(CX) (X = S5, Se)
have‘been obtained [6,7). Although other metalloporphyrin
complexes containing a CS ligand have been synthesized [8],
FeTPP(CSe) and Fe(TPP)(CSe)L (L = py, EtOH,'MeIm) represent

Y

the only examples of the incorporation of a CSe group into a

. metalloporphyrin system. The bonding properties of both the

CS and CSe ligands have been reviewed elsewhere [§] and the
strénger o-donor and n—acceptor capabilities of CS and CSe -
relative to CO, giving rise to a stronger bonding to iow—
oxidation state metals, have been emphasized in this thesis.
The CS and CSe ligands may also act as n~donors [10] and a
greater flexibility in the bonding properties of these

<

ligands relative to those of CO has been demonstrated [11]3;
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The effect of these dif‘ferences between the €S and CSe
ligands, on the one hand, and CO, on the other-, in the
porphyrin complexes studied here is manifested by the
stability of FeTPP(CX) (X = S, Se) whereas the cofresponding
FeTi’P(CO) derivative is only stable under partial CO pres-
_'sure [12]. The thio- and seélenocarbonyl complexes can be
heated up to 150°C under vacuum without decomposimon (6].
The strength of the Fe-C(X) (X = S, Se) bond is dramatically
demonstrated by the stability of the thiocarbonyl and
\‘selenocarbonyl complexes towards oxidation in aerated ben-
zene ~ the half-life of FeTPP(CO)(py) 158 ~5 min [5] while
the corresponding selenocarbonyl complex is stable for: hours
[7], and FeTPP(CS) {py) or FeTPP(CS) 1is stable to oxidation
even afterl oxygen has been bubbled through th'e_z solution for
20 h [5]. The remarkable strength of the Fe-C{S) bond is
also' indicated by the'two-electron oxidation of FeTPP(CS)L,
without 1loss of the CS ligand, to form Fe(III)TPP(CS)*

whereas FeTPP(CO) loses CO during the removal of the first

electron” [13].

A
i

The general synthetic route to the thiocarbonyl or
selenocarbonyl FeTPP complexes 1involves a relatively easy
procedure: Fe(III)TPPCl 1is stirred 1n benzene under argon
in the presence of ‘Fe powder to form Fel!TPP; the subsequent
* addition o£ PhCH,SCCl; or PhCH,SeCCl; affords FeTPP(CS) (6]

-~

or FeTPP((CSe) L7]i\§espectively, in very high yield‘E (=80%).

[PV




7

220

~20"
Fe'.CH,Cl,- CH,OM

Fe(TPP) nxCCI,' ?.(Trr)(acuxn) LG ‘FO(TPP)(’CX)

- (7.1)
/

The above reaction is of gre?t interest since various
compounds of the formula RSCCl, exhibit fungicidal activity
[e.g., Fslpet (a) and Captan (b)]. Their toxicity has been
postulated to stem from the generation of free radicals
RSCClz' (which irreversibly attach to the macromolecules of
fhe cell) during the reduction of RSCCl; by cytochrome P-450
and subsequeﬁﬁ formation of P-450-Fe(II)<——C(Cl)SR and

H

P-450-Fe( I{))«-——cs [6].

() . .0

a R= N— F oll;ot
RsCCI, o
o
b  R- N— Captan
0

The effects on metalloporphyrins of substituents on the
porphyrin ring and of axially bound 1ligands have been
studied by a variety of spectroscopic techniques (14,15].
The use of IRuspeétroscopy has been fairly limited, presum-
ably due to the complexity of the porphyrin spectra. The IR

spectra of tetraphenylporphyrin and several tetraphenylpor-

-—
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phyrin metal complexes have been reported and partially

assigned by Alben t 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 1iron tetraphenylpor-

"phyrin complexes [19], bands sensitive to spin state and

oxidation state were identified. In this chapter, the
results of a study of the FT-IR spectra of FeTPP(CX) (X = S,
Se) and FeTPP(CX)L (X = S, Se; L = py, EtOH) will be
presented. This investigation was undertaken in order to
examine the perturbations inducéd by the ;axially bound

ligands on the metal-porphyrin interactions.

7.2 Experimental

K™
7.2.1 ;}ufces of Materials

Fe(III)TPPCl1 was purchased from Strem Chemicals.
Samhples of FeTPP(CX)L (X = S, Se; L = EtOH, py) wére
obtained from Drs. J.P. Battioni and D. Mansuy (Laboratoire
de chimie de L'Ecole Normale Supérieure, ‘Paris, France) or
were synthesized utilizing the procedure given in References
6 and 7; the reagents PhCH,XCCl; (X = S, Se) were also
obtained from Drs. Battioni and Mansuy. FeTPP(CX) (X = §,
Se) complexes were prepared by heating FeTPP/CX)(EtOH) at

160°C for 4 h, as described in Reference 6. FeTPP(CO) -

T e it s A 8
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(py) was synthesized according to the literature procedure

@

(4}). CsI (99.999%) was obtained from Aldrich Chemical Co.

7.2.2 Spectroscopic Measurements

The IR spectra of all FeTPP derivatives were recorded
for samples pressed intd CsI pellets, which were prepared in
an argon-purged glove bag. ET—IR’spectra were obtained on a
Nicglet 6000 Fourier-transform infrareé spectrometer (reso-
lution 0.5 cm~l)., 13C NMR speétra were ﬁeasufed on a Varian
XL-200 spectrometer equipped with a bfoad—band probe. The

chemical shifts reported are relative to TMS.

7.2.3 Reaction of FeTPP(CX) (X = S, Se) with CO

FeTPP(CX) (X = S, Se) (20 mg) was dissolved . in
deaerated spectrograde benzene (10 ml) 5nder aigoq. The
solgéion was transferred to the high-pressure apparatus
described previously (Section 3.2.1) and degassed in threg
freeze—-thaw cycles. The "reaction compartment was then
preésurized with CO (20 atm). After periods of 6-24 h the CO
gas was removed by adsorption ongcharcoal in a second com-
partment. The FT~IR spectrum of the solution diq not exhi-

1

bit any peaks in the carbonyl region.
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7.3 Results and Discussion

FeTPP(CO)L complexes are quite unstable with a half-
life in aerated solution of the ofder of minutes [S5]. The
pentacoordinated complex, FeTPP(CO), decomposes‘ virtually
instantly on exposure to air [12]. In contrast, the com-
pound;s described her‘e are remarkably stable; their half-
life in solution is of the order of hours [FeTPP(CX)L] or
days [FeTPP(CX)] (X =S, Se; L = py, EtOH) [5-7]1. The per;t;a—
coordinated FeTPP(CX) (X = §, Se) species are stable in air
for years in the solid st’a_te. The difference 1n stability
between these co;nplexes and their carbonyl analogues within
the above series indicates a decreasing susceptibility of
the metal toward oxidation and accordingly decreasing elec-
tron density at the metal in the order CO > CSe=7S. This
trend may be interpreteé in terms of a greater extent of
n—-back—donation from the metal to the CS or CSe ligand than
to CO [20]. -

The FT-IR spectra of these complexes were obtained to
assess the effects of the differences ix\'\ the bonding proper-
ties of the ligands on the'metal—porphyrin interaction. The

spectra of the porphyrin derivatives studied are shown in

Figures 7.2-7.9, and the positions of the major peaks,

together with assignments adopted from Alben et al. [16,-

171, are 1listed in Table 7.1. The first row of this_ table
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Table 7.1l. Selected Frequencies (§m~1) from the FT-IR Spectra of FeT?P(CX) and FeTPP(Cx)(H)
Derivatives and Fe(III)TPPCl 1
cx co of TS CS CSe CSe CSe ‘- S
Py . - EtOH Py - EtOH PY Cl
Oxidation state Ir Ir II ‘T1 II II 11 JITI
Spin 0 0] 0 - 0- 0 - Q 0 5/2
p(CX) 1983.6 1312.4% "1294.1 1282.7 1164.7 1137.9 1121.6 -
1598.4 '1598.6° 1598,.8 1598.8 1598.2 1598.8 - 1598.6 1596.9
Aromatic ring . .
vibrations? 1441.1 1440.6 1440.7 1440.9 1440,6 1440.5 1440.8 1440.3
Spin state§markerb 1}49.9 L356.8 1350.4 1350.0 1350.3 1350.0 1350.0 1340.2
. , 1334.1
Split in TPPHZ'a 1176,3 1175.0 1175.7 1176,2 1175.5 1176.7 1176.9 1175.1
‘ . . »#
Unassigned 1071.2 1072.4 1072.6 1072.3 1072,.3 1072.5 1072.t 10‘6‘9.7w
Porphyrin riwi‘\;\ 1002.4 ©1001,2 1003.,1 lQ03.7 1001.6 1002.9 1004 ,0 1082.2
vibration? A N )
(X
~ u




ﬂ -~
Table 7.1. (Cont”d)
4
cX a co cs cs cs cse Cse cse -
L py - EtOH PY - EtOH PY Cl
Found at 1002 'in 'l‘l’l’Hza 995,.3 995.3 995.7 996 .4 995.5 995.,7 996 .5 995.5
B-pyrrole out-of-plang  796.9 802.6 799.8 795.2 802.6 799.4 795.3 806.5
C-H deformation?
Split in TPPHZa 752,7 753.2 753.5 752.3 752.7 752.7 752.5 750.5
Porphyrin ring deforma- 714.9 7120.7 717.8 713.9 720.5 717.2 713.7 720.3
tion (split in TPPH,)?® \ .
e '
Unassigned ' 701.3 704 .3 702.1 701.0 703.9 701 .4 . 700.7 703.4
_aSee Reference 16.
See Reference 19,
1 E
=
' N}

o
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lists the v(CX) vibr;tions‘, while the remaining frequencies
correspond to peaks characteristic of the FeTPP moiety.

Difference spectra represent the simplest method of
establishing empirically any perturbations induced by the
axial ligands on the porpByrin ring vibrations, In order to
illustrate the utility of difference spectra in assessing
changes in metal-porphyrin bonding, the spectrum obtained by
subtracting the spectrum of Fe(III)TPPCl from that of
FeTPP(CSe)(EtOH) is presented in Figure 7.10. The feattureé
in this spectrum aré the result of a number of factors: the
different oxidation and spin states of the iron atom in the
two complexes; the lower symmetry of Fe(III)})TPPCl due to
ring puckering {21]; and the absence of axial =s—backbonding
in the chloride complex.

The difference spectrum obtained by the subtraction of
the spectrum of FeTPP(CS)(py) from that of FeTPP(CSe)(py) is
shown in Figure 7.11, The elimination of all porphyrin
vibrations in the difference spectrum indicates that the
interactions of the CS and CSe ligands with the metal in
these ‘systems are similar. Specifically, the comparable
extent of metal dr » CX =n* backbonding in these complexes
is demonstrated by this result in that the availability of
metal dn electron density for donation to the z* orbitals of

the porphyrin is a function of the amount of d= electron

densit'y transferred to the axial ligands [20]. Therefore,
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4
L.

any varjation in this amount should be reflected 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), also did
not exhibit any features due to the vibrational modes of
FeTPP.

Figure 7.12 disélays the FeTPP(CSe)(py)-FeTPP(CO)(py)
difference’' spectrum. The most significant features are the
v(CX) modes at 1984 (X = 0) and 1122 (X = Se) cm~! and a
peak at 68C cm™! present in the carbonyl complex only. The
position of the latter peak suggests its assignment to the
Fe-C-0O bending mode [22]. No peaks attributable to the Fe-
C-X bending modes' Qére observed 1in the spectra of the thio-
carbonyl and selenoca:;bonyl derivatives. Howeve‘r, these
peaks may appear 1in the region of the spectrum bélow 600
cm~l, which was not examined, 1n view of the substantial
shift to lower frequencies of M-C-X bending modes with
increase 1n mass of the terminal atom [23], The difference
spectrum in Figure 7.12 and the data in Table 7.1 reveal
some small shifts (<2 cm~!) in positions of porphyrin 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 lthe
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 differences in M~-C(X)
bond strengths among the carbonyl, thiocarbonyl and seleno-
carbonyl FeTPP complexes do not induce sufficient changes in
the extensively delocalized sn-framework of the porphyrin to
give rise to significant shifts in vibrational frequencies.
The subtraction of the spectrum of FeTPP{(CSe)(EtOH)
from that of the corresponding pyridine derivative (Figure
7.13) reveals several shifts in peaks due to porphyrin
vibrational modes. Similar changes are observed in Figure
7.14 where the spectrum of FeTPP(CS)(EtOH) has been sub-
tracted from that of FeTPP(CS$). The positive éeak 1n this
spectrum a£ 1175 ecm~! represents a peak which appears in the
spectra of both complexes but with an enhanced intensity in
- the spectrum of FeTPP(CS). This increased intensity may be
attributedlto reduced symmetry of the porphyrin ring in the
pentacoordina&ed complex: an X-ray. crystallographic study

4

of FeOEP(CS) has revealed 2 0.23-A displacement of the iron

"atom out of the porphyrin plane towards the CS ligand [24].

Comparison of the data 1in Table 7.1 indicates ~that the

shifts observed in the difference spectra with variation in

or removal of the axial ligand L generally follow a consis-
tent trend. The magnitude of the shift of a given peak
relative to its position in the spectrum of FeTPP(CX)(py) (X

= § or Se) 1increases in the order FeTPP(CX)(EtOH) <

Fe(III)TPPCl < FeTPP(CX), while the direction of the shift.
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may be towards highero or lower frequencies. This 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) while 0.23- and 0.38-A displace-
ments of the iron atom out of the porphyrin plane have been
reported for FeOEP(CS) [24] and Fe(III)TPPClL [21], respec~-
tively. It is of interest to note that the 1350 cm~! peak
remains unshifted in the spectra of all the Fe(II) com-
plexes. This peak has been found to be . sensitive to the
spin state of the metal [19], and this observation is
corroborated in the present study by the appearance of this
peak as a shifted doublet in the spectrum of Fe(III)TPPCl at
1340.2 and 1334.1 cm~!l. A second peak identified in
previous work [19] as oxidation-state sensitive and slightly
spin-state sensitive is observed in the 803-795 cm~™! range
in the spectra of all the Fe(IIl) complexes studied here and
at 80y cm~™! in the spectrum of Fe(III)TPPCl. Among the
Fe(If) complexes, this peak shifts 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-
coordinated species. Since the shifts of peaks sensitive to
oxidation state are generally interpreted in terms of
changes in the amount of metal dn electron density trans-

ferred to the porphyrin =* orbitals [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 spectra of FeTPP(CS}) and FeTPP{(CS)-
(py) have been reported, as part of a resonance Raman
investigation of a series of 1ron tetraphenylporphyrin com-
plexes [25]. Spectra were obtained with excitation into
both of the characteristic visible absorption bands of por-
phyrins - the Soret and a,8 bands. From the data obtained
for the entire series of comglexes studied, two bands sensi-
tive to the extent of metal to porphyrin n~back-danation

were identified. Both these bands were observed to shift to

higher frequency on going from FeTPP(CS)(py) to FeTPP(CS), ,

indicating that less electron density is transferred from
the me£a1 to the porphyrin in the pentacoordinated complex,
in agreement with the present study. This result was
attributed to the displacement of the iron atom out of the
porphyrin plane in) FeTPP(CS), leading to less favourable
overlap of the Fe dn orbitals and the porphyrin =n* orbitals
than. is the case in planar species such as FeTPP(CS)(py)
[25].

In view of the frequency variations observed between the
IR spectra of FeTPP(CX), FeTPP(CX)(py) and FeTPP(CX) (EtOH)
for a gi{én X, it is of interest to assess the extent of

metal + CX n-back-donation in these various complexes.

[ORREP
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2
While differences 1in carbonyl frequencies can be related to

changes in the CO bond order c(i.e., the energy-fagtored
force field approximation is valid for v (CO) mode§)~ [26],
the Cs and Cse stretching frequencies cannot serve as direct
measures of bond order due to incr?ased mixing of M-C(X) ;nd
C-X s&retching modes with increase in the mass‘of X [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 C-S bond distance
established for a series of thiocarbonyl derivatives [24]
(see Table 2.3). However, a trend in v(CX) values among a
series of related compounds‘can generally be considered to
reflect variations in M » CX g-backbonding. It can be seen
in Table 7.1 that substitution of a pyridine ligand by an
ethanol ligand results in an increase ih v (CX) (X = S}.Se),
indicating that when the trans ligand is ethanol less elec-
tron density is donated to the ‘metal. The higher v(CX) for
the '‘pentacoordinated complexes 1is indicative of a further
decrease in the net electron density at the metal. The
trend in v (CX) frequencies thus suggests thgt the availabil-
it& of metal electron density for n-back-donation to the
porphyrin decreases in the order FeTPP(CX)(py) > FeTPP(CX)~-
(EtOH) > FeTPP(CX). This finding is consi;tent with the
conclusions reached after examination of the porphyrin

vibrational modes in both the IR and resonance Raman

TN
i

spectra.
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An‘attempt was made to <coordinate a CO ligand trans to

CX (X =S8, Se) in the pentacoordinated feTPP(CX) complexes

) (Eq. 7.2, since the frequencies of the v(CO) modes of the
FeTPP(CO) (CX) complexes would provide a quanti}ative measure

of the extent of‘dn electron density transferred to the CX

ligands. )
Kt
FeTPP (CX) + CO £ FeTPP(CO)(CX) (X = S,\Se)  (7.2)
@ The reactions represented by Eq. 7.2 did not take place

even at CO pressures of 20 atm, while the cor?ésponding
g {
reaction of</FeTPP(CO) under less than 1 atm CO pressure

yields FeTPP(CO), [l12]. However, the latter complex under-

Al
i

goes facile CO loss.’ The equilibrium constants for the for-

—~ mation of the monocarbonyl and dicarbonyl complexes by the

-~ w

\ following reactions:

~ ’ “1
FeTPP + CO £—=5  FeTPP(CO) (1.3)
‘ ~
' N ' Kz
. FeTPP(CO) + CO' =—=—5 FeTPP(CO), (7.4)
have been reporteq (12]). K, [(6.6 + 0.3) X 10%] was found

. -
to be much greater than K, (140 + 3) in direct contrast with

. the corresponding reaction of deuteroheme (H) with pyridine

. ’
.
< ¢
5
.
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0
where K, for tq77formation of H(p{g is substantially smaller
than K, for thé\ formation of H(py), [28]. The lower
affinity of the iron atom for CO after bv%nding of one CO
ligand has‘been attributed to the decreased availability of
Fe dn electron density for n-back-donation to CO after for-
mation of%the first Fe~CO bond [l12Z]. This is manifested in
the substantially higher v (CO) val&g for FeTPP(CO), as
compared to that of F?TPP(Cb) (12]. , Since ir 1is well
established that both the CS and CSe ligands are stronger =n-
acceptors than CO "[9], the lack of CO incorporation into the

FeTPP(CX) complexes (i.e., K (Eq. 7.2] < K,) is not

t

unexpected. ' ,

As part of the present study, the !3C NMR spectra of
FeTPP(CX) (X =S, Se) and FeTPP(CS) (py) were recorded. ?he
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) with that for FeTPP(CX)-
(EtOH) reveals 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 !3C NMR spectra of metal chalcocarbonyl
complexes that an upfield shift in the position of a CX (X =
0, S, Se) resonance is indicative of a decrease 1in the

extent of metal to chalcocarbonyl n-back—donafﬁon [29,30].

1
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Table 7.2. 3¢ NMR

o

Chemical Shifts of

s

!

FeTPP(CX) and FeTPP(CX)(L) Coﬁplexes (X = 8§, Se)“'b

[}
-

Complex a B meBo ~ Cym Cyn,Cen Cyn,Cyn Cynm cx

FeTpP(cé)C 146.5 133.1 122,7 141.9 1364,2 127.3 128.2 308.1
FeTPP(CS)(EtOH)d 145.7 132.5 121.8 l4l.§ 133.6 l£%.7 127.6 313.5
FeTPP(CS)(py)® 145.6 132.0 121.2 162.3 & 133.6 126.6 , 127.3 315.4
FeTPP(CSe)C 146.3 133.0 122.7 141.9 134.0 127.3 128.2 305.1
FeTPP(CSe) (ELOR)E  145.8 132.5 122.1 141.6 133.6 126.9 127.8 320.1

‘
i

i
8Chemical shifts in ppm (+#0.1 ppm) relative to TMS.

Assignments adopted from Reference 15,
Chapter 1, p. 43.

“In CD,Cl, solution.
Data from Reference 6;
€In CD,Cl, solution containing

pyridine—dS.

Data from Reference 7; CDC13 salution.

+

CDCl4

solution.
10X (v/v)

~

¢t

)
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o
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Accordingly, the trends in the CX resonances reported above

are consistent with the trends observed in the v {(CX)

frequencies in the IR spectra. The other peaks listed in

Table 7.2 exhibit very small shifts with wvariation in the

axial ligands. In particular, 1t may be noted that replace-
it

i

‘ment of a CS ligand by a CSe ligand in a given complex has

virtually no effect on the 13C NMR spectrum of the FeTPP

moiety.

S
[
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Summary and Contributions to Knowledge

1. Arene displacement from (n-Arene)Cr(CO),(CX) (X = s,
Se) complexes by 1ligands other than CO has been
studied for the first time and has provided a route to
the synthesis of chromium thiocarbonylland selenocar-
bonyl derivatives containing more than one monodentate
ligand (other than CO) or a tridentate ligand. The
reaction of (n-Arene)Cr(CO),(CX) (X = S, Se) complexes
with excess (RO);P (R = Me, Et, n-Bu, Ph) afforded
Cr(CO),(CX)[(RO);P] 3 in high.yield. The products were
identified as mixtures of 1isomers consisting predomi-

C\' nantly of the mer I 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 3*!P NMR spectrum of Cr(Co),(CX)- "
((MeO)3P] 5. Arene displacement from (bz)Cr(CO),(CX) by
the tridentate ligands triphos-U [(Me)C(CH,P(Ph) ,) ;]
and triphos [{(Ph,PCH,CH,),PhP] yielded, respectively,
(tr\iphos—U)Cr(Co)z(Cx) as the fac isomer and
(triphos)C}i’(CO)z(Cx) as a mixture of two fac isomers.

\

2. The crystal structures of the mer 1. isomer’s of

/

(21:(CO)2(CX)[(MeO)3P,]’/3 (X = S, Se) were obtained.(

’ R \ . t

e { ' \‘




3.

« 6.

¢

The 31P NMR spectra of the complexes mentioned in 1
above were recorded. These presented the first oppor-
tunity to compare the 3lP resonances of tertiary phos-
phite and tridentate phosphine ligands cis and trans to

CO0, CS and CSe ligands in Group VIB metal complexes.

Cr(CO) ,(CX) [(MeO) 3P}, (X = O, S, Se) complexes were
found to undergo intramolecular isomerization. The rate
of isomerization was established to be fastest for tHe

selenocarbonyl complex .and slowest for the tricarbonyl

complex.

Activation parameters were calculated for the fac <«—

mer isomerization of Cr(CO)al(MeO)3P]3 and the fac <«

S

mer I isomerization of Cr(CO)z(CX)[(MeO)3P]3 (X

Se).

In one of the few applications to date of two-dimen-
sional NMR spectroscopy in the study of stereochemi-

cally nonrigid organometallic complexes, the intercon-

g

version of mer I and mer II isomers was observed in the
——— —— 1}

2-D NOE 31p NMR spectra of Cr(CO),(CX)[(MeO) Pl (X =
S, Se). Analysis of these spectra established that the
observed processes involved a trigonal prismatic twidt

rather than a bicapped-tetrahedron mechanism.




7.

8.

+any

9 - '

Kinetic studies of arene displacement from (bz)-

Cr(CcO),(CX) (X = S, Se) by (MeO),P demonstrated that

the reaction rate is first order with respect to the

incoming ligand and first order in complex. These
reactions were proposed to proceed by the same ring
slippade mechanism postulated for arene displacement
from (n-Arene)M(CO); (M = Mo, W) complexes. The rela-

tive rates of arene displacement from (bz)Cr(CO),(CX)

_by (MeO) ;P and of fac + mer I isomerization of the
Cr(CO)z(CX‘)_[(I*dgn()).j}?.]3 product were found to be consis-
. tent with tr;e possibility that the fac isomer is the
initial product of the reaction and subsequently iso-

merizes to the observed mer I product.

The rate of arene displacement from (bz)Cr(C0),(CSe) be
(MeO) ;P was found to be faster than that for the
corresponding thiocarbonyl complex. On S\the bas{is of
comparison of the activation parameters c;lculated for
these reactions, this result was attributed to less

crowding in the activated complex in the selenocarbonyl

case,

The effects on the rate of arene displacement from (n-—
Arene)Cr(C0),(CS) complexes of size and nucleophilicity
of the incoming ligand and of substituents on the arene

. . \
were investigated. N

254
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10.

11.

12.

255

The feasibilty of a procedure for estrogen receptor
assay based on the detection by FT-IR spectroscopy of
Cr(CO)j;-labelled modified estradiol bound to estrogen
receptors in target tissue was examined. The sensi-
tivity of the FT-IR measurements proved sufficient for
detection of the metal carbonfl label but not for its

guantitative determination.

‘The FT-IR spectra of (5,10,15,20—tetraphenylporph;h-

ato)iron(1II) (FeTPP) complexes containing axially bound
chalcocarbonyl ligands were recorded. Difference spec-
tra obtained by subtraction of spectra of pairs of

complexes 1in the series FeTPB(iﬁ) (X = 8, Se) and

FeTPP(CX)L (X =S, Se; L = py, EtOH) were examined

in order to assess the perturbations of the vibrational .

modes of the porphyrin ring with variation in the axial
ligands.

/

FeTPP(CX) (X = S, Se) was found not to bind CO at its
vacant coordination site under 20 atm &£0 pressure,

demonstrating a substantial withdrawal of Fe dn elec-

hd
”~

tron density by the CX ligands.
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Suggestions for Future Work

In Chapter 3 of this thesis, an example of the use of
two~dimensional NMR spectroscopy in the study of stereo-—
chemical nonrigidity of organometallic complexes was des-—
cribed. This investigation, which represents one of the few
applications to date of 2-D NMR spectroscopy in organometal-
-lic chemistry, demon;trated that 2-D NMR measurements -can be
emg;loyed not only to establish the occurrence of a chemical
exchange process but also to elucidate rearrangement mech-
:anisms. Accordingly, further studies:'by 2-D NMR spectro-
scopy(’/ of stereochemically nonrigid organometallic complexes
are c{learly worthwhile.

F“urther investigations of the rearrangemeont processes
of Cr(CO)Z(CX)L3' (X = 0, S, Se) complexes should be under-
taken., It would be of interest to assess, throWh the
study of a vax"iety of ligands, the effects of electronic and
steric factors on the equilibrium distribution of Cr(CO)z-

(CX)L; isomers and on the activation parameters for intra-

molecular isomerization. The synthesis of complexes of the

type Cr(CO)2 (CS)(L)ZL' would allow chemical exchange‘betwee%!

fac isomers tqQ be studied by 2-D NMR spectroscopy. The
results of the pres;}ﬁ{ study suggest that interconvension
between the fac and mer I or mer II isomers of Cr(C0), (CS)-
‘\M(MeO)a P}, (X =S, Se) is too slow to be observed by 2-D ilp
y

’ NMR spectroscopy but that the replacement of the (MeO),P

.
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groups by ligands that minimize steric effects as well as
possess electronic ptoperties comparable to those of CX
ligands may accelerate the rates of these processes. In
addition, the application of 2-D l3C NMR spectroscopy in
these systems should be investigated since !3C nuclei in
most organometallic complexes relax slower than 3!P nuclei,
thus allowing slower rearrangement processes to be observed
by 2-D 13C NMR. Such studies would be facilitated by !3C-
enrichment, which could be readily achieved by photochemical
substitution of carbonyl groups by 13¢0 in the (n-Arene)s-

! [

Cr(Co), (CX) precursors to the Cr(Co);, (CX)L, complexe&s.

o
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., Appendix A
Structural Characterization of the mer I Isomer/Q

Cr(CO)_,_(CS)[(HeO)3P]3: x-Riy Dat@' collectioh; ) -

Structure Solution and Refinement )

, -

A

- 'i'he unit cell and. data collection parameters , are
¢ summarized in ‘_ Table A.l. ) W'eissenber‘ga and préces—gion'
photographg sﬁc;wed mmm symmetry and the sy*stemati'c; absqnées:
+ on 051, :5_ = 2n + 1, on hOl, 1= 2n + 1, ;and off hkO, h = 5_:_1_ +
1, ,w!'xich _uniqueiy' define the space group 'Pbca (do. Sf, ,

ng‘r’.).-, T}le accurate unit cell dimensions were obtained by
. ¥ -8

automatic centering of 51 r.e'flections scattered randomly in

(‘~ : reciprocal space in the range 15° < 28 < 25°. The ?o'llov'ring
formulas were used in the data reduction . -
IQ 4 ' ” ” ‘
‘ N 2 /J . ‘ \
l = N'.Bk‘/tb)o i’ 0(I) = [N + B(t‘/tb’z] ’50
we = \' " ) *y
. v ' ¢
2 -
Lp = u\(fsinze J(cos™28, +1). .

(c03228 + coszzem) ' .

jﬂ“

4

The net intensity I is derived from the total” count: N

accumulated during the scan time tg . The background ‘cdunt

[
o
. . 13

4 ' N



. 2:
7’ - ¢« % ! {’7}‘)
- . N s - . °

- s N

: . B was measured for time ty. The Lore%z@-polati‘zation '
- v M - . . " B . . .
. correction Lp is calcdlated for diffraction\Vangles 26, and

286 5 at the monochromator and sample crystals, pespectively.

) . - 1

The structure was solved by conventional heavy atom

. . technigues and refined using the block—-diagonal least-

T

- sguares approximation. In the last stages of the refinement

-
¥

P

all atoms were tjﬁined with anisotropicﬁ_th_ermal parameters.

N A final difference Fourier map was devoid of significant

'

P o r e

features: the highest peaks were about 1% of. the intensity

¥

. "for the last carbon atom found and were randomly located..

&

® . Also, since there appeared-to be no clear indication of .

hydrogen atom locations, these atoms were not included in

the structure factor calcuiations.\

The computet proggams used for the data g;pllect%on,

structure solution and refinement and geometry calculations
1 4 ’ °
o are those contained in thé N.R.C. PDP-8e crystal lographic

-

package [l]." The perspective diagram was prepared by the

Concordia Un*iversity CDC Cyber system. The function

~

minimized in the least~squares refinement was
~ .

’
2

)

Seng . 2

R SRR nan S o o
.
x
B
a

o Yy . '
Zu(|Fy |- |Fe )27 where w = 1/[(a(F))? + 0.0372]..

N
’ .
* ' » v



- - o '7~ R e P . el o
-7 )
’ ) - © " ‘ "}- As
' L)
. . 3 -
1 . ' R (. A .
g‘ ‘i ~ vs . s . ‘. . . s }I
/ * . . -
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"o _ 2, 2 i . .
kK . Ry = Law(lr |-l _D/cle 917 E .
GOF = [zwlltol-!r’;lﬁ/(m-ml* . L ;
: . ! .. 1 \ .
) ' ) %
- o The neutral atom scattering fact‘org and ‘anomalous disp\&'sion
corrections. were taken 'from standard listings [2]. The
observed gn'd calculated structure factors are 1listed in

in Table A.d4.
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Table A.2. The final positional 'parameters a‘re collected

tog)ei-;het in Table A.3. The final thermal pa}ameter's appear
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Table A.l. Crystallographic Data for X-ray Diffraction Study of
- . L . [ - :- -

—t

Ct(CO)z(CS)[(MBO)BP]3 .

" crystal Parametérs i j

-3

-

crystal system 3 orthorhombic calcd density = 1.466 g cm

space'grdgp = Pbca obsd density-= 1.40(2) gucm“3

temp = 295 K . , ‘o
" \ -

Eormula = C12H250L18P3Cr

a =_15.61(1) & 3

*

b = 15.32¢2) &' . -

c = 1888(1) & - : mol wt = 524,0 g iol~}!
- - Fe 4 . " -
v = 4505 &3 , _—
z=8 A °
Measurement of Intensity“ddha' »

. o‘ . ) ’ ' . h ’ " P ,
diféggz?bmeter = Picker Nuclear FACS~l : - :
radiation = Mo Kq .

mogochromator = highly oriented graphijte
dégbctor aperture = 3 mm X 3 mm¥ . .

crystal to _detector distance = 25 cm |, - e

detector = scintillation counter and pulse helght analyzer set for
¢ 100% of Mo Kq peak .t

attenuators Ni foil used for intensities >104 Hz L -

scan type —-coupled e(cryst) -20 (detector), 2.0° min -1

scan length = (2¢) = [1.8 + (O. 692 tang )I% beginning 0.9°below

i -the predlcted peak

.. rotation axis [0 1 O]

reflections measured = +h, +k. +1

min and max 26 = 3.5540.0° : I
stdg every 50 cycles = 4 3 0, 0 0 6, 0 43 - )
variation = +3% (random) - .

number of reflections collected = 2108 .
no. with I > 30(I) = 1453 . s

RF = 5 06 % - . -7 .
= 7.30 % . '
o8F = 1. 19 ,
L A} "‘ /A % 1
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3 ‘Table A.2. Observed and Calculated Structure Factors for’ -

Cr (C0)_, (CS) [ (Me0) PI, (per D)

2
COLURNS ARE 10F0+30FCy 10816

.4 KFO  FC 818 L KFa' FC . 8J6 L XFO FC 816
. © e @ L 11 379 405 18 4 1057 1394 '8
. 2 188 20 N 14 3¢ 331 22 s S0 ., 8
a 172 165 3 1S 664 636 - 16 -6 1500 ‘1441 6
6 2597 2400 S 16 552 SS& 17 - 7 221 270 1%
8 1504 1575 7 » 9 L 9 sS38 S61 10
10 382 325 1 o Sio- 551 11 10 420 434 12
12 7207 1 1 831 791 9 13 284 302 19,
14 319 A 2 716 448 L4 14 4636 595 13
16 &28. 404 14 3 1131 1140 9 15 287 276 26
18- 1364 135¢ 1 4 28y 875 10 18 _230 188 - 30
. G 2 ’ S 784 10 1 2 ~, e
¢ 1515 1438 & 4 3% S¥Y9 11 1 316% 3204
I 4379 4438 10 7 645 BAS 11 2 355 417 s
2 442 4N S 8 1420 1484 10 '3 176 151 13
- % 1426 1398, 4 9 411 421 16 4 1232 1333 [ 4
: 4 1334 14 S 10 -1118 113 11 S 1137 1189 ¢
'S 1283 1220 6 11 244 273. 267 & 13do 13711 &
6 2468 2311 4. 12 36 -307 22 "7 209 232 17
7- 1638 1706 ? 13 463 a81 17 s 83 o s
-8 8% 448 9 x 460 207 13 9 906 947 2
9 503 54% ‘12 15 693 705 16 11 407 457 1
10 825 8 10 9 100" L 13 340 371 18
11, 582 406 12 2 213 238 2% 14 M43 20
12\ 7443 420 13 3 S24 S0y 13 17 ‘812 _788 14
14 ] 5164 3512 14 A 493 732 12 & At B L /
16 | 427 20 s 222 199 23 1 1202 1233 s
17: 420 . 463 ° 19 ¢ 279 253 22 2 %S08 487 3
0 4 L 7 94 1027 11 3 %2 4 ry
o %S s s 11 817 809 13 A 1079 1011 é
1 . 410 347 ] 0r 120 L -5 751 4% 7
2 1127 1097 ¢ o 320 299 19, 4 197 161 14
3 2965 2493 s 2 711 720 13 7 215 178 12
4 2173 2001 6 4 322 Ry 22 ‘8 703 4% ’ .
S 1121 10% ? S 407 424 19 9 592 398 10
¢ sSa3 32 10 4 201 . 134 3} 111187 1192 10
? SI0 SA3 M 7 424 43y 18 14 298 299 20
Y11 344 351 16 "8 744 14. 1S 425 A1S 7
13 .é94 725 13 .9 263 . 243 24 : e 4 L
14 3. 234 26 . 10 425 43¢ 16 © 1 351 3543 7
1S 327 3 22 e 149 L 2 933 853 /3
164 414 A 21 -0 233271 30, 3 1699 1414 é
17 339 17 3 A7 3e 18 . -4 1035 1008 . &
~0r 6y L A 241 320 32 s 376 392 10
0 814 484 ? s 208 169 33 -6 1352 1398 7
1 84 %2 ? : v 0 L ‘ 7 590 409 ’
2 342 11 2 o145 4544 0 8 379 39 13
31812 1789 ? s 848 3 y 339 586 i
4 17 s ¢ 2074 1816 4 10 243 27} 19
S s41 y s 874 891 8 11 179 169 28
64 1377 130 8- 10 644 714 . 10 12 602 595 13
7 4 2 - 1y 1s L 13 194 29
8§ 453 S0 13 .1 118 287 14 14 468 470 14
e 211 214 22 2 1543, 1454 A 16~ 302 492 17 -
.10 706 12 3 1193 1213 4 17 478 450 . 18
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r(CH30)3PI3 CR (COY2 (CS) : . . PAGE 2
CULUMNS ARE 10FDs10FCy 10SI6 - N
L KD FC . SI6 L KFO  FC §J6 L KFO  FC - SIG .
Ly 'Se L , S 619 402 32 10 743 703« 10
: 1 282 315 12 9 401 578 13 12 745 783 11
. 2 1133 995 6 11-° 399 373 17 £3 614 440 13
a 3 L2872 297 12 13+ 393 431 2t 14 612 401 13
4 353 3% 11 14 308 353 26 1S 230 2% 29
‘ . S 350 341 11 _ 12 10y L 1€ 450 434 17
6 184 17 22 2 340 358 1?7 P25 L
9 552 389 11 ¢ Sg0 60l 13 0 2426 2149- {
/12 357 3M3- 17 S 1085 1094 113 1 670 7% s
14 497 S06 15 . 6 718 718 A3 - 2 1274 1178 s
© 1% 21 165 28 7 1677 1070 11} 3 236 259 11 -
1. 6r L 9 703 718 ° 13 4 190S 39 s
, 1 18427 1330 7 M 940 985 . 13 S 1087 13132 6
’ 2 1076 107% -7 12 405 399 20 6. 1583 13406 - &
I 329 299 12 13 619 612 . 16 7 88% 945 8
: 4 852 837 i 1, 11e € - .8 381 382 12
s 925 970 8 A A4y A32% 14 9 396 I 12,
. &6 A7 249 17 S S43 572 ' 1S 10 258 264 17
7 791 843 10 & 282 279 . 23 11 1195 1240 10
8 379 ALl 14 7 220, 196 29 12 578 595 13
9 - 204 _ 269 19 8 397 414 20 . 13 242 23) 24
. 11 7022 746 12 i VIR ¥ I 14 217 273 28
12 483 493 13 A 332 21 1S 548 538 13
13 ‘917 89 12 . S 1139 1168 12 16. M5 4l 19
‘ 14 741 229 14 6 461 466 17 Y PR -
C 167 A0 412 2t 7 307 319 24 0 0869 897 s
- 1y 74 8 333 - 28 - 1 202 13
. 1 246 2% 15 9 384 1375 21 2 746 M ;
3 341 301 13 10 3352 373 23 I 8 300 9
- 4 436 A8 12 tw 135 L 4 321 250 10
S S04 515 - 11 -2 304 333 24 5 1442 1406 s
.7 228 215 2. + 2135 287 33 4 1155 1038 ?
- . 26 20 24 - ¢ 272 298 27 8 788 800 9
10" 245 202 22 4y 149 L 9. 726 737 - 10
12 240 281 26 3 234 31 32 10.0 509 355 12
- 14 511~ S08 17 2, 0 L 11 . 405 422 13
1» Bs L 0 3106 3342 & 12 3178 385 17"
821 &Y 10 2 436 439 S 13 422 406 16
2 494 - 713 - 10 4 1798 1624 S 14 432, M43 17
¢ 827 739 10 329 365 . 12 IS 425 188 17
S 3586 563 11 10 719 4964 10 16. 430 . 449 18
& 921 93 10 12 1264 1253 10 2, 4 L
7 S05  s08 13 14 213 - 28 0o 328 o9 9
8 396 37 14 18 709 704 14 1 1083 1153 3
. r 9, A4S0 444 1% $20 1s L ° 2 '269 363 11
L1080 263 271 2] 0 1540 1583 4 3 1182 1040 s
12 1204 123t 12 1 573 600 4 "4 282 282 12
13 . 388 _ 17 19 2 S02 408 s .S ;oos 924 7
- 14-% 557 " 540 17 I 537 474 6 6 1446 1421 7
\ - év' w? L V932 797 s .7 ‘170 14 21
1 © 386, 14 s 783 782* & e s 73 > 9
2 706 715 10 5 S36 496 ) 9 57 548 .11
‘ 3 187 247 27 7 963 1033 10 821 846 10 °
L 4 451 481 11 . 9 15 173 25 117 357 372 14
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C(CH30)Y3PII CR (COH2 (CS) .
COLUNNS ARE 1OFO0.10FC» . 10516

L xFO FC S16 L KFO FC
—2v % L 13 358 1
12 400 428 14 14 549 519
13 443 - 460 16 2¢ 9 L
14 72 709 13 0 870 883
1S 28 282 24, 2 178 a0
16 618 598 14 3 769 752
.17 443 43S 17 . 4 784 \180
2, S» L . & 41S 422
0 2246 1877 b 7 547 531
1t 895 863 7 8 238 U3
2 1182 1022 - ? 9 322 354 .
I 919 8724 7 11 476 495
4 1374 1356 7 12 240 265%
& S02 474 10 14 200 126
7 464 406 11 2 100 L
8 329 344 15 0 397 Y99
10 808 776 11 +1 366 346
ti 947 960 11 2 391 40l
15 Sé1 524 15 3 388 412
16 205 214 - 34 4 923 959
) 2v. &9 L S 359  S5A%
1 478 709 8 -7 860 1848
2 437 430 10 9 347 _"3a4
'3 899 840 8 1t 282 242
4 1722 117 21 2y 1) L
S - 1% 126 24 o S722. 547
~ 7 9 940 - ¢ 1 390 a1
" 10 0 401 15 ¢ 331 1§7
11 S38 537 . 13 3 803 800
13 328 320 21 S 427 480
14 445 472 18 & 734 723
13 370 Séi 16 10 494 470 .
2y-7y L 2 12» L
0 2143 1961 7 o 1099 1098
i 522 556 10 2 3s8 0
2 271 244 15 3 596 380
I 925 876 o 4 709 737
4 1059 1049 ’ S 283 264
5 279 241 16 7 308 a4
& 191 198 24 8 459 444
7 302 09 17 29 13 L
8 628 426 11 0 433 478
10 633 847 12 3 2724 258
14 ° 472 477 . 17 s 280 Ji4
. 2» 8 L 7 444 A8
- 0 %38 360 11 ‘22 14
1 176 123 22 1 704 N
2 498 488 11 i 3, O
3 380 4A16 14 2' 160 ]
> 4 7989 844 10 4 - 174 160
S 172 ‘197 25 6 4SS 491
é 30 313 15 8 4839 407
L] 02 497 12 10 557 432
10 1y 12
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\£ (CH30) 3P 13 ER 1 €(C0)2 (CS) p . PAGE 4 ‘
CHID) SOLUNNS ARE 10F0,10FC, 10816 ’ . e :

KFi \F(; SI6

- KFO - FC ws,m L KFOD FC. SIf L N
Ey 4, L 9 428 . ‘463 14 12 . 300 . 286 20 -
5 922 924 8 10 258 303 24 16 549 %66 17
& 274 326 14 12 S73 544 1% \ A4 1s L . ‘
7 S47 524 10 3, 90 L 0 730 .729 & . N
8 324 316 14 2 882. 903 - 10 £ 132 183 18 /
9 340 405 15 3 853 . 8187 1o 2 724 744 . é
1f 594 593 13 4 716 117 11 . 3 1904 {629 5
12 750 750 12 S 749 727 11 4 147 241 . 18
13 758 792 12 Yy 527 522 14 s 870 883 7
14 443 430 14 7o 277 243, 22 6 . 666 594 8.
15 292 355 26 ® 609 401 14 - 7 1444 1498  8.°
16 379 367 20 10 202 130 29 B _418 ° 4483 11 .
30 50 L 11 22% 199 28 10 . 882 893 ..10
- 2 1113 110§ 7 12 323 335 .23 11 1327 1302 -10
I 430 "548 - 8 13 . 205 205 34 17 <+ 868 858 11
4 699 659 8 .3, 104 L 13 470 455 13
s  17% 19¢ 21 1 90 194 14 14 752 720 12
& 3I77 403 12 2 47 412 15 15 . 419 410 . 17
N 8/ 383 378 14 3 464 479 1% 17 266 298 26
9 1927 1920 9 ., 4 347 364 18 . 4. 2% L .
1g 275 26K 19 S 523 545 14 0 872 827 & .
1 311 326 20 6 805 802 12 . 1 2008 1921 S. »
13 S07 560 .35 7 700 710 14- - 2 °89¢ 520 . & .
15 529 564 17 g 769 810 13 C3 281 - 229 12
3, 6» L AN ] 328 24 4 1001 '99¢ 2 o
1 455 a3o0 .10 10’ 391 408 19 § ¢v0, 885 2
2 95% @51 8 12 230 218 30- 4, 3%8 192 g
3 361, 319 12 L3 11, L 7 200 213 - 18 . »
4 . 919 953 9 121 147 24 & 296 305 . 1%
5 319 362 13 2 {066 1058 11 12 326 309 19 .
6 202 218 20 I 346 128 iy - 13 201 . 189 29
-7 376 389 14 4 58)_ 575 14 16 271 281 24
8 213 170 22 6 2697 274 25 17" A5 444 1s %
12 350 388 . 20 .8 448 444 18 A 3 L
12 7203 650 14 Ir 125 L - v 0 2798 2471 s
14 857 482 15 2 951 - 942 12 ; 458 530 . 8
3, » L 4 410 402 19 W2 . 870 701 7
1, 502 484 1t 5 497 476 +- 17 J..1085 1044 &
2 S?7. 565 . 10 6 664 645 14 4 1203 1179 7
( 4 332 342 14 7 681 708 15 6. 258 279 14
S 12354 11460 9 3y 13, L 7 274 351 1%
8 432 439 15 1 659 645 - 15 g 1522 1611 -
9 273 238 20 2 294 326 21 10 1044 973 f0. ™
10 S48 58S 14 S 557 440 14 11 1224 1262 10 °
11 215 201% 27 Iy 149 L, 12 964 593 14
13 35¢ 323 20 1 415 435 - 20 13 258 259 23
1t 2609 138 20 3 464 472 19 . 14 . 842 807 , 12
15 228 244 31 4 298 Yoo 24 15 S34 5427 17
. 3s 8, L 4y Oy L 14 - 247 372 22
\ 1 490 494 i 2 3494 3492 5 4, & L -
2 4318 575 19 4 1993 1878 é 0 346 302 11
'3 267 282 18 6 302 _ 261 12 1 1089 9;2 &
6 1075 1082 $0 B 414 ~ 485 10 3 926 872 7 ,
7 396 406 14 10 576 549 129 6 172 192 23 .
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L(CH30)3PI3 CR (CO)2 (CS) PAGE
COLUNNS ARE 10FD,10FC, 10SI1&
L KFD P SI6 L KXFO FC 516 L KFD FC 816
4 4 L 14 313 298 24 S 795 856 8
7 836 650 10 4, 9, L 6 600 647 9
13 30v 296 © 22 -0 1182 1143 9 7 1099 1073 8
14 260 234 26 1 8%y 823 10 8 533 St 11
15 855 874 13 3 857 810 11 § 1411 1478 9
16 207 232 35 A4 357 385 ¢ 1B 10 949 918, 10
& S L S 1048 1055 11 12 815 843 172
0 1187 100S ? & 424 573 13 13 354 509 14
1 791 801 8 7 438 436 15 14 608 617 15
2 1467 1413 7 8 356 355 17 1S 383 406 20
3 637 429 9 . As 100 L . 15 495 481 17
A 924 906 8 3 198 231 29 17 414 396 22
s 904 957 9 4 - 204 245 3 B S, 2, L
b 207 277 21 S 448 444 16 ' 1616 1442 6
7 749 755 10 b 506 Si14 18 2 1945 1890 &
9  S85 S7¢ 1] 7 295 322 23 3 1490 1423 6
10 330 334 17 9 302 327 23 4 1844 1711 ]
11 956, 973 11 12 324 348 24 5 S30 540 10
12 248 272 25 4y 11y L 7 176 238 22
13 321 325 o1 0 1261 1258 11 8 953  90s 9
14 5027 491 16 1 424 62 17 9 484 503 12
15 40?2 400 21 2 255 260 28 0 563 549 12
16 725 733 14 4 1022 1025 12 1 447 456 14
4, by L 5 328 356 20 3 394 383 19
0 1900 3800 7 7 345 329 20 15 402 380 20
1 622 570 9 8 25Q 226 27 5, 3 L
5 1115 1058 9 9 204 207 12 1 1180 1050 6 -
8 307 309 17 4, 12, L 2 1508 1505 é
S10- - 325 331 18 0 735 )44 13 3 393 347 10
12 347 325 19 1 448 432 17 4 1045 971 7
13 211 203 30 I 445 Al 17 5 297 27% 12
4 7. L 5 270 271 25 5 845 885 9
0 191 2% 23 7 S88 594 15 8 682 687 10
3 510 515 12 4y 130 | 9 1155 1145 10
4 1940 1923 R 0o 300 278 24 10 983 974 10
s 781 796 10 1 419 376 19 11 257 314 23
& 229 231 21 3 801 794 14 12 214 234 26
7 446 442 14 4 28y 318 24 13 573 579 14
8 944 954 11 s 332 318 22 14 479  4éé 19
9 lsa- 321 17 7 222 209 33 . S, 4 L oo
‘14 578 545 14 4y 14, L 1 639 593 R
15 485 454 18 1 447 483 20 2 266 291 14
4, 6, L v 0y L - 3 611 407 9
L0 299 283 17 2 881 889 ? 4 408  Iva 11
1 264 268 16 <4 2147 2101 6 S 745  7%9 9
2 38 312 19 9 385 332 13 7 516 55 12
4 779 730 11 10 1424 1495 9 8 496  S00 12
§  $%2 557 12 12 1171 1163 11 9 392 373 15
& S77  S74 13 14 441 190 17 10 205 227 27
7 Jos 281 18 16 634 422 14 12 309 303 20
9 204 144 27 s 1, L 13 484 4AS? 14
10 521 562 15 2 970 1043 5 'S) S¢ L
12 234 249 30 31 1332 1234 6 1 1048 1041 . 8
13 219 171 1 - 4 729 7138 7 2223 214 17
~/
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C(CH3INIPII CR (CO)2 (CS) PAGE ¢
COLUMNE ARE 10FD,10EC, 10816 X
L KFO FC SI6 i KFO FC 816 L KFO FC 816G
S, S¢ L 7 596 562 14 8 -S38 489 11
3 1314 1237 8 8 438 40 17 9 425 432 14
4 217 704 9 §3 348 313 . 23 10 484 4AS? 12
6 296 279 16 S, 10y L 12 335 335 19
9 134F 1304 10 1 409 362 16 14 260 196 24
10 257 238 22 2 523 497 14 15 363 352 21
11 737 761 13 I 299 314 22 & 3y
12 254 246 26 4 345 J23 - 18 0 1385 12%0 7
13 488 444 17 S 342 324 19 1 3210 1201 ?
14 264 244 26 7 566 596 19 3 1124 1074 8
15 3542 530 16 8 282 2% 23 4 483 521 10
5, 6¢ L 9 389 348 20 7 326 300 fa
1 364 346 13 Sy 11 L 8 - 458 434 13
2 683 473 ’ 1 432 412 16 10 288 33) 20
4 S73 450 11 2 898 874 12 12 381 3725 19
5 Sé6b 549 11 & 561 856 16 13 208 199 29
7 399 377 54 2 201 134 30 14, 345 354 22
8 363 357 16 » 271 280 26 15 3v2 392 19
9 833 818 1 Sy 129 L 6y 4y L
10 817 849 12 I A9 a52 18 1 Sé62 490 9
11 460 490 16 4 246 221 32 2 408 35S 11
12 874 8246 12 6 430 456 19 } 815 837 9
13 428 412 17 8 289 267 26 s 182 219 22
S 7y L S, 13, L 2 S8 S71 .11
1 344 399 14 1 478 440 19 11 1083 1110 11
2 1485 14486 y I I93 404 20 v 5S¢ L
I 721 449 10 S . 592  S49 17 0 328 306 13
4 311 286 1S &, 0y L 2 .243 234 17
S 498 458 11 0 1497 1539 é 3 319 273 14.
6 1549 1504 ’ 2 2477 2416 é 4 1043 1028 ¢
7 408 440 16 4 488 8 'S 270 763 10
8 276 273 20 6 1004 1012 8 6 437 A47 13
.10 748 800 12 8 585 975 11 7 31229 1264 10
11 226 271 30 fo 283 279 20 8 532 S20 13
12 486 477 16 16 507 A4 18 9 307 334 19
. 9y 8y L 6 1s L 10" 26% 222 22
1 289 305 18 Q@ 1198 1143 é 11 966 981 12
.2 384 335 14 2. 227 29 12 12 403 395 19
3 443 4SS 14 3 884 908 8 13 277, 265 25
4 370 359 1S 4 881 841 8 15 323* 354 24
s 231 220 24 405 544 9 6 b&» L
& R0S5 694 12 1426 1497 ’ 0 843 025 °
9 344 357 20 ? 841 806 11 4 940 918 10
10 785 793 13 1 1074 1076 10 8 =313 338 19
11 24% 270 24 1 710 724 12 g 203 175 26
-~ 12 379 376 20" 1S 406 564 15 10 S99 401 14
13 S12 496 17 & 2 11 313 330 22
16 433 4llL 19 O 1690 1447 3 12 428 653 15
Sy 9 L 1 438 4346 10 . bv- 79 L
1 1284 1253 10 2 . 220 1683 14 0 J&2 351 16
2 ASS 442 15 3 1475 1342 7 2. 1226 1196 9
3 785 785 11 4 S40 5% 9 3 o 938 10
4 268 3089 24 s 379 388 11 .4 1098 1095 G 10
s 898 89S 11 6 154 144 24 8 391 428 17
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All
[ (CH30)3P I CR «c‘nn «cs) PAGE ¢
COLUNNS ARE 10FD.10FC, 10SI6 , )
L KFO FC SI6 1 KFO FC  SI6 L KfO ¢C SIG
s, S¢ L 7 396 562 14 B S38 489 ~ 11
3 1314 1232 8 8 43¢ 430 17 9 425 43?2 14
a 7217 704 9 13 348 313 23 10 484 AS? 12
6 296 279 1é S, 10y L 12 335 335 19
9 134F 1304 ) 1 409 362 14 14 260 196 24
10 257 238 22 2 52 497 14. 15 363 352 21
11 737 7613 13 X299 314 22 Ay 30 L
12 254 246 26 4 345 I 18 0 1385 1250 7
13 468 444 17 S 342 324 19 -~ 1 31210 1201 7
14 264 244 26 7 566 596 15 l 1124 1074 8 '
15 3542 530 16 8 287 290 23 4 483 521 10
S, &9 L 9 389 348 20 7 326 300 14
1 364 34é 13 s, 11, L 8 ASH 436 12
2 683 473 ’ 1 432 412 16 10 288 333 20
4 S73 450 11 2 898 874 12 12 361 325 19 ° ,
5 5846 549 11 6 561 556 14 ” 206 199 29
7 399. 177 Y ) 7 201 134 30 345 354 22
8 363 357 16 8 221 280 26 15 392 392 19
® 833 818 11 vy 12, L 6 4 L
10 817 849 12 3 439 452 18 1 S82 490 9
11 440 490 16 4 216 221 32 2 406 355 11 |
12 874 826 12 & . A0 454 19 3 815 837 ’ |
13 428 412 17 8 285 267 26 182 219 22 ;
‘ Se 70 L ) 13, L 7 585 371 11 ‘
1 344 399 14 1 478 460 19 11 1093 1110 11
2 1485 1446 ] 3 393 404 20 &, Se L
I 721 449 10 S 392 549 17 0 328 306 13
4 311 286 1S )y Oy L 2. 24 23% 12
H 98 458 11 0 1497 1539 é 3 31y 273 14
6 1549 1504 ’ 2 2477 241% 3 4 1043 1028 9
7 408 ' 440 16 4 488 440 8 s 770 7632 10 |
8 276 \273 20 & 1004 1012 8 6 437 a47 13 '
10 768 [800 12 8 %65 9575 11 7 1229 1264 .10
11 228 1271 30 1o 283 279 20 8 532 S20 13
12 486 A77 16 - 16 507 464 18 9 307 338 19
Sy 8y L b 19 L 10 269 222 22
1 289 305 18 0 1198 1143 é 11 966 981 12
2 384 335 14 2+ 227 219 12 12 403 395 19 .
3 443 A5S 14 3 884 908 8 13 277 245 2%
4 370 359 1S 4 881 841 8 15 323 354 24 !
s 231 220 24 ‘s 405 544 ’% 6r by L |
& 205 694 12 8 1426 1497 (’ 0 8463 025 ® ,
? 344 357 20 ¢ 841 806 11 4 940 918 10 ,
10 785 793 13 10 1074 1074 10 8 313 338 19
11 26% 270 24 11 710 724 12 9 203 175 28
12 379 376 20 15 606 544 15 10 S99 601 14
13 512 496 17 v 11 313 330 22
14 433 ail 19 0 1690 1647 4 12 628 653 15
S, 9 L 1 A8 4lé 10 6e 70 L
1 1284 1253 10 2 22 183 14 0 382 351 16
2 ASS 442 15 3 1475 1362 7 2 1224 1194 9
3 785 785 11 4 S40 514 9 ] 910 938 10
4 268 308 24 s 329 388 11 4 1098 1095 10
S 898 89S - 11 6 154 144 24 8 391 428 17
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! C(CHI0)IPII CrR (CO)2 (CS) } PAGE 7 -~
COLUNNS ARE 10F0.10FC.  10SI6
{ KFO FC SI6 L XFO fFC  SI6 L KFO FC  S16
6 7» L 10 4354 476 14 2 %S 954 9
10 447 467 17 12 442 459 14 3 I 3@ 18
17 S35 S0% 16 14 490 121 15 S 95 97 10
14 723 728 13 16 331 3N 24 6 908 911 10
é& B8 L 7 5 L 7 797 .798 11
o 0 13580 1484 9 1 817 392 14 8 862 85 11
1 513 517 13 - 2 1452 1476 7 - 9 447 b4 33
2 740 744 11 3 424 443 11 A1 192 150 J1
3 S12 492 14 4 196 292 20 13 483 488 14
s 233 233 24 S 158 115 23 7, 6» L
7 . 408 432 17 6 395 370 i3 1. 647 473 11
8 791 799 12 7 237 247 3¢9 3 Jo2 298 18
10 399 357 19 8 549 (61 11 4 527 A58 12
11 670 485 13 9 845 893 11 6 366 342 14
6, 9. L 10 411 419 & 15 9 8&4 843 12
0 1007 1001 11 12 354 337 VT A8 10 502 A4 16
2 360 334 17 15 250 280 28 11 45 488 17
I 985 993 11 16 479 489 19 13 224 208 "I}
S 473 491 15 70 2y L 14 347 21
7 787 797 13 ,1 590 383 9 v 7y L
9 261 265 24 2 296 273 14 1 401 378 14
11 S31 527 17 4 401 026 12 2 408 388 15
12 245 238 29 s 882 911 ¢ 4 542 544 13
_ 8110, L 6 263 03 17 S 248 217 22.
0 681 647 13 8 423 414 11 & A% Soi 14
1 .785 808 12 9 269 21 g 713 756 13
2 272 212 21 10 543 3580 13 8 507 479 15
3 S20 530 15 11 456 43S 15 10 . 263 257 29
S 318 308 22 13 336 32 21 12 715 743 15
7 419 419 19 14 236 185 27 v 8y L
L9 222 2%% 32 7v 3 L 1 437 431 15
10 269 250 27 1 512 .9 10 2 691 488 12
6y 11y L 2 1172 1202 8 & A58 429 16
2 287 27 24 3 1338 1327 8 7 279 289 13
4 390 358 18 .4 205 199 21 8 495 731 14
5 307 338 23 6 236 257 19 10 4931 708 14
¢ 435 414 . 18 ° 7 602 435 12 11 29 294 23
) 212 195 34 8 1128 1176 10 12 317 284 24
8 207 180 33 ® SR3 579 13 ' 9
&8s 120 L 10 228 249 25 1 sl &5 13
0 288 276 23 11 225 249 25 3 01 S0% .1
1 463 410 17 13 - 550  35¢ 15 4 836 854 14
3 224 184 29 v 4 L S 345 318 19
4 458 470 18 1 277 286 15 s S0 A97 18
& 4722 479 1S 2 544 13 10 7 240 280 28
) - 235 303 34 3 832 908 ' 9 494 481 16
6 13, L 4 365 189 14 7v 10y L
2 239 230 30 S 925 914 10 - 2 312 275 21
3 576 S54 17 9 93 - 932 i1 S 483 491 17
4 293 276 27 11 260 261 23 6 I 416 19
?r 0y L - 14 226 242 30 7 285 281 26
2 7206 792 4 1S 489 519 18 B 482 474 12
4 1540 1571 8 7 S 9 491 S09 18
8 231 254 22 1 839 6% 10 7011 L
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L(CHIOIPI3 CR (COY2 (CS) . . PAGE 8
COLUMNNS ARE 10FD.10FCy . .10SIH .

L KFO FC sIs L KFD FC SI6 L
79 11y L .8 4% 697 13 A 399 398 18
1 280 272 23 9. 598 602 14 § \233 209 29
6 2% 228 28 12 >243 204 26 6 23 sa1 14
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Table A.3. Final Positional Parameters for

Cr ¢CO)

Standard Deviations

02
c3
03
o1l
cll
012
c12
013
c13
021

. €21
022
c22
023
C23
031
c3l
032
c32
033
c33

2

Y

P AN l
0.19911(;;\\\/ 0.38303(9)

0.32792(15)
0.23895(15)
0.07087(15)

> 0.,1663(5)

0.13294(20)

0.2478(6)
0.2780(5)
0.1580(6)
0.1317(4)
0.3437(4)
0.3014(7)
0.4058(4)
0.4958(6)
0.3613(4)
0.3648(7)

©0,2931(4)

0.2585(7)
0.2993(4)
0.3387(7)
0.1675(4)
0.1101(7)
-0.009764)
~0.0444(7)
0.0238(4)
0.0672(7)
0.0683(4)
-0.0101(6)

0.41733(16)
0.44281(15)
0,33602(16)
0.3483(5)
0.32226(20)
0.2782(6) -
0.2140(4)
0.4919(6)
0.5600(4) .
0.5118(4)
0.5356(8)
0.4123(4)
0-.4274(7)
0.3626(4).

" 0.2686(7)

0.3858(%)
0.3154(6)
0.5250(4)
0.5691(7)
0.4755(4)
0.5445(7)

‘0.4015(4) "

0.4313(7)
0.2580(4)
0.1753(7)
0.3071(4)
0.2719(7)

(CB)[(Ma0),P1y (par I) .and Their Estimated

0.38742(7)
0.43546(12)
0.27786(12)
0.34657(13)
0.4733(5)

0.54977(1%)

0.3610(5)
0.3418(4)
0.4097(S5)
0.4251(4)
0.4690(3)
0.5336(6)
0.3830(3) -
0.64062(6)
0.5018(4)
0.4986(7)
0.2242(3)
0.1832(5)
0.2876(3)

*0,2268(S) .

0.2239(3)
0.2413(6)
0.3464(3)
0.4122(6)
0.3858(3)
0.4016(6)
0.2664(3)
0.2333(S)

Al7

2.43(7)
2.82(11)
2.67(11)
2.81(1))
2.9(4)
5.17(15) .
3.1(4)
5.6(4)
3.0(4)
4.8(4)
3.8(3).
6.0(6)
3.5(3)
5.2(6)
4.5(3)
6.0(6)
4.0(3)
4.9(6)

"3.6(3)°

5.1(6)
3.7(3)

5.1(6)
, 4.0(3)

5.6(6)
5.2(6)
3.6(3)
4.5(6)
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'{ISO is the arithmetic mean of the principal axes of the

thermal ellipsoid.
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Table A.4. Final Thermal Paramsters for Cr(CO),(CS)((He0)Ply

-

B4

-

¢@er 1) and Their Estimated Standard Deviations

a3s3
c33

LS

uil

2.76(8)
3.14(14)
3.30(14)
3.07(14)
3.1(%)
7.88(21)
3.2(%) .
8. 1 (%)
3.8(48)
6.7(5)°
4,14y
7.0(8)
2.9(4) "
2.8(8)
4.7¢4)
6.75(7)
5. 1(4)
8.0(8)
4.4(4)
B. 4(8)
5. 1(4)
5. 5(7)
3.8(4)
5. 6(7)
4.4(4)
7.2(8)
4.1¢4)
5. 4(6)

{

uz2
3.07(9)
3.88(1%)

3.40(14)

3.58(14)
3.0(%)
7.55¢21)
3.5(68)
5.4(%)
3.4(8)
4.4(4)
4.9(4)
8.7(9)
5.0(4)
7.9(8)
6.6(5)
S.5(8)
4.9(4)
5.0(7)
4.8(4)
5.6(7)

" 4,7(8)

i
\

v

S$.7(7)
3.8(4)

. 4.3(8) -

4.9(48)/

Y AVe

3.3(4)
6.4(7)

u12

u1s
"0.08‘7)
-0.37(12)
0.135¢(12)

uss

3.41(8) 0.04(7)
3.71(1%) ~-0.08(12)
3.47(13) ~0.00(12)
4.02(14) -0.09(12)
4.9(6) -0.6(4)
“4.23¢17) -0.85(17)
5.1(6) 0.9(4)
7.6(5) 2.1(8)
4.2(6) -0.0(5) .
4.9(3) 0.7(4)

4 5.4(8) -0.9(3)
7.1(8) 0.7(7
-4,5(4) 0.4(3)
9.2¢9) -1.1(4)

. 5.7(8) -1.3(4)
10.9(9) 0.3(&)
5.1(4) 0.0(3)

s 367D . 0(8)
5.3(7) ~2:8(7)
4,.2(4) 0.0(4)
8.3(8)’ 2.1(8)
5.5(4) 1.1(3)
8.2¢8) 1.5(6)
5.3¢(4) -1.4(3
7.7(8) -1.0(8)
4.4(8) -0.4&(3)

-

-0.9(%S)

0.88(168)

-0.4(%)
-1.0(4)
C.3(J)
;1 O.8(48)
0.3(3)
Q.7
~0. 7(6)

:"'30 3{7)

- Os9(4)
2.2(6)
-1 .5(4)
~0.3(3)
2.7(7)
-0.1(3)
-0.4(7)
0.3(3)
~-1.6(8)

. —%
a !, . . ) /2-/
~ _All the UIJ values have been multiplied by 100.

Als

U2y

0. 15(?)
0.18(12;
0.04(12:
0.49 (13!
~0.1(3)
1.01 (16!
0.0(3)
_697“4)

‘=1,4(3)

-1.4(4)
~4,.3(7)

-0.7¢(3)
-1.9¢(
1.7¢4

3.9¢(7)
=1.1(3)
-1.7¢&)
0.0(3)
2.0(4)
0.5(3)
-0.2(7)
' 0.2(4) °
-1.6(7)
1.1(3)
0. 5(4)
=0.7(3)
-0.9(&)
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Appendix B -
Structural Characterization of. the mer I Isomer of @

CrlCO),(CSé){(MeO)-;P]3= X-Ray Data Collection,‘'Structure

Solution and Refipement

) - ¢
. v . \
Table B.1. Crystallographic\ bata for X-ray Diffraction Study of

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

"Crystal Parameters , —
crystal system = orthorhombic . *
gspace group = Pbca ' .caled density. = 2.396 g cm~ Y
a = 15.483(3) & ~ - temp = L8 K. ¢ O
. .
b = 15.213(5) A formula = clzyz-,olleep:;Cr
= 18.997(3) &’ - _mol wt = 570.9 g mol™}!
V = 44746 &3 c .
-z = 8‘ . N L - . . ' . .

-~ @
o

Measurement of Intensity Data a:ﬁd Structure Solution

Enref—Nonius CAD-4 diffractometer at 118 K, coupled to a VACS SDP
computing systen

lattice ri)arameters by least-—squares refinement of tS"qediun-angle
settings -

range of hkl: h 0-16, k 0-18, 1 0-22

w/28 scan

~graphi te-monochromated MoKa radiat ion,

4 standard reflactions (2 26, 00 10, 4 6 0, 8 0 0): 1% variation
(72.1 h exposure) . '

4398 unique reflections measured, 3091 with I > 3¢ (I) used .

intensities corrected for Lérentz and poldrization effects and for
absorption

‘structure solved by Patterson and Pourier methods, -/ full-matrix
least'~-squares anisotropic refinements (254 variables) with,
‘the H atoms being inédluded in the .structure factor
calculations but not refined )

Rp = 0.042
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Values af 10AFobs amd 1GAFcalc Page 1

b= o

L fots Fcale Si149F

- -——— - -

X
=
"
I
[

Foos Fcalc Sigf

Fobs Fcalc Si9F

-_—— v ———— -

=*
<
-~

Fobs Fcalc Siaf

1
[}
)
)
1
i
i
1
i
]
1

s41 573 16 587 696 °

¢ 0o 2 2 0 4 9 010 0 737 699 3 9016 1 573 615 9
0 0 4 195 250 5 0 417 - 821 829 7. 010 1 379 369 7 016 2 433 440 11
o 0 & 2717 3106 10 ] 4 18 - 952 949 ? o 10 2 661, 642 S ‘"0 16 3 606 638 8
o o 8 364 344 ] 0 419 1054, 990 7 010 3 1328 1405 4 016 5 1100 1178 6
0 0 10 1327 1435 4 0 4 21 608 569 10 010 4 862 850 5 016 6 122 1330 6
0 012 879 957 t 4 o 4 22 855 7350 9 010 1013 1082 S 016 9 771 784 <]
0 0 14 °aGe 678 5 0 &6 0 126 129 12 010 6 598 585 6 0 16 10 284 3ol 18
0 0 16 147 - 116 B! 0 6 1 1202 11IS 3 010 7 716 73s € 018 ¢ 320 344 17
3 0 18 2785 2642 S %o & 2 1181 1175 3 019 8 881 910 ] org 1 297 323 vz
0 40 22 3q¢ 330 13 0 6 "3 2531 2597 3 010 10 671 714 6 1 0 0. 81 0 3
-1 6 ° 8 0 3 0 6 4 1241 1219 3 0 10 11 699 691 1 0 1 143 Yoo 2
0 1 1 137 0 3 "0 6 6 1054 1147 4 0 10 12 354 aer 1 1 0 2 2851 2864 6
0 5 0 379 T 366 2 o 6 ?7° 208 197 .9 o 10 13 776 790 7 1 0 4 109 114 3
0 21 3118 3236 ° 6 0 6 8 1430 1562 4 0 10 14 S41 S24 9 1 06 2489 2737 10
-~ D 2 2 1060 1098 2 0 6 10 ¥ 1384 1411 G 0 10 15 1372 1379 6 1 0~\§ 8l6 902 3
0 2 3 711 T30 2 0 612 140 129 19 0 10 16 770 764 7 ¥ 0.10. 1036 1147 4
" 2 4 1087 1134 2 D -6 13 504 560 7 0 10 17 436 436 11 1 012 \'683 - 763 5
6 2 5. 1910 2103 9 0 6 14 262 L 14 0110 1E jos . 291 16 1 014 850 86S 5
0 2 & 1884 2096 3 o & 15 1307 1281 57 612 o© 771 698 6 1 016 , 201 198 15
0 237 1714 1976 3 0 6 16 a2 319 ig 012 1 232 259 13 1 018 - 198 153 18
9 2 9 712 808 4 0 617 48% 446 9 012 2 1267  12%0 ‘s 1 0 20 71% 632 3
¢ 210 1587 1791 4 -0 6 19 409 432 13 0 12° 3 656 662 6 1 0 22 6"9 s80 9
] 211 956 1219 6 o 6 20 ' 1171 , .1086 7 o 12 A~ 6Q4 624 7 1. 1 [¢] 136 o (] 3
0o 213 790 768 5 0 & 21 1069 . 994 8 012 5 1421 1505 5 1 1 1 497 464 2
0 214 333. 407 10 0 8 0 1753 1761 3. 01z 7 953 1027 6 1 v 2 820 797 2
0 215 564 597 ? 0 8 .1 1138 1063 4 012 B 1270 1288 S 1 1 3 971 1017 2
0 218 1270 1212 5 o 8§ 2 154 113 13 Q12 9 262 234 14 1 1 4 - 1831 1971 - 8
0 217 397 490 12 0 B8 3 1366 1351 4, 0 12 10 924 955 6 1 1 5- a99 503 3
0 218 sol1 . 518 . 9 . 0 8 4 1013 1084 4 o 1311 402 397 10 1 6 2012 2214 10
L0219 806 808 8 , 018 5 998 967 4 012 12 588 86 9 1 -1 9 .948 99% 3
0 220 1269 1120 . 6 Q 8.6 1371 139% 4 0 12 12 1037 1050 6 1 110 684 714 4
0 4 0 1063 923 2 0 8 7 1007 4013, 4 012 14 ss2 533 + 9 1 1711 170 187 12
0 4 17 94a 924 2 o 8 8§ 2716 2809 4 0 14 0 1208 1263 s 1 %112 869 907 4
"0 4 2 1078 1023 2 08 9 442 440 © 7 014 3 1101 1149 6 1 113 .3% 361 8
0 4 3 73506 3830 9 0 810 2196, 2318 4 011 4 324 . 351 12 1 114 1249 1303 5
0 4 4 2131 - 2245 - 3 0 8 12 384 - 396" 9 ¢ 014 & 243 270 16 1 119 301 | 432 16
b 4 S 2086 2279 .3 @ 8 13. 780 733 . ¢ 0 14 7, 1122 1205 6 1 1 22 336 309 1s
0 4 & 123 »,.183 11 0 ‘B.14 " 1006 997 . 6 013 8 - 261 331 17 - 1 21 3338 3032 6
6 1 7 397 396 - 5 0 3 1% 879 , 852 6 014 10 632 641 8 1 2 2 959 9135 2
0 4 8 436 - 48¢ 5 - 0 g 16 244 168 16 014 11 1552 1649 "6 1 2 3 446 452 3
9 4 .9 678 396 4 & 17 55 - 425 10 0 14 12 874 87 7 1 2 4 1741 181" )
¢ 4 11 3ee 391 7 ¢ g 1B 999 T 538 1} 9 -0 14 12 396 418 13 1 2 S 250 1302 ;
0 413 1723 1319 3 0 819 . 5467 173 11 « 9 141 1- 453 13 1 2 6 1610 1720 3
2 4 1% 101 102 S 0 & 20 441 411 12 ¢ 1t 0 1238 1230 6 1 2 7~ 9% 293~ 3

- a
- -

; o

L3

N

4

4

.

£d

§




— e gt e gt B ot b o Gt Pt Bard b Bt gt ot G bt Bt ot ot BAS ey s et Pt et B pot Bt Pt Bt ok ot et et Gt b ht s gt Do g Pt

VM LT AU N o bbad b bddbd bodbddidstlWWWRWuWwWuWwWwR WDV

\

af 104Fobs 3nd 10AFcalc

L

[
Cuyuo

—
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—
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— et bl s
-0 e W

e e Pt
VONGUA W aatd = o0 300 0 & W

10

v

Fots

767
410
403

1033
455
363
964

1617
839

2112
302
S37
771
634
584
444
783

1433

1731
170
238
708

less

1100

2136
955
105

1336
142
360

1293
‘la‘)

592°

753
299
688
287
599
22
1219
978
"ol
74"

Fcalc

806
497
422
1093
508
396
988
1596
874
187%
274
<26
783
n93
613
491
7%3
luls
1780
180
269
728
1463

2093
978

1465
132
401

1378
333
611
742

341
682
391

608

1202
901

-

-

—

w
S W WW W= NN200UNUDLUN™ WIHWRDIIW VN A S WP LWWWULMIPODD NUDO UL

~*§

L S I T S R o O S I R o Tl o I ol e e and

x

DOV NYVIVYIIUNUN NGO OO RO RRe Rt UnAAVAL

21

—
J

Fot's

394
622
1338
541

1223
1190
1161
1377
498
769
575
602
742
617
1267
581
522
367
212

348
1308
Sl
529
677
1452
1668
S69
489
59

Fcalc

w
(2]
o

o
~
-»
—

644
589
1235
SS9
489
343
191
350
1308
487
a6s 1
649
1371
1683
543,
S511
sg?

—
:L'IL'I(J!J-(.).Ab—-mms’)v—'G‘U\)ub.bUU\lGJ(.’IUlL’I‘G“.bG‘Ab)u&UUUIO\I\lMLl-’bUl

Si13fF

p— bt et Pt ph P fas S s et et Bt et P s et s D ot bt et Bt s bt et Pl gt Pt gt ot paw Pt gt Bt gt Bt g P s Pt g P o pd

K

VIV VUV VOV IV VIV VD VYVMDDOOCD@D®OD®®

C O wNWU S W

o .
Fobs Ecalc
689 695
637 670
222 231
995 1022
472 498
146% 1482
393 g2
807 793
202 181
8406 308
918 859
1496 1461
504 491
1941 1604
543 S1S
302 331
339 375
1098 1143
55 564
351 350
<6 579
1009 1048
384 381
269 273
80? 767
467 474
293 324
1362 1369

1151 11797
1893 1982
1394 1418
1278 1645
757 797
923 953
196 1s2
721 650
300 260
332 378
772 814
230 ,254
241 212
675 h72
629 8%
139 168

>

Ll ol
COoOWMACLOO~PNUULD aONUNVIICDOVNUMBOVEAaCaNCoOoOUMDUWHLN

-

-t

s

—— —

—

(8]

—

-
w

1 14
1 14

1 14
1 14
1 14

1 14
1 14
1 1<
1 15

——
O DO LN W W

Eabs

634
334
431
922
356
572
341
1791
631
477
1229
Sto
219
254
791
445
431
617
905
299
468
913
319
69S
538
340
398
270
263
742
359
S61
229
70S
1311
502
410
1184
409
680
90%
S84
1¢8
294

tJ
w
w
——

909
266
478
g28
289 1
755
582 8
351 12
22 12
288 16
265 17
750 8
348 14
568
228
739
1407
521
408
1234
41z
701
961
695
2069

302

>

tJ

>

— —
NV VNN OOV D Y

—
N ©

—

— lJ e

(&}

1w
[ g
Lol — — I O
ONONLIIAON t m

—
O N®@DoGy Ot 3

A



Vilues of 10ifFobs and 10kEcalc Pagqe 3
H K L Fobbs FEcalc Sagf K L Eobs. Feale SigF H K L Fobs Fcale Si149F H K L Fobs Fcale Si1qF
1 15 4 436 506 10 2113 1090 1143 4 2 316 857 845 6 2 6 2 316 447 4
115 6 a17 868 7 2 1 14 598 598 6 2 319 197 200 20 2 6 3 1011 995 3
115 7 745 799 ? 2 115 496 490 7 2 3 21 224 245 21 2 6 4 367 343 s
1 S 8 782 811 ? 2 1 16 166 152 - 18 2 4 [+] 301 247 S 2 6 S 229 22 8
115 9 698 710 8 2 118 1009 971 6 2 4 1 1162 1014 3 2 6 6 217 237 9
1 15 0 A17 427 2 2 119 203 265 21 2 4 2 180 170 7 2 6 7 1066 112 4
115 12 362 379 15 =2 1 20 720 686 8 2 4 3 1365 127% 3 2.6 10 562 598 5
116 1 407 396 13 2 2 0 D447 2173 7 2 4 4 293 298 s 2 6 11 577 567 5
1 16 3 S41 569 9 2 2 1 700 608 2 2 4 ) 1056 1041 3 2 6 12 236 190 11

6 4 366 398 13 2 2 2 1297~ 1238 2 2 4 6 1547 152 3 ° 2 613 271 279 il

6 6 712 734 8 23 320 258 4 2 4 8 1063 1045 3 2 6 14 617 62 Vi
116 ? 254 262 19 2 2 4 1884 1910 - 9 2 4 9 696 709 4 2 -6 15 718 699 6
1 16 a 9216 961 N 7 2 2 S 1184 1207 3 2 4 10 840 863 4 2 6 18 413 414 11
116 9 22s 252 ° 2 2 2 6 1517 1573 3 2 411 612 624 S 2 619 296 74 15
1 16 10 826 a8l 8 22 7 1002 1455 3 2 4 12 627 684 S 2 62 501 437 11
}J 172 1 928 938 7= 2 2 8 495 538 4 2 413 510 539 6 2 7 0 3954 3323 12
1 17 2 362 608 10 I 2 9 255 258 ? 2 4 14 786 773 s 2 7 1 775 733 4
17 ] 438 466 12 2 2 10 ~-16S 184 11 2 4 15 372 368 9 2 7 2 1423 1289 3
140 6 23z 27 22 2 2 11, 1436 _ 1493 4 2 416 9296 961 s 2 7?2 3 1507 13695 3
117 7 441 - 486 -12 2 212 767 785 b 2 417 507 502 8 2 7 4. 1430 1366 3
118 1 723 739 9 2 213 444 451 7, 2 418 604 592 8 2 7 6 394 335 6
2 0 0 . 275 2504 6 20214« 209 232 13 2 419 812 746 7 2 778 1229 1757 4
2 0 2 477 495 2 2 215 702 701 6 2 4 20 405 368 12 2 7 9 132 128 18
2 [+ 3 92 0 9 3 2 16 4930 477 8 2 S o 3039 2683 10 2 7 10 1719 1817 4
2 0 4 1680 =1791 a 2 218 - 665 623 Vi 25 1 739 61?7 3 2 711 151 . 1% 17
2 0 8 269 22% 6 2 219 89?2 846 ? 285 2 1728 1534 3 2 712 423 436 8
2 010 672 693 [ 2 220 499 491 11 - 2 S 3 2113 2022 3 2 713 405 440 8
2 0 12 1463 1520 4 3 2 21 195 21e 23 2 5 4 1513 1472 3 2 7 14 867 863 6
2 0 14 42% 423 ? 2 3 o 1S):3 1307 2 2 5 5 1081 1114 3 2 718 194 315 12
2 018 853 gol 6 2 3 1 336 329 4 2 5 &6 968 971 3 2 717 239 222 16
2 0 20 21 812 7 2 3 2 1109 1037 2 25 7 1138 1083 3 2 718 957 932 7
2 1 07 20684 2410 6 2 3 3 1508 - 1462 2 2 5 8 878 86%S 4 2 719 374 365 13
2 1 1 27S 234 ” 37 2 9 .4 313 298 4 2 5 10 12672 1285 4 2 ? 20 657 612 9
2 1°2 A79 4z 2 2 3°'s 2660 2745 10 2 95 11 496 487 6 2 8 1 289 %8 9
a2 1 3 959 1003 2 2 3 6 1548 1527 3 2 512 248 234 10 2 8 2 663 583 5
2 1 4 788. 830 2 2 3 72 371 460 5 2 513 774 766 s 2 8 3 320 389 ?
2 1 3§ .+ 1272 1308° 2 2 3 8 1193° 12353 3 2 S 15 1331 1344 5 2 8 4 1005 1053 4
2 1 & 1248 1280 3 2 3 o 955 1064 4 2 516 614 602 7 2 8 S 209 150 11
2 1 7 1131 1243 3 2 310 921 999 4 2 517 372 369 11 28 6 380 370 7
2 1 8 1031 1099 3 2 311 1085 1138 4 2 918 514 ngOI 9 28 8 909 949 5
21 232 265 ? 2 312 417 441 7 2 5 19 167 ‘5@ 23 2 8 © 211 200 12
2 1 1¢ 170% 1764 -] 2 3 13 1443 1520 4 2 S 20 464 461 11 2 g8 10 72 ¢ 388 O
2 1 1 3-2 ail 6 2 3 14 614 635 6 2 5 21 4183 517 16 2 8 11 161 167 17
2 112 1180 123¢ 4 2 3 1% 964 974 S 206 1 79e 705 2 2 812 481 502 .
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Values of 10*506; and 10AEcale
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Valyes of 104Fobs and 104&Ecalc

Page S

H K L Fabs Fcalc Sigf H K“L Eobs Fcale SigF H K L Eobs Ftalc SigF H K L Fobs FEcalc S8ige
3 4 5 812 775 3 3 6 11 221 225 12 3 9 6 1296 1261 4 312 1 836 769 6

3 4 6 253 258 7 3 613 893 900 b] 3 9 7 970 581 6 J 12 2 1364 1299 5

3 4 7 1189 1208 3 ‘3 614 1460 1496 ] 2 9 8 22% 251 13 312 4 731 703 6

3 4 8 339 36l 6 3 616 170 172 21 3 9 9 1199 1212 /S 312 S 418 410 9

3 4 9 1353 1368 4 3 617 730 695 3 910 390 405 9 312 6 1025 1031 S

3 410 195 258 11. 3 618 42 397 11 3 91 389 3ss 9 312 7 1437 1447 S

3 411 963 988 4 3 619 368 376 2 3 912 1090 1069 9 312 9 409 411 10

3 412 841 796 ] 3 6 20 269 231 1?7 -3 913 245 253 14 31210 496 492 9

3 413 1058 1082 5 3 7 1 204 192 10 3 9 14 607 599 ? 312 11 1071 1087 6

3 414 622 595 6 3 7 2 1292 1214 3 3 9 1S 474 477 9 31212 224 213 18

3. 4 1S 187 202 16 3 7 4 1099 1047 4 3 916 419 415 10 3 12 13 369 k¥ ¥ 12

1 416 409 397 9 3 72 5 1469 1392 LA 3 918 267 244 17 312 14 373 401 13

3 417 767 732 7 3 7 6 497 473 6 310 1 ,1173 1098 4 312 16 326 292 15

3 418 327 341 12 3 7 8B 432 396 6 310 2 746 696 -~ S 313 1 1559 1446 s

3 419 792 751 7 3 710 336 356 g 310 3 455 420 7 313 =2 926 893 [

3 42 24 225 18 3 711 328 336 9 310 4 886 83?7 S 313 4 546 500 LN}

3 s 1 998 915 3 3 7212 455 484 7 310 S 884 875 S 313 S 859 843 6
3.% 2 1071 937 3 3 713 2 400 9 310 6 600 , 578 6 313 7 190 175 20 s
3 S 3 1023 960 3 3 7 14 691 703 & 310 ? 597 573 [ 313 9 445 448 10
35 4 420 393 H 3 715 275 273 13 310 8 1221 1248 s 313 11 276 273 1s

3 s 5 482 450 4 3 716 1018 1003 6 310 9 1105 1145 H 313 12 600 625 8

I % 6 732 720 4 3 717 257 272 16 3 10 10 838 819 6 31313 428 433 11

3 s 7 589 643 4 3 72 S34 467 10 310 11 582 586 ? 313 14 510 505 10

3 % 8 $37 52 5 3 8 1, 665 605 S 3 10 13 613 605 7 3 13 15 642 643 9

3 s 9 2885 2902 4 3 8 2 196 202 12 310 14 464 463 9 "3 14 1 368 394 13 B
3 9 10 587 611 5 - 3 8 3 264 226 9 3101% 264 246 1% 314 3 833 798 ?

I 511 141 129 16 3 8 4 709 653 -1 310 1?7 581 989 9 314 4 987 972 6

3 512 649 676 5 3 8 5 154 151 is 31018 414 asi 12 314 6 361 331 12

3 513 685 71s 6 3 8 6 2005 1958 4 311 1 404 418 9 314 7 195 193 21

3 515 97% 964 S 3 8,7 358  + 341 8 31l 2 1383 1268 4 314 9 758 744 7

3 517 489 469 9 3 8 9 728 35 ] S | 883 820 3 3 14 12 204 186 23

3 518 472 467 9 3 810 159 149 17 311 4 $79 554 7 3 14 13 213 207~ 22

3 S 19 486 449 9 - 3a°’s 11 188 196 15 311 s< 2249 225 14 315 1 438 9% 1)

3 s 20 216 232 22 3 8 12 1290 1293 5 311 & 615 600 6 315 2 3la a6l 15

3 9 31 571 499 10 3 813 292 272 12 b 2 B S 299 308 11 315 3 559 371 9

3 6 1 1207 1108 3 3 8 14 287 272 12 31 8 799 766 6 315 4 605 6235 9

3 &6 2 610 521 4 3 816 324 301 12 311 9 221 214 16 315 6 737 751 8

I 6 3 324 258 6 3 817 21s 21% 19 3 11 10 303 329 12 315 8 735 746 8

3 6 4 1787 1693 3 3 819 384 363 13 3 11 12 218 250 17 315 10 186 206 25
3.6 S 348 359 , 6 3 9 547 444 6 3 11 13 266 231 15 316 2 758, 754 ]

3 6 & 671 690 4 3 9 2 1779 1619 4 311 14 323 41 13 316 3 279+ 259 18

2 6 8 122 73 17 3 9 3 1302 1221 4 311 1% 264 249 16 316 4 - 373 385 14 w
3 & 9 576 511 5. 3 9 4 1543 1451 4 311 16 223 209 20 316 < 231 201 20 hy]
.3 5 10 137 165 17 3 9 5 712 697 s 3 11 17 245 269 3 316 6 212 219 23
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Y
Values of 10iAFobs and 10AFcalc Page 6

B K L FEobs FEcalc Sp3E Fobs Ecalc SigF

H L Fobs FEcalc 6i49fF H K L H K L Fobs Ecalc SisF
- - - m———-, mmemee - s - - - - mmawm eaoaoes - e - - - - - - - - - - . - - - - - womm - - -
316 9 |55 866 8 4 210 595 611 S 4 417 270 274 14 4 7 6 474 462 6
317 1 1266 1230 <7 4 211 496 sSo1l S 4 4 21 970 846’ 7 4 7 7 671 677 S
317 3 195 193 27 4 212 474 " 477 6 4 5 0 1526 1307 a 4 7 8 1112 1086 4
317 4 | 544 541 11 4 213 943 841 -7 4 5 1 911 848 3 A4 7 9 363 342 8
317 5 491 507 12 4 2 14 394 442 8 4 5 2 1642 1528 3 4 7 11 175 168 16
317 6 562 575 11 4 215 526 328 7 4 S5 3 662 640 4 4 712 352 352 9
A 0 o0 1S74 - 1475 2 4 216 163 194 19 4 5 4 1100 1044 3 4 7 13 216 237 15
4 ¢ 2 4166 40351 . 9 ., 4 217 704 6795 7 4 5 5 1074 , 1048 3 4 7 14 904 918 6
4+ 0 4 2249 2182 10 4 218 1031 280 6 4 % 6 2935 306 ? 4 7 15 655 646 7
4 0 & 1174 1138 3 A4 219 410 372 10 A 5 7 926 830 4 4 717 3s1 331 12
4 0 B8 1811 1845 3 4 220 585 - 534 9 4 5 9 837 814 4 4 718 329 293 13
4 0 10 1400 1486 . 4 4 22 229 216 20 4 S5 10 306 281 8 4 7 192 - 460 421 11
4 0 14 407 372 7 4 3 0 2940 2643 10 4 511 260 952 S 4 72 460 413 11
1 016 1571 1549 5 1 3 1 483 431 4 4 5 12 401 -380 7 4 8- 0 1738 1494 4
4 018 541 507 8 4 3 2 787 742 3 4 5.1 430 419, ? 4 B8 1 264 205 9
"4 o2 968 207 7 4 3 3 1249 1191 3 A S 14 516 506 7 4 8 = 1303 1207 4
411 o 25 787 3 4 3 a 1284 1241 3 AR 738 713 6 4 8 3 453 445 &
4 1 1 109~ 7% 10 4 3 5 312 179 ? 4 516 1177 1164 3 4 8 14 928 876 4
4 1 2 845 790 3 4 3 6 110 a9 14 4 3517 269 256 14 4 8 5 900 804 4
1 1 3 1981 1912 9 4- 3 ? 423 501 S 4 S5 21 388 325 13 4 8 6 1434 1350 4
4 1 4 227 227 6 4 3 8 1728 1757 3 4 6 0 3157 2854 12 4 B8 7 305 362 9
4 1 S 993 1038 3 4 310 1030 1024 4 4 6 1 1052 ﬁ§1 s 3 4 8 8 1193 1186 4
4 1 6 741 764 3 4 311 1470 1495 4 4 6 2 736 543 4 4 810 1580 1391 4
@ 1?7 1513 1552 3 4 312 693 750 3 4 6 3 639 578 4 4 8 l}/ 313 311 10
4 1 B A74 484 5 4 313 140 146 18 4 6 4 144 129 14 4 812 764 780 6
4 110 983 990 4 4 314 1082 1059 5 4 6 S 2143 2080 3 4 8 13 298 321 12
4 1 11 1543 1330 4 4 313 719 700 6 4 6 6 471 504 S 4 8 1% 444 471 9
4 112 1198 1233 4 4 316 420 411 9,/ 4 6 7 536 578 3 4 816 1208 1209 6
4 113 682 68% 5 A4 317 173 167 \_—:&/ 4 6 8 73 374 7 4.8 17 192 196 22
4 1 14 751 736 s 4 318 386 377 1 4 610 1029 998 4 4 8 18 767 748 8
A4 115 569 595 6 4 319 188 194 1 4 611 497 497 -6 4 819 346 303 14
4 1 16 303 306 11 4,4 0 S12 444 4 4 6 12 635 653 6 4 9 0 1734 1355 4
4 117 374 352 10 4 4 1 811 726 3 4 613 838 859 ] 4 9 1 1090 980 4
4 1 2 362 299 12 4 4 3 2209 2047 3 4 6195 278 266 12 4 9 2 172 107 15
4 1 21 178 148 2 T 1058 1032 3 4 6 16 261 280 14 4 9 3 941 896 s
4 3 o 132 123 9 4 4 6 150 114 11 4 617 192 177 20 4 9 4 464 397 7
4 2 1 2547 2415 9 4 4 7 1417 1461 3 4 618 a9l 838 7 4 9 5 1507 1394 4
4 2 2 1667 1634 2 4 4 9 307 379 7 A4 619 189 144 23 4 9 6 712 662 S
4 2 3 1102 1038 3 4 410 268 337 9 4 6 20 $20 49} 10 4 9 7 425 432 7
4 2 4 1290 1241 3 4 411 610 622 5 4 7 o 269 310 8 4 9 8° 357 376 9
a4 2 5 1838 1807 3 4 413 1427 1517 4 4 7 1 203 213 10 4 9 9 287 283 11
4 2 6 145 147 10 4 414 27 . 436 8 4 7 3 706 . 638 4 4 9210 212 190 14
& 2 7 222G, 192 7 4 415 1742 1750 S 4 " 3 2404 a2 3 4 9 11 207 216 16
i 2 8 lolZ 1046 3 4 3 16 103 - 429 9 L T 742 %41 4 4 9 12

214 244 16

8d
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Values of 10iFote 3nd 10kkcalc - . Fage 7
K L Eobs Ecalec SaigF H ¥ L Fobs Ecalc SaigE H K L Fobs Fcale SagF H K L Fobs Fcalc SigF
3 {
4 9 15 410 373 10 4 12 147, 194 201 23 5 012 2136 2150 4 5 3 2 1332 1252 "3
4 917 330 323 14 4 12 15 1146 1154 ? S 016 1267 1235 -] S 3 3 1027 1009 3
4 10 O 689 689 6 4 13 0 497 464 10 S .0 18 3032 307 13 3 3 4 1444 1369 3
4 10 1 532 446 7 4 13 1 497 465 9 5 0 30 629 572 8 S 3 6 1124 1158 3 N
410 2 215 222 14 413 3 _1187 1157 +  § S 1 1 345 377 4 S 3 7 $92 599 |
4 10 3 485 475 - 7 4 13 14 704 700 7 S 1 2 1639 1552 3 S 3 8 748 744 4 >
4 10 4 322 338 10 4 13° 5 348 o932 8 5 1 3 1560 1479 *3 .5 3 9 2050 2076 4
4 10 S 1403 1328 4 4 13 12 259 ast 1?7 S 1 4 1452 1507 3 S 310 1146 1146 4
410 6 1189 1133 5 4 14 0 538 464 9 5 1 5 624 617 4 3 a3 1n 724 779 S
410 7 779 730 6 4 13 1 876 832 Vi 5 1§ 167 178 9 5 312 324 362 9
4 10 B 457 458 8 4 14 2 277 236 16 $ 1 8 a5s 397 [ S 3 13 616 630 [
4 10 9 624 622 ? - 4 14 3 238 273 19 S 1 9 1757 1829 3 5 3 14 369 391 9
4 10 10 399 399 9 4 14 4 13 . 295 14 5 110 824 832 4 5 315 279 286 11
4 10 11 696 697 - ? 4 14 $ 962 937 6 S 111 23% 226 10 S 316 499 480 8
4 10 12 - 923 948 [ 4 14 6 548 546 9 S 112 333 336 8 S 317 384 334 11
4 1013 699 703 ? 4 14 8 794 789 ? $ 113 664 63% [} $ 319 264 283 16
4 10 1S 269 254 .18 4 14 9 260 246 17 S 1 14 1511 1506 4 5 3 20 3238 306 14
4 10 17 456 431 11 4 14 10 927 933 7 S 115 589 S92 ? S 3 21 743 650 8
4 10 18 $10 Sil - 11 4 14 12 300 305 16 S 116 835 . 812 6 5 4 1 1601 1429 3
411 ¢ 1764 1614 - A 4 14 13 24 $13 10 S 117 552 508 8 5 4 2 3215 233 ]
411 1 650 620 6 415 0o 581 552 9 5 118 238 - 217 15 S 4 3 1077 1013 3
4 1} 2 442 415 8 4 15 1 - 384 378 13 S 1 20 eSS 598 8 S 4 4 463 401 S
4 11 3 408 419 9 4 15 2 495 505 10 S 121 240 204 19 S 4 5 636 634 4
411 4 1368 1302 S 4 15 3 - 294 244 ' )8 S 2 1 2347 - 2219 10 S 4 7 1293 1284 4
411 5 449 452 8 4 15 4 856 850 7 ey 22 2502 2376 10 S 4 B 422 424 6
4 11 7 419 a5 9 4 1% S 640 658 9 5 2 3 1819 1730 3 S A 9 187 183 12
4 11 8 a2se 260 14 4 15 6 257 296 18 S 2 4 2455 2403 11 S 410 220 211 111
411 9 242 22 15 4 15 117 279 301 18 5 2 5 408 433 S S 411 6b0 693 ° - §
411 11 370 380 11 ° 416 0 286 252 i8 5 2 6 135S 190 11 S 412 469 463 7
4 11 12 413 423 10 4 16 1 843 822 8 S 2 7 684 761 4 S 413 596 613 6
4 11 13 253 242 16 4 16 2 979 944 7 S 2 8 1226 1237 4 S 4 14 190 230 16 .
412 O 1281 1187 S 4 16 2 231 232 20 S 2 9 1117 1111 4 S 415 195 , @21 1?7 -
1412 1 378 351 10 4 16 5 483 481 11 5 210 980 998 | 4 L9 417 723 697 ?
412 2 427 435 9 4 16 8 873 876 8 S 21 261 251 9 5 418 332 326 12
4 12 3 1536 1421 5 417 o 334 318 17 5 212 488 487 6 S 419 535 - 491 9
4 12 & 936 513, 8 ~ 4 17 1 380 371 16 S 213 444 429 7 S 4 21 203 172 23
4 12 6 262 272 14 4 17 2 218 228 26 5 2 14 499 499 7 S S 1 1917 1770 3
4 12 7 1450 1430 -] 417 23 735’ 733 9 s 219 873 869 6 5 % 2 380 - G526 4
412 8 456 447 9 417 4 366 373 13 S 217 832 81% 6 s % 3 1039 1002 3
412 9 177 192 21 S 0 2 1480 1433 3 S 218 221 22 17 S 5 4° 1094 1044 3
4 12 10 37?7 * 385 11 S 0 4 1602 1532 3 5 219 418 403 10 S $ 6 759 702 4 -
4 12- 11 494 Si11 9 . S 0 6 650 669 4 5.2 20 22 227 19 ° S & 7 22 387 6 [+43
11212 31z 345 14 5 0 3 329 291 & 5 22 335 293 15 5 5 8 164 181 a4 ©
412 13 39% 404, 11 S 010 1271 1299 4 S 31 540 488 4 $ 5 9% 917 934 .4
& ' °




~~ +H K L Fobs Ectalc Sagf

Values of 10AFobs and 10AFcalc P:§¢ 8

K L Fobs Fcalc 5Sig9F

H K L Fobs Ecalc Sagk H H K -L Fobs Fcale $SasgF
5 510 311’ 30 9 9 8 X 673 650 -] $ 10 15 502 ~-.482 9 5 14 10 486 451} 10
3 511 1492 1449 4 S 8 4 378 353 7 S 10 17 518 | 497 10 S 14 12 356 351 14
S % 12 6435 643 6 5 8 & 389 352 7 S11 1 1307 1191 S S 15 2 1525 1462 6
5 5 14 521 318 7 S 8 6 1517 1438 4 51 2 1229 1145 ° S15 3 329 314 1S
S 515 |, 358 362 10 S 8 ? 230 221 * 12 311 3 530 S18. ? S1% 4 04% 839 ?
5 516’ 681 683 ? 5.8 9 547 517 6 511 § 293 303 12 515 § 347 a5 14
5 517 901 855 6 1?"9 10 708 687 6 S 11 @6 554 539 e ? 515 8 asé 391 ;g
S .S 18° 349 ;335 12 -3 8 11 301 214 16 5111 7 5688 595 7 S 15 11} 278 281 .
5 519 824 . 768 7 4 S 8 12 1080 1114 ) S 11 8 392 378 10 516 1 350 216 2
3 6 1 181 174 11 S 813 668 698 7. 11 9 562 382 8 516 3 463 462 12
S & 2 1305 1253 3 S 8 16 876 864 ? S5 11 10 254 2088 13 516 4 603 619 10
S 6 3 324 305 ? S 8 18 - 336 337 14 S 11 11 523 $36 9 316 6 949 947 ?
S 6 4 1370 1307 4 & 8 19 266 260 19 511 12 194 187 20 517 1 274 247 21
S 6 5. 837 762 4 . S 9 1 2085 1826 4 S 11 14 192 191 a2 S17 2 374 382 16
S 6 6 640 587 S S 9 2 330 380 9 S 1118 290 315 16 517 3 442 438 14
S 6 8 514 Siae [ 5 9 3 848 829 S $ 11 16 426 408 12 6 0 0 1846 1655 3
5 6 9 1423 1387 4 S 9 4 259 233 11 g 12 1 749 702 7 6 0 2 2421 2359 11
S 6 10 1595 1589 4 S 9 5 1108 1037 S S 12 3 437 404 9 6 0 4 632 598 4
S 6 11 365 334 8 S 9 6 720 662 ] 12 4 336 317 11 6 0 6 1099 1103 .3
S 612 1429 1398 5 S 9 7 456 454 7 12 5 1% 401 10 6 0 8 730 709 4
S 613 640 627 6 S 9 8 es2 8oe - S 12 6 684 652 ? 6 0 10 - 470 471 6
S 6 14 556 551 ? S 9 9 228 188 14 512 7?7 23S 233 6 6 012 | 339 340 -]
35 6 1% 319 334 7 11 S 910 , 251 231 13 S 12 8 413 425 10 6 0 16 587 573 ?
S 617 303 256 13 5 -9 11 212 197 16 512 9 a60 844 ) 6 018 246 206 13
5 619 434 413 11 S -9 12 509 480 g 12 11 73% 723 7 6 020 187 195 23
5 6 2 884 316 8 -% 913 379 358 10 5 12 14 183 196 25 6 1 o 144 116 11
S 7 1 824 ° 762 4 S5 9 14 281 274 14 S 12 15 245 ° 253 19 6 171 211 288 7
S 7 2 1333 1199 4 3 9 16 194 2190 22 S 13 1 302 281 14 6 1 3 471 474 L}
S 7 3 918 842 4 S 917 552 534 9 513 3 1017 973 6 6 1 3 1334 1390 3
S 7 4 1261 1187 4 S 918 192 - 176 24 513 S 788 776 7 6 1 4 990 1023 3
-~ % 7 8- 994 942 4 S 10 1 1189 1057 S S 13 6 289 280 1S 6 1 S * 149 146 11
S 7 6 2394 2391 A S 10 2 453 - 402 8 S 13 7 210 | 201 19 6 1 6 558 551 4
S 7 2 69% 679 S S 10 3 721 667 6 S 13 8 363 345 12 , 6 1 7 283 269 7
3 7 8 360 383 8 510 4 863 821 S $13 9 708 692 . B 6 1 8 2626 2676 3
5 72 9 283 261 10 510 S 605 579 6 3 13 11 271 292 16 ‘6 1 9 1066 1013 4
3 710 1326 1345 4 S 10 6 150 130 20 S5 13 12 179 103 24 6 1 10 2008 - 2012 4
3 7712 1041 1034 S S 10 ? 1363 1316 S S 13 14 389 400 13 6 1 11 508 489 6
S 713 325 336 10 510 8 446 431 9 3 14 1 191 178 33 6 1 12 345 349 8
S 7 14 736 764 6 $10 9 938 892, 6 514 12 937 294 ? 6 113 375 391 8
5 718 173 178 20 S 10 10 332 348 11 514 3 334 327 14 6 1 14 451 444 8
5 7 16 450 - 432 9 S 10 11 674 ' 664 94 S 14 4 1343 1300 6 & 118 1056 1049 S
S 717 520 497 9 S 10 12 171 "131 32 S 14 6 491 485 10 6 1 16 364 367 10
S 8 1 397 275 9 S 10 13 482 13 9 S 14 7 820 809 7 6 117 493 474 8
S 8 2 988 879 ©4 S 1C 14 396 574 8 314 9 637 (:}.1] 9 6 118 320 302 12

otTH
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Values of 10AFobs and 10AFcalc - - . . . Page 9
H K L Fobs Fcalc Sigf H K L Fabs Fcale SigF H K .L Fobs Pcale Si1gf H K L Fobs fcale SigP
6 119 470 443 10 6 410 270 211 10 6 7 4 1179 1100 4 6 918 974 93s ?
6 1 20 475 441 -0 6 411 1479 1490 . 4 &6 7 S 390 - 378 7 610 0 986 939 -]
6 1 21 4590 413 12 6 4 16 474 469 _ 9 6 7 6 665 641 3 410 1 1233 1134 -]
&6 2 0 1756 1623 3 6 417 443 421 9 6 7 7 438 . 430 7 610 2 238 205 14
6 2 1 41% ave s 6 419 177 159 23 6 7 8 476 468 7?7 610 3 907 , 880 s
6 2- 2 182 183 9 e S5 O 977 842 L] 6 72 9 168 181 17 6 10 5 439 42 - 8

‘g 2 3 163S 1574 3 6 S5 1 591 525 S 6 710 258 266 12 6 10 6 294 287 11
6 2 & 485 461 4 6 5 2 149 154 13 6 711 170 177 19 610 7 533 518 8
6 2 S 4235 402 5 6 % 3 613 642 4 6 7 12 1099 1076 3 6 10 8 453 432 9
6 2 6 219 179 8 6 S5 4 1322 1311 4 6 7 13 355 ass 10 6 10 9 395 407 , 10
6 2 8 700 707 4 6 5.5 1881 1838 3 6 7 14 655 653 7 6 10 10 429 434 . 9
6 2 9 %02 303 6 6 U 6 88%5 897 4 6 7 16 1459 1463 6 .6 10 11 . 207 196 18
6 210 531 528 s 6 5 7 2029 2029 4 6 718 1104 | 1044 6 6 10 14 537 529 g
6 212 425 430 ? 6 S 8 1161 114l 4 6 8 0 2263 2022 4 6 10 16 518 505 10
6 _2 15 347 3% 10 6 g5 9 365 311 8 6 8 1 617 544 S 6 10 17 667 656 9
672 16 392 387 9 6 S5 10 779  "784 s 6 8 2 10B7 1026 . 4 6.11 1- 268 257 13
e 217 296 281 12 6 '3 11 1901 1901 4 6 8 3 611 597 6 6 11 3, 663 644 7
6 218 348 339 12 6 5 12 646 631 6 6.8 4 190 171 14 611 4 458 433 9
6 2 20 303 273 ) - 6 S 13 961 953 3 ] g 5 274 244 10 6 11 S 1344 1354 S
[ 2 21 306 263 13 6 S 14 4727 478 8 6 8 7 674 645 [ 6 11 [} 6%0 641 7
6 3 0 2040 1844 3 6 9 16 337 313 11 6 8 § 1104 1077 9 6 11 7 870 848, 6
6 3 1 1837 1716 3. 6 S5 17 264 271 15 6 8 9 167 167 18 611 8 042 S12 8
6 3 2 - 415 386 S 6 5 18 187 185 21 6 810 467 431 . 8 6 11 9 -186 168 20
€ 3 3 2196 2109 . 3 6 6 0 1067 996 4 6 B 11 980 962 S ¢ 6 11 10 753 743 ?
6 3 4 512 533 4 6 6 1 1041 987 4 6 8 13 19?7 171 18 6 11 11 97?7 - 948 6
€ 3 5 839 839 _ 4 6 6 2 313 302 ™ 8 6 B l4 341 349 12 6 11 12 572 349 8
6@ 3 & 432 -, 494 b 6 6 3 137 98 16 6 8 1% 307 305" 13 6 11 13 891 876 7

, 6 3 7 228 ~214 9 6 6 4 1097 1033 4 6 816 655 620 8 6 11 14 556 552 9
6 311} "933 Y37 = ] 61‘5 275 292 9 6 8 17 302 - 254 - 14 6 11 15 517 511 10

. 6 3 12 01 609 6- 6 6 7?7 165 166 15 6 8 18 432 402 12 6 11 16 363 342 14
6 313 1066 1073 5 6 6 8 441 431 . 7 6 9 0 26490 2434 4 612 0 452 457 10
6 3 14 41 321 10 6 6 9 335 346 9 6 9 2 1194 1077 -4 6 12 1 6535 598 7
6 315 1081 107¢ 5 & *6 10 710 667 s & 9 3 697 684 6 6 12 2 329 300 12
[ 3 1é 378 368 10 & 6 11 276 279 31 6 9 S 1019 941 i S 6 12 3 389 394 10
6 317 570 S48 8 6 6 12 945 964 5 6 9 6 244 238 13 -6 12 4 748 7212 7
6 318 645 614 §< 6 613 276 254 12 6°9 7 1320 1333 H] 612 5 ad2 25 18
6 319 429 406 11 6 6 14 218 218 15 6 9 8 587 557 , 7 6 12 6 822 811 6
6 321 1142 1017 ? 6 6 16 283 258 13 6 910 487 453 e 6 12 7 435 425 10
[ 4 1 6359 372 4 &6 6 17 241 233 17 6 911 1124 1133 - 6 12 8 541 542 9
6 4 2 315 295 6 6 6 18 318 . 308 14 6 912 579 571 8 6 12 10 192 18% 22
6 4 3 919 891 4 6 619 345 306 14. 6 913 897 900 6 6 12 13 305 336 13
6 4 © 194 .« 199 10 6 7 0 1630C 1497 4 ﬁl 6 9 1% 428 402 10 6 12 14 340 322 14
6 4 7 701 682 4 5 7 2 2396 .18 4 6 9.6 £96 580 9 6 12 1% 577 sa6 19
v 4 9 141 187 12 6.7 3 850 832 s 4 6 9 1?7 318 302 1% 612 ¢ 821 741 7
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Yslues ' of 10ikFubs and 104Fcale . - ‘Paqe 10

v .
W K L Fobs Ecale 8igfF H K L Fobs Fcalc B8igE H K L Fobs Frale BigPf H K L Fobs Fgalc Sigf
613 1 465 433 10 7 1 1 390 392 s 7 317 337 334 12 7 6 1a 168 175 21
613 2 857 825 7 7 1 12 2040 2094 k] 7 32 467 420 11 7 618 376 235 14
619 3 1685 1590 H] "7 12 518 %09 4 7 4 1 1049 1024 4 7 616 313 299 13
613 4 481 470 10 7 1 4 1026 1037 3 7 4 2 669 618 4 7 612 437 405 10
613 5 670 630 8 7 1 S, 146 141 13 7 4 3 1538 144l 3 72 618 3s0 404 12
6 13 6 633 -~ 600 8 7 1 6 1139 1074 4 7 4 4 616 610 s 7 619 449 413 11
6 13 ? 240 228 .18 7 1 7 558 562 -] ?7 4 5 1398 1354 4 7 7 1 703+ 673 5
€13 8 $07 S18 &n\\ 18 692 674 S 7 4 6 144 1352 13 7 7 12 1093 990 4
6 13 10 380 391 13 >:77 1 9 1090 1118 4 7 4 7 471 481 6 ?2 7 S 178 159 15
6 13 12 241 24% 20 V7 112 11e% 1154 s 7 4 9 1910 1849 - 4 7 7 6 1007 994 s
6 13 13 - 341 . 339 15 y?-01 13 193 199 19 7 413 252 238 13 7 7 ? 733 724 S
6 14 1 446 408 Al 7 1 14 384 39% 9 7 414 361 369 9 7 7 8 744 691 S
6 14 2 406 408 12 - 7 118 437 459 9 7 415 1125 1102 ] 7 710 872 836 S
614 3 427 410 11 7 k16 955 939 6 7 417 696, 644 vi 7 711 3s8 236 13
6 14 S 1371 1233 6 7 117 247 240 15 7 419 584 543 9 7 7 12 14391367 5
614 @ 306 - 313 16 T 120 591 $49 9 7 420 449 393 11 -7 713 393™ 370 - Jo
6 14 9 936 901 10 7 3 2 905 _BA4 4% 7 % 1 14186 1419 4 7 7 14 180 207 21
6 14 11 233 a2 a1, 7 2 3 120 136 15 7 5 2 1442 1381 4 ‘7?7217 260 352 17
6 14 12 474 466" 12 7 2 4 179 142 10 ? % 3 970 922 4, 7 718 362 375 14
6 1s 2 463 458 12 7 2 5 1056 1045 4 ‘7 5 4 412 43s 6 7 8 1 656 =87 6"
615 3 493 506 11 7 2 6 809 860 4 7 35 S 1385 1443 4 7 8 2 418 415 7
615 4 91% aa8 ? 7 27 490 524 5 7% b 879 829 * 4 78 3 202 179 14
6.15 7?7 228 215 < 7 2 8 , 602 589 3 7 5 7 1603 19591 4 7 8 4 683 "669- (-]
615 8 1239 1232 4 7 210 552 5§57 6 7 S.8 1139 1095 4 7 8 S 169 178 17
6 15 10 865 879 8 7 2 1L 915 922 *  § 7 s 9 289 255 10 7 8 6 1165 1141 5
., 616 1 243 . 241 . 22 ?7 312 4790 470 7 7 911 as3 256 12 7 8 7 1319 1273 3 .
616 2 391 381, 14 7 213 488 467 ? 7 %13 958 9326 ] 7 8 8 1160 1163 5
6 16 3 238 282 . 22 ? 215 178 179 18 7 S 14 _so8 508 8 ?7 810 1237 1211 5
6 16 4 907 911 8 7 216 677 683 ? 7 %15 592 s98 7 7 8 11 449 437 9
6 16 6 218 245 24 . 7 219 344 325 13 7 516 672 649 7 7 812 850 846 6
616 7 450 410 12 31 170 112 n 7 317 822 824 ? . 7 813 212 192 i8
617 0 614 583 11 7?7 3 2 1161 1154 o | 7 S 18 281 259 135 7 8 14 717 . 692 ?
6 17 1 562 sS4 1) 7 3 3 1946 1889 3 ?7 S 19 257 718 8 7 8,17 529 s18 10
617 1 419 az3 14 7 3 S 449 420 s 7 & 1 1284 1176 4 7 9 1 1267 1210 ]
7 0 2 1272 1279 3 7 3 6 613 592 5 7 & 2 791 773 4 7 9 2 458 429 8
7 0 4 ,2402 2428 12 7 3 7 1403 - 1354 4 7 6 3 208 221 12 7 9 3 852 8Q0 ]
?7 0 6 364 363 6 7 3 8 1454 1428 4 7 6 6 882 820 s 7 9 4 1653 1608 4
7 9 =8 655 628 - 7 3.9 1354 1301 4 7 6 7 652 598 5 7 9°5 508 490 ?
7 010 704 724 s 7 310 347 362 8 7 6 B 304 263 9 ? 9 6 1254 1233 s
7 012 346 367 9 7 311 802 792 s 7 6 9 753 705 5- 7 9-7 712 70S 6 -
7 014 1620 1606 $ .7 31 235 238 12 7 610 431 413 8 7 9 89 22 215 18
7 016 730 723 6 7 31 758 739 6 ?7 611 1026 1015 . ] 7 9 9 4995 486 k]
7 0 18 327 327 12 7 314 150 107 2 7 612 315 286 11 7 916 472 464 a
) 7 029 724 651 8 7 315 519 501 8 7 613 3s1 366 10 i B 159 38 11
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$ Values
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of 10AFobs and 10AFcalc . Page 11
L Fobs FEcalc Sigf H K L Eobs Ftalc Sigf H K L FEobs FEcale Sigf H K L Fobs Fecale .BigF
12 %03 496 9 7 13 3 751 747 ? 8 1 @8 "301 316 8 g 319 186 188 24
13 861 ga8 7 713 § -~.51% 514 | 9 8 1 9 391 367 7 8 4 0 1544 1594 4
14 361 368 2 713 6 430 422 11 g 110 164 163 16 8 4 1 1248 1155 4
15 229 250 19 7213 ? 232 248 . 19 g 11 469 478 7 8 4 3 152 124 15
16 260 274 18 _ 7 13 8 ‘626 $82 -3 8. 112 337 360 9 8 4 4 1306 1280 4
17 a91 as7 7 713 9 1346 1352 6 g 1 14 218 217 13 ‘B 4 S 1005 981 -4
1 390 406 9 7 13 10 692 655 8 8 1135 198 159, -'18 8 4 & - 497 510 6
2 9% 543 ? 713 11 asl 217 19 8 118 178 151 .22 8 4 7 ' 1098 1099 4
& 600 571 7 -7 13 12 553 $54- 10 g 119 322 305 14 -8 4 8 93% 916 s
k] 948 919 s 7 13 12 583 551 10 g8 2 o0 1369 1307 4 g8 &4 9 691 687 5
6 58 839 6 7 14 2 769 711 8 8 2 1 1477 1477 4 8 4 10 167, 173 17
8 $00 482 . 8 7 14 3 491 456 10 8 2 2 1357 1308 4 8 411 932 931 - ]
9 269 362 14 7 14 4 220 218 2l 8 2 3 2220 3326 3 8 .4 12 359 340 10
12 458 =446 10 7 14 5 386 367 13! 8 2 4 224 252 10 8 4 13 ' 1038 1033 -
13 819 804" 7 7 14 7T 877 880 ? 8 2 S 1251 1222 4 8 4 14 436 404 - 9
15 284 266 16 7 14. 8 263 248 19 8 2 6 190 179 12 -8 ,4 17 1118 1074 6
16 184 168 25 7 14 9 422 425 13 82 7 1593 115 15 8 4 18 © 447 421 10 .
1 1096 1034 ] 7 14 10, 199 241 26 8 2 6. 948 950 4 8 419 186 202 24
3 i71 156 3 7 14 11 411 426 13 8 2 9 409 428 7 g8 S ¢ -418 414 ?
3 307 307 12 7 715 2 1103 - 1056 ? 8 210 404 383 7 8 5 1. 328 329 ¢ 8
4 226 199 16 715 4 - 649 626 9 8 211 678" 707 6 8 5 2 206 212 12
S 222 249 17 ?2 15 6 278 259 lg 8 212 971 979 b) 8.5 3, 428 469 4
6 273 240 14 71% 9 462 478 1 8 213 791 ‘768 6 g8 5 & 913 871 ° 4
? 361 349 11 716 1 338 318 17 8 -2 14 222 213 15 8 5 6 369 346 q
8 843 Bas 6 .? 16 2 499 517 12 8 215 " 1143 1113 6 8 5 7 629 648 &
10 953 938 6 7 16 4 386 373 15 8 216 991 961 6 8 5 8 944 980 ﬁ
11 407 384 11 718 § 233, 190 2% g8 '3 17 242 2326 16 8 § 9 767 ° 776 S
2 %81 %61 9 716 6 5395 549 11 8 218 %27 508 9 g8 S10 304 179 138
14 93% 909 7 8 0 0 732 654 4 8 219 642 592 ] 8 % 11 198 . 198 16
15 %9 254 19 B 0 2 1314 1384 3 a 220 396 356 13 8 S 14, 442 432 ‘9
1 $21 s$10 9 8 0 4 1440 1508 _ 4 8 3 o 1329 1292 4 8 S 18 220 202 20
° 333 289 12 BeO & 150 157 14 g 3 1 759 700 4 8 519 285 ase 16
3 651 613 ? 8 0 8 1425 1410 4 8 3 2 770 693 4 a8 6 0 319 23?7 °9
4 591 61 8 8 010 1152 1111 4 8 3 23 337 386 7 8 6 1 790 788 ]
6 1027 997. 6 3 0 14 778 746 6 8 3 4 1068 1057 4 8 6 2 2045 1950 4
7 $01 %503 9 B 0 16 786 786 [} 8 3 & 7035 737 9 8 6 3 553 497 6
8 oGe 324 1a 3 ¢ 18 - 430 389 10 8 3 ? 358 361 6 8 6 4 290 294 9
.9 893 1 7 B 0 20 471 415 11 g8 3 8 476 465 6 8 6 5. 1210 112¢ 4
10 187 484 10 8 1 1 606 610 4 8 3 9 330 331 9 -8 6 6 892 907 s
11 47} 473 11 B 1 2 121 108 15 g8 311 . 447 433 7 8 & -~ 1356 131 4
12 ?6u i | 9 8 -1° 3 771 762 4 8 312 285 © 261 12 3 & 3 1455 1458 4
12 w7 U -t £ 1 5 10 - 477 ] 8 316 332 249 19 B 6o 7Y 472 :
1 5y %1t 9 31 % 151 169 14 2 117 P 293 012 973 11 1494 1459 5
2 B0 G4 12 g, 1 7 238 193 1o ﬁg_ 3 ST I Wt} 15 3 otz ®ro2 o oiw
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184
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731
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L  Fobs ‘Fcale
8 439 461
9 338 327
10 493 407
11 349 B34
12 396 _ 402
1 213 204
2 738 744
3 691 663
4 251 246
5 183 189
6 252 262
7 639. 640
8 1119 1118
9 19% 146
10 959 975
0 290 243
1 314 274
4 209 193
5 288 277
0 1036 1055
1 219 197
2 kI ¥ n
3 410 423
2 2189 2121
4 1031 940
[ 545" -608
8- 6l4 994
10 601 564
12 173 154
l4 1329 1279
16 1007 955
1 *952 925
2 835 817
3 222 188
4 547 536
5 159 142
6 5l4 509
7 900 906
g 821 819
9 609 563
10 196 199
11 682 669
12 420 421
14 12
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SigfF
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values of 10Afots and 10AEcalc ] ’ . ) ‘ Paae 12
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Fobs Fcakc SigqF
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Faobs Fcalce SigF H K L Fobs Fcalc SigF

- - - - - - - - - -

Fobs Fcale BigF

- - - - - - -

1
S
[

1
|
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14 397 396 11

9 4 7 170 179 16 9 ? 911 11 418 414 12 10 1 16 1149 1113 &
9 4 9 1208 1193 5 5 7 1% 387 404 12 9 It 12 - 328 332 15 10 117 431 427 11
9 410 700 674 6 9 716 341 340~ 13 . 911 14 243 266 21 10 1 18 790 643 8
9 412  Sa4 527 8 92 8 1 590 .572 -« 27 912 3 690 657 . 8 10 2 o 189 208 | 14
*9 413 733 701 ? 9 8 2 285 305 12 912 4 233 232 18 10 2 1 617 593 s ‘
9 4 14 340 310 .11 9 8 3 180 118 18 9212 S 335 324 13 10 2 3 1341 1344 4
9 415 994 965 6 9 8 4 847 829 6 912 & 750 743 8 16 2 4 436 420 7
5 416 591 576 a 9 B8 S 244 232 14 9 12 7 915 914 7 10 2 S 423 459 ?
9 417 €06 758 ? 9 8 6 1084 107¢ - 3 912 8 553 927 10 10 2 6 A74 423 ?
9 419 ° 534 487 10 9 8 7 634 613 7 212 9 1332 1330 6 10 2- 7 1084 1048 5 .
9 5 1 243 254 - 11 9 8 8 994 949 6 9 12 10 $37 - %26 . 10 10 2 9 179 198 7317
9 § = 652 643 - 5 9 8 9 598 582 °? 9 12 12 984 987 7 10. 2 11 972 ¢ 943 5 .
9 5 3 481 471 7 9 @ 10 842 22 6 9 13 1 SEa 551 9 10 2 1% 920 ° 872 6
9 5 ¢ 206 167 13 9 8 12 eao 8sl 6 913 2 246 21¢ 19 10 216 419 398 - 11
2 % 6 921 902 ] 9 813 . 456 437 10 913 3 369. 356 13 1o 217 261 234 1?
9 & 8 258 243 12 9 814 392 371 12 - 912 & 193 201 24 10 3 1 1146 11232 4
9 5 9 -294 283 11 9 9 2 306 291 12 9 13 10 318 330 17 10 3 2 341 334 8
2 S 10 178 182 18 9 9 3 667 667 7 9 la 2 936 944 7. 10 3 3- 1002 994 3
9 S 12 1099 1093 5 9 9 6 171 200 a1 9 14 4 437 447 12 10 3 4 308 307 9
9 %13 708 698 7 9 9 7 1032 1097 6 914 % 680 688 9 10 3 & 1177 1182 4
9 S 16 252 239 L7 9 9 4@ 401 3%0 . 10 9 14 6 246 250 20 10 3 "7 1161 1141 ]
9 6 1 1525 1434 4 9 9 10 383, 303 11 9 14 7 348 334 15, 10 13 9 556 553 ?
9 6 2 868 820 5 9 9 15 424 431 12 9 14 9 744 734 9 10 3 11 ~l087 1Q948 5
9 6 3 759 760 ] 9 9 le 02 495 11 9 15 4 763 761 9 10 312 257 2595 14
9 6 S 699 69¢ 6 . 910 1 543 S19 B 915 3§ 338 344 16 10 313 759 726 ? :
9 6 6 1007 998 £ 9106, 2 1000 940 6 915 6 612 615 10: 10 3 14 306 31 13
2 6 " 379 366 9 9 10 3 434 " 4lo 10 10 0 2 545 509 6 10 3 13 522 526 9
9 6 8 153 145 20 9 10 4 439 429 9 10 0 4 1516 1518 4 10 316 190 179 22
9 6 9 915 492 7 910 & 1016 963 & 10 0 6 353 248% 11 10 317 392 -+ 3833 12
9 610 _ 225, 188 15 910 6 302 272 13 ' 10 0 8 970 982 5 10 4 0 1238 1186 4 .
9 611 955 936 6 910 7 641 - 625 ? 10 0 10 724 676 6 to 4 3 576 546 6
9 612 1193 117% 5 9.0 8 398 420 11° 10 0 12 807 796 6 10 4 4 1234 1221 4
g 613 645 622 "7 9 10 10 £17 497 9 1¢ 0 14 1058 1003 6 10 4 S 1025 1029 ]
9 619 173 143 23 9 10 11 -~ 455 416 10 10 0 16 336 307 13 10 4 6 505 444 ?
9'6 16 277 271 16 9 10 12 - 272 293 17 10 0 18 348 338 14 io 4 7 234 236 13
9 6 12. 651 ° 600 8 9 10 13 972 959 7- 10 1 o 169 163 15 10 4 8 883 890 5 .
9 7 1, 666 _ 637 ) 9 10 14 483 485 11 - 10.1 2 1503 1448 4 10 4-9 S91 ., 370 ?
9 7 2 1531 1465 4 911 1 893 BE? - 6 10 7} s 391 .S 7 10 4 10 533 - 523 ? .
9 T 4 1289 11%1 5 911 2 4%m2 455 . 10Q 10 1 6 1458 1477 4 10 412 £83 585 8
3'7 8 94t 950 S 911 3 772 746 ? L T 581 606 6 10 4 13 . s°3 542 8
9 7 9  11%i 1169 5 9 11 4 221 239 18 10 1 8 1367 1377 4 10 4 19 601 583 ]
LIS CTR ¥ 4 526 8 9 11 & ATe 472 9 10 1 9- 35T 354 9 .10 41% A3 s 19 t
R I 44 <0l 7 491 9 210 7 - 493 649 8 1¢ 1 10 562 646 6 10 413 434 3484 12 . ’
3 ? 13 40 AT ) 9211 9 gl 96% d 10 112 -1211 0 1300 S 10 5 o 373 3vo ) ut
. . -
r . 4 -
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Yilues of 104AFobs and [QAEcalc , d . | o Page 14
. N
[ L Fobs Fcale SigF H# K L~ Fobs &Fcalc SagF H K L Fobs Fcalc SigF H K L fobs Fcale SigfVY
10 5 1 110% 1091 H] 10 8 4 438 406 9 10 11 12 343 324 15 11 111 A8 486 > 8
10 5 2 453 443 7 10 8 § 219 191 16 10 11 13 406 416 13 11 112 503 .s18 9
10 5 3 947 955 5 10 8 &6 937 976 6’ 10 12 o 1159 1124 6 11 1 13 359 3so 12
10 S 4 61% 620 6 .10 8 7, 599 586 8 10 12 1 .61% 577 9 11 1 14 595 390 8
10 S S 722 1822 4 10,8 B 350 314 11 10 12 2 262 347 18 11 119 274 57 16
10 % 6 761 736 6 10 8 11 353 330 12 10 12 3 349, 543 9 11 116 44 414 11
210 % 7 547 959 7 10 8 12 620 60% 8 . 1012 4 482 472 10 11 117 263 - 249 16
10 S 8 689 68% 6 10 9 ¢ 1370 1323 H] 10 12 & 298 ' 300 16 , 11 2 1 212 236 14
10 S 10 244 2356 14 10 9 1 187 159 20 10 12 8 256 239 19 . 11 2 2 189 176 15.
10 5 11 97?7 -  96% 6 10 9 2 1336 1310 3 10 12 9 341 . 342 15 11 2 3 429 491 8
10 S5 12 217 202 17 109 3 8%9 845 6 10 12 11 L 210 20 11 25 1356 - 1404 S
10 5 13 1142 1127 [N 10 9 4 £78 944 8 10 13 0 411 406 13 Ir 2 7 190 ¢ 163 16
10 S 15 610 598 8 1¢ 9 S 222 293 17 10 13 1 411 411 13 11 2 8 281 249 A2
10 S 16 423 410 il 10 9 [} 569 559 8 10 13 2 1037 1033 ¥ 11 2 2 ses 5920 7
1 60 1179 . 1031 S i0o 9 7 1037, 1014 6 10 13 3 700 684 8 Il 210 264 285 - 13
10 6 1 1752 1649 4 10 9 8 1013 ~995 i 6 1013 5 101% 1032 7 11 2 11 436 420 9
10 6 2 458 427 8 10 9 9 33¢ 339 13 10 13 6 654 656 9 ° 11 2.2 ° 432 - ~ 444 10
10 6 e g 174 183 18 io 9 10 722 724 7 10 13 8 238, 543 11 11 213 1774 1757 S
10 6 4q 673 668 ) 10 9 11 98 610 - 9 10 13 9 312 305 .17 11 3.14 . 266 268 16
I0 6 3 398° 38? 9 10, 912 448 433 il 10 14 @ 988 969 8 11 215§ 19 191 19
10 6 6 200 - 234 16 10 9 13 306 283 15 10 14 1} 218 140 24 i1 217 794 - 748 B
10 6 7 1298 1279 3 10 9 14 570 $54 10 10 14 3 825 804 £ i1 3 1 350 372 9
10 6.8 343 ° 349 10 10 9 1% 33% 322 1S 10 14 S 393 378 T4 1} 3 2 620 608 6
1o 6 11 740 ~37 7 1¢ 10 © 702 676 7 10 14 & 291 280 18 11 2 3 464 479 ?
10 6 14 636 * 620 ., 8 10 10 1 599 , 981 8 10 15 0 683 681 10 . 11 3 4 725 707 6
10 6 17 475 440 11 10 10 2 453 463 . 10 10 15 1 504 320 12 11 3 § 244 261 13
lO? 7 0 197 17} 17 10 10 3 377 394 11 10 15 2 247 223 23 11 3 8 618 593 . 6
10 7 1- 877 a3z a 10 10 4 251 252 16 11 e 2 763 . 722 S 11 3 7 321 538 ?
10 7 2. 1043 989 ~ S 1¢ 10 7 369 357 12 11 0 4 Sle 538 7 1. 3 8- 231 224 14
10 7 23 401 374, 9" 1010 8 563 8739 9 11 0 3 1988 . 1948 4 11 3 9 1578 1550 5
10 7 4 705 677 6 10 10 9 280 286 ° 16 11 o0 8 1291, 1303 S 11 310 171 137 a0
10 7. 6 -374 . 331 10 10 10 10 297 301 1% 11 0 10 S01 494 8, 11 311 559 542 8
10 7 8 849 83% [ 10 10 11 531 <26 , 1o 11 0 12 1866 1869~ S 11 3 12 523 S19- 8
10 7 10 " 573 543 8 10 1Q 13 222 228 Al <« 11 0 14 743 718 - 7 11 313 343 331 12
10 711 393 409. 11 -1011 o 2427 239 18 11 0 18 403 432 " 13 11 3 14 168 174 24
10 %12 617 618 8 10 11 1 695 648 8 11 1 1 979 924 S 11 3 19 403 ' 381 11
10 7 13 230 243 | 18 10 11 2° 379 -~ 396 12 11 1 2 664 714 [ 11 317 ° 458 437 11
10 7 14 133 119 22 10 11 3 357 26% 16 11 1 4 778 ré-1-1 -1 11 4 1 850 819 S
10 7 1S S23 © 499 10 . 10 11 4 200 222 21 | 11 1 S 330 319 10 11 &4 3 694 674 )
10 7 16 5606 934 10 10 11 S 472 460 10 _ 11 1 6 1090 363 8 11 4 4 627 674 6
i 8 0 1788 1728 3 10 11 6 522 917 9 ) 3 W U 566 155 4 11 4 & 873 857 S
10 8 1 1011 50 S 10 11 7 574 £82 9 11 1 8 732 ~32 [} 11 L I 173> 1748 WS
12 6. 2 645 327 [} 1¢ 11 5 294 260 16 17 1 9 322 321 1 11 4 -8 364 332 16
o8 2 313 322 [ @} 10 11 11 $32 357 9 o1 1 230 24u 1% 11 4 1 V77 124 2
. ' G
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Values of 10kFobts 3nd 10kFcalce N , Page 13
H K¢ L Fobs Fcalc »Si1q9F H K L Fobs Fcalc Siqf H K L Fobs Fcalc Sigf H K L Fobs Fcalc SigFf
- - - ———— _——— - - - - - rm—— e ———— ——— - - - U —_———— - - - ce——— me———— ————
11 4 10 570 | 558 8 -1 7 13 195 184 22 11 13 3 453 459 12 12 2 16 317 314 15
11 4 11 568 541 ) g 11 7 14 719 714 8 1113° 5 690 717 9 12 3 ¢ 323 300 11
11 4 12 1001 986 6~ 11 8 2 1466 1419 9 11 13 6 445 423 12 12 3 2 388 421 9
11 4 14 337 -343 13 11 8 3 , 397 393 ° 10 11 147 01 851 805 8 12 3 3 S55 558° 7
11 4 15 479 481 10 11 8 4 282 . 476 9 11 14 3 421 420 14 12 3 4 170 148 19
11 4 16 363 33s 13 11 8 7 592 594 8 .12 0 o - 27 258 12 12 3 95 321 307 11
11 417 606 570 9 11 8 8 429 429 10 12 0 2 1477 1450 5 12 3 6% 170 164 20
11 5 1. 634 598 6 11 8 9 367 352 12 12 0 4 260 228 12 12 3 2?2 643 634 7
11 5 2 957 930 S 11 8 10 700 689 8 12 0 & 334 324 10 12 3 9 825 847 6
11 5 3 180 174 17 11 8 11 202 212 21 3 0 8 306 322 12 12 3 10 265 275 15
11 5 4 579 357 7 11 8 12 449 431 1 12 0 10 190 154 19 12 3 11 681 694 7
11 § S 296 335 12 11 3 13 216 244 21 12 0 12 615 . 610 8 12 3 12 292, 315 15
11 S &6 578 593 7 ‘11 °8 14 514 S13 10 12 0 14 999 573 8 _ 12 3 14 349 337 13
A1 5 7 23 -~ 239 14 11 8 1S 297 379 13 12 o 16 1043 990 7 iz” 3 1s S66 567 9
11 s 8 a1 397 9 11 s 1 889 91 6 12y 1 0 446 432 8 12 4 0 618 620 7
11 5 9 ° 560 $27 8 1} 9 S 181 18 .22 12 1 1 484 487 L7 12 4 2 224 226 15
11 5 10 + 35 349 11 1* 9 6 ' 650 64& 8 121 2 523 S$53 7 12 4 3 851 817, .°6
11 511 79 575 8_ 11 9 2 Sel 552 9 12 1 3 565 569 .7 12 4 4 187 160 18
11 5 12 $73 561 a 11 9 8 599 586 8 t2 1 4 408 400 9 12 4 s 257 265 13
11 5 13 196 178 21 11 9 11 279 271 16 12 1 6 246 233 14 - 12 4 6 525 539 B
11 5 16 452 441 11 11 9 12 256 %69 10 12 1 7 22 203 15 12 4 7 997 1031 6
11 6 1 342 35¢ ~10 11 914 ez 148 - 26 . 1221 8 469 43% 8 12 a4 8 704 721 7
it 6 2 1022 1030 S 11 10 1 465 455 10 12 1t o 1044 1025 6 12 4 9 672 669 v 7
I1 6 3 866 827 6 11 10 3 722 7k4 7 12 1 11 614 589 g8 .12 4™ _ 522 511 9
11 6 4 630 647 7 11 10 4 695 713 8 - 12 112 380 358 11 12 4 11, 362 782 12
11 6 5 564 o568 vi 1110 9 332 313 13 2 113 79X 271 13 12 . 4 12 503 ° 492 <9
1V 6 4 371 . 347 10 11 10 6 322 301 413 12 1 14 429 403 11 12/ 4 13 ~ 173 175 24
11 &6 7 160 155 22 11 10 7 299 307 - 1% 2 119 742 727 8 4 4 14 293 303 ° .1s
11.. 6 8 674 6§74 7 11 10 9 677 © 686 8 12 1 16 488 469 10 12 4 15 822 780 a
11 ¥ 9 1182 1157 S 11 10 10 416 398 12 12 1 17 217 202 a2 2 5 1 251 © 247 14
11 6 2. 340 343 13 1111 1 1266 1236 6 L1202 00 1244 1176 $ 209 4 332 528 8
11 613 249 ° 234 17 11 11 2 653 646 8 12 2 1 920 209 5 12°° § § 620 608 2
1, 6 15 324 179" 20 111 3 658 679 8 12 2 767 749 ' & 12 5 6 515 528 8
117 6 16 574, £S5 10 11 11 5 445 450 11 12 2 3 701 707 6 12 5 7 628 - 619 7
11 7-1 1289 1264 S 11 11 7 380 404 13 12 2 4 447 434 8 125 8. 291 321 14 -
L1072 414 426 9. 1111 8 393 368 13 2 2 5 1287 1299 9 I2 S0 . 369 355 ‘12
11 7 4 1224 1236 5 s 11 11 9 607 608 . 9 12 2 ¢ 580 385 7 12 S 11 303 183 -+ 20
11 72 5 330 333 11 11 12 ) 91¢ 890 .7 12 2 2 1244 ° 1264 9 12 512 231 217" ie
i1 7 6 799 817 6 /7 1l 2‘®2 1374 1344 6 12 2 8 761 733 6 12 S 13 332, 326 13
| 5 S 494 soc- 9 14 12 "4+ 933 933 10 12 210 456 449 Q- 12 6 ¢ 1158 1130 S
11 72 8 331 441 10 11 12 & 99 406 12 12 211 1497 1496 5 12 6" 1 1641 1616 9
11 72 10 624 G644 8 ® ir 12 - ~31 334 - 15 = 212 368 351 12 12 6 2 S48 538 B8
11" 711 181~ lod, 22 11 12 3 366 72 14 12 213 247 ac3 7 12 3 3 302 307 13
11 " 12 83¢C 820 Ly 11 12 10 288 399 14 12 214 344 334, 12 12 & 4 3oe 289 2
° — h \
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Values

K

—
s

12 6
12 6
12 6
12 %6
12 6
12 6
12 6
12 6
12 6
12 6
12 7
127
12 7
127
12 7
12 7
12 7
12 7
12 7
12 3
12 8
12 8
i2 8
12 8
12 8
12 8
12 8
29
12 9
12 9
iz 9
12 9
12 9
12 9
12 9
12 9
12 9
12 10
12 10
12 12
12 10
1210
12

12

—
«

ot

-

-
o oD e W

I W= Ot =0 @O W Wiy

!0AFobs

Fobs

699
92s
591
970
868
176
10
754
644
399
11¢7
356
542
233
334
323
612
291
265
321
216
1122

3L6

449

394
1632
81"
270

-

g

arnd 10kFcalc

669 ré
908 6
609 8
980 6
866 7
127 23
509 10
746 8
629 9
+372 13
1174 [
354 12
s28 o+ 8
279 17
333 12
311 13
603 "8
280 15
2391 19
305 13
249 19
1103 6
506 9
271 16
1291 6
10694 7
371 k3
949 7
412 11
216 19
237 19
407 11
~ 342 13
249 18
331 13
283 16
259 1e
142 il
804 7
313 15
1C°¢C 6
BLO -
Y] 7
Jjoo lo

12
12

12

-
-

12
12
12

B

12
12
12
12
12

12
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Fobs Fcalc

4

310
840
371
255
489
430
261
a2
1339
211
413
732
469
636
307
413
465
493
721
614
446
1671
1426
1015
923
745
468
1161
872
961
163
460
283
627
847

165
20t

a2

699
595

1681
1436
1012
932
724
461
1130
858
965
132
464
259
614
827
256
482
anAn

493

Ay e
12

757
459
219\

3192
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Fobs

657
540
753
290
553
536
440
900
589
681
’53’0
387
31S
$34
428
25"
1561
494
366
228
1007
1371
704
326
810
367
S8l
S7
417
331
973
616
296
201
467
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Fobs

204
406
452
591
860
271
202
214
S10
1464
58S
411
641
378
412
603
756
247
949
203
717
202
205

€7

-

249
s08
342
273
781
195

327

199

Paige 16

Ecalc SiaF

20S 19
409 11
492 10
618 8
842 7
262 16
205 22
203 22
476 11
1456 3
593 8
396 11
62% 8
400 13
416 12
593 8
750 7
218 18
943 Vi
207 21
705 2]
235 22
230 22
483 10
254 19
505 11
32s 14
274 17
756 8
198 23
362 14
207 23
3% 15
25% 18
847 8
221 24
504 12
299 20
676 a
363 14
292 1-
282 -
1060

316 lo

. 8Td

b gt e 12
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“alues of lO0ifors and 10AFcalc ) : Page 17 ‘
K L Fobs Fcalc SigF H K L EgPs Fcalce 51951 H K L Eobs FEgcalc Sigf H L . Fobs Fcalc SigF
- - - ———— mmmmm ——— - - - ——¥e  —mme- ———— - - - ———e ememe eee- - - - ———— me—-- ————
“ R \ '
1311 2 741 734 9 14 3 3 ’982 79% 7 | 14 7 11 375 76 14 15 112 224 215 2z -
13 11 3 588 591 10 14 3 & 1364 1380 S 14 8 0 292 243 16 T1s 2 1 303 310 14 &
13 11 4 4235 433 13 14 3 S5 1255 1259 6 14 8 3 477 473 11 1§ 2. 2 276 301 16
1311 6 354 359 S 147 3 6 204 202 20 14 8 4 420 426 12 1S 2 6 ‘411 409 1Y o
1311 7 542 554 11 14 3 7 1200 1199 6 14 8 5 363 392 14 15 2 7 423 402 11
1312 1 805 824 9 14 3 8 576 590 8 [’ 14 8 &6 213 206 22 15 2 9 386 410 13
13 12 2 666 661 10 14 3 9 345 317 13 14 8 7 398 414 13 15 211 525 538 10
13 12 3 239 262 23 14 3 10 434 426 11 \\Q\ 8 8°¢ 224 217 22 18 2 12 564 S544. 10 3
1312 4 822 818 a8, 14 3 11 668 - 677 B 14 (8 9 ‘188 180 ﬁ? 15 '3 1 10235 1031 & i
14 0 o 824 855 6 14 3 12 290 280 16 14 K;IO 449 466 12 715 3 2 1056 1069 6 {
14 0 2 278 2635 14 14 3 13 491 488 .11 14 , o 1122 1106 ? 15 3 3 606 631 9 .
N 14 0 ¢4 480 477 9 14 3 14 - 440 428 - 12 14 9 1 620 598 9 19 3 a4 488 « . 478 10 ' [
14 0 6 712 727 7 14 4 0 472 462 - 10 14 9 2 782 79% 8 15 3 5 410 - 433 12
14 ¢ 8 3ie 335 2 14 4 1 652 661 8 14 9 3- 767 769 B 13 3 6 218 a2 20
14 0 12 S78 575 9 14' 4 2 358 c8 12 14 9 4 184 13¢% 26 Is 3 7 . 426 427 11 .
14 0 14 272 281 18 14 4 23 460 492 10 14 9 S 304 316 16 15 3 9 398 414 12
14 1 0 1425 1383 S 14 4 4 412 417 11 14 9 7 196 221 26 15 3 11 856 ‘834 8 N
14 1 2 65 631 ? 14 4 S 204 227 20 14 9 8 658 - 670 9 15 4 1 377, 341 12 ’ !
\14 1 3 "1006 1042 . 6 14 4 6 299 292 14 14 9 9 274 259 19 15 4 2 254 2635 17 L
14 1 4 731 72 ? 14 4 8 429 444 11 14 10 0 398 375 14 15 4 23 264 260 17
14 1 S 686 ‘209 7 14 4 11 319 337 15 14 10 2 365 363 15 15 4 5 474 506 10
14 1 @6 S12 S22 9 14 413 271 257 i8 14 10 3 309 309 17 15 4 6’\\ 387 406 13 .
14 1 7 . 318 331 13 14 S o 1263 1237 6 14 10 4 247 257 21 15 5§ 1 280 280 16
14 1 8 683 700 7 14 8 1 970 962 6 14 10 S 835 B840 8 15 § 2 654 640 8 .
4 1 9 298 285 14 14 5 3 1716 1701 S 14 10 6 488 478 12 1S § 3 503 529 . 10
14 1 10 747 733 ? 14 S 4 430 | 4l” 11 14 10 7 305 311 18 15 5 o 379  Se6% 9 !
14 1 11 192 193 22 14 S S 406 374 1 14 11 o) 1039 1024 7 15, S b 63§ 670 8
14 112 461 450 11 14 § o 991 615 8 14 11 3 682 680 9 15 5 6 799 804 7
14 1 13 369 380 14 14 5 7 257 257 17 14 11 4 386 + 397 15 5.5 7 254 246 -« 18
14 } 14 - 274 298 "18 14 S5 i2 307 307 16 14 11 S 460 . 475 13 15 5 8 286 290 16
14 2 ¢ 1040 994 5 14 S5 13 894 , 690 9 IS o 2 455 476 10 15 5 9 830 846 8 .
14 2 2 487 S02 9 14 6 O 1212 1197 6 15 0 4 S84 580 92 2183 5 16 $50 S44 1
14 2 3 216 228 18 14°6 1 S86 576 8 15 0 8 292 296 15 15 5 11 487 478 R
14 2 4 484 477 9 14 6 3 230 199 19 - 1% 012 250 248 19 15 6 1. 223% 227 20 ‘
14 2§ 935 935 6 14 6 4 288 261 15 15 '1 1 950 9S82 6 15 .6 2 .479 479 11
14 2 6 <86 317 15 14 6 8 259 279 18 15 1 - 528 527 9 15 ‘6 4 281 231 16 N 2
14 2 9 458 466 10 14 6 10 Gll1 603 9 15 1 3 > 303 316 14 1s ‘6 5 ' 30% Jis 16 ‘ v
14 2 10 364 382 12 14 6 12 219 199 23 15 1 4 739+ 749 7 15 6 6 719 T 723. B
14 212 269 272 17 14 72 2 446 461 11 15 1§ 912 921 7 15 6 8 383 349 13
14 213 522 S14 10 14 27 a 6?3 668 8 S 1 6 1143 1160 6 S 7 2 889 926 ? i
14 2 14 T 473 430 11 14 7 S 301 296 15 1S 1 8 232 223 19 < 15 7 3 332 849 8 ’ !
14 3 ¢ 346 328 12 14 7 8 1061 1023 7 S 1 9 S73 589 9 S 7 4 1258 1276 G !
1 3 1 403 39l 10 14 72 9 294 269 19 15 1 10 254 280 16 S 76 421, 439 12 EE }
149 3 & Lve7 L L20 B 14 7 10 746 733 . B 5 111 379 379 13 i7" 278 300 g O §
i ~
h!

T e et ek A I M S S S e o - n et s e it e e = LT T e Ve, Do
°
T— !



Yalues of 10AEcbs and 10AFcalc

Faqe 18
H K L Fobs Fcalc SigF H L Fobs Fcalc SigF H K L [Fobs Fcalc Siaf H K L Fobs Fcalc Si9F
L ]
1 7 9 7%% 757 9 16 § 2 580 601 10 '18. 0 0 .558 572 11 . .
I5 8 3 286 269 17 16 § 3 916 936 - 7 18 0 4 265 318 - 21
1S 8 4 257 231 19 16 5 4 332. 328 1s 18 1 o 784 .778 9
1s 8 7 274 " 309 19 16 5 S 498 °  s08 11 18 1 1 332 340 17
1S 8 8 489 505 12 16 S5 7 358 379 18 18 1 3 800 835 9
5 9 2 272 240 19 16 5 8 204 280 18 18 2 o 321 326 17 )
15 9 3 313 31 . 17 16 S 9 268 300 20 16 2 1 389 389 13 ./
1S 9 S 227 230 23 16 6 0 581 540 1e 18 2 2 379 291 15 . ;
€10 3 339 3s0 17 16 6 2 216 234 22 18 2 3 198 250 27 ’
16 0 o 1787 1786 6 16 6 3 776 793 8 18 3 0 478 Ks9 13 ﬁ
16 0 6 373 413 13 16 6 4 298 27% 17 18 3 2 522 541 12 /
16 0 8 315 324 13 I6 6 8 447 457 12 =
1 040 642 646 9 16 7 1 266 265 20 ;
16 1 0 874 848 ? le 7 2 263 245 19 / . &
16 1 2 22 238 20 16 7 4 497 505 11 . ,
-6 13 1309 1318 6 16 72 % 509 594 11 .

16 1 4 939 268 7 16 72 6 - %59 559 11 /"’ - )
106 1 S 29s o 16 16 8 o] 1010 1009 . 8 . N
16 1 6 376 397 13 16 8 2 389 357 14 . L
16 110 221 202 22 16 8 4 283 287 19 :
16 2 0 798 -78% 8 16 8 § 286 276 19
16 2 1 $09 £37 10 7 0 2 389 3s2 13
16 2 = 548 546 10 17 0 4. 1224 1233 7 ) .
16 2 3 673 679 8 7 0 6 983 1016 7 ’
6 2 % |24 840 ? 17 ¢ 8 ~ 913 920 8
16 2 7 461 16" 11 17 1 2 414 £14 13
16 2 8 262 241 18 17 1 4 726 724 9 x
16 2 9 312 284 16 1?7 1 S 746 758 a - N
16 210 605 597 10 17 1 8 231 247 22
16 31 o 327 299 15 17 2 1 743 729
16 3 1 756 770 e 17 2 3 344 349 15
iec 3 =2 723 719 8 17 2 5 206 182 24 )
e 3 3 253 291 18 172 6 611 647 10
16 3 4 549 s61 10 17 2 8 362 7366 15
16 3 S 459 449" 11 17 3 2 376 393 14 e ' -
16 3 6 ' alo 411 12 17 3 4 467 462 12 -
16 3 7 437 455 12 17 3 S 220 185 23 ——
16 4 o S48 555 10 17 4 1 9%6 266 8
16 4 3 404 423. 12 17 4 2 251 237 2 )
e 4 1 498 480 10 7 4 6 994 $76 10
16 4 S 1187 11%¢ 7 17 v 1 792 787 8
16 4 7 241 256 20 1?7 S 3 198 76 s :
It & 0 424 . a4l 12 17§ 5 232 23e 22 w
e < 1 11 . 29 21 17 46 4 700 744 9 N
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Table B.3. Final Positional Parameters

for Cr(CD)z(CS.’)[(_HID)sPJ3 (aer I) and

~Th.1r Estimated Standard ngintion-

Atoe

cr
3
”
"
cl
st
c2
02
€3
03
011
e
012
c12
013
13
o

022

cai .

]

0.19914(3)
0.32976(1)
0.241356(8)>
0.06939(9)
0.1646()
0.1277%q)
0.248%()
0.2804¢3;
0.1%46(3)
0.1271¢3).
0.3453(2)
2289(4)
0.4090(2)
0.4976(2)
0.3628:2)
9.3661: 4
2%
0.2640(4)
0.3010()

4

0.38146(5)
0.41673¢®)
0.44230(8®)
0.3345%(9)
0.3461(3)
0.31681¢4)
0.2733(4)
0.2085(3>
0.4943(4)
9.%609(3;
0.5121¢2)
0.5366:4:
0.4127(2)
G.42400)
0.3607(2)
0.2660(4)
0.3830¢2)
0.3129¢4) -
0.5366(2)

9.38628¢4)
0.43460(7)
0.27659%(7)
0.34383(7)
0.4713135,
0.55521(3)
0.3587(3)
0.3405¢2)
0.4080¢3)
0.4242¢2¢
0.4688¢2)
0.5327¢3)
0.3609¢2)
5.4051¢3)
0.5014(2)
0.4977(3)
0.2240(2)
2.1844¢3)

BT

+ BAQ)

0.74¢19
0.90(2)
0.89¢2)
0.80(2)
1.2¢1)

1.6101)
1.2t
2.16(9)
1.2

2.0

1.;?(7)
2.0¢1)
1.25(7)
1.5811)

1.40(2)

2.0t
1.32t7)
1.2¢1)
1.22¢2)
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Table of Positionsl Pirwmseters and Their Estisated Standard Deviations (cant)
ceecccmmmam———————— ———— - - - ceamensew ceccmnccnnman .
Atom x ¥ H '(A2) ‘
. ca2 9.2327(4)  0.5708(4) «2266(3)  1.91; \
023 0.170%(2)  0.4750(2)  0.2202¢(2) 1.22(7)
€23 0.1113(4) 0.5433¢4)  0.2388(3) 1.9(1)
031 -0.0114(2:  0.4014(2)  0.3434(2)- 1.35(7) -
ca -0.0469(4)  0.4317(4)  9.4086:¢3)  1.7(1)
032 C.0211/2Y  G.2%42¢22  0.322(2)y  1.26.7)
£32 0.C630(4)  2.1732¢4)  9.3997/3)  1.5t1)
{ - 03: 0.0691(2%  0.3051¢2)  0.2630¢2° .28507)
v . €33 -3.3679/4)  0.26B8(47  0.2306(3)  1.7(1)
Hl1A 0.3146 0.5942 L5498 . AAAAR
H11B o.238° o.seés 3 Y11 AAARA /j/
H11C 0.3141 0.496% . 0.%691 Akhie ‘
H124 0.5367 ' 0.41%7 0.3675 ARARK
H12K " 0.%038 0.4800 0.4276 AAXAA
’ uiz‘c o.sno(.il—, 0.3794 0.4395 | ahdka
: Wi3a .0.3874 0.2425 0/5410°  hkAkk ’
H13B 0.2103 0.2422 0.4888 aAdsA
. H13C 0.4041 0.2478 0.4606 AAARA
. ' H21A ‘ 0.3077 ‘0.2867 ©0.1568 Ahdhir




fable of Positional Parasseters and Ihear Estimated Standard Devistions

- O 0P 0 > O 05 N e - -

Atoa X

H21E 0.241%
Ha1c 0.2184
H22A 0.3729
H22P 0.3764
H22C 0.2956
H22A 0.0730
uza;ﬂmﬁ;“nnofss
HZ3C 0.1406
H314 -0.094]
H31W -0.2672
H31C -0.0080
uaza‘ 0.0261
w323 0.0842
H32C 0.1122
H33A . 0.0033
H33B, -0.02%
n33c -0.0341

\ 4

0.2698
0.3331°
0.6204

0.5319

9.3824
0.46)8
0-1;53;’
0.1459
2.13406
0.294¢

0.2161

0.309%9

.
.

-

0.2166
0.1354
0.2425
0.2020
0.1958
0.19%
0.2779
0.2499
0.4008

J.4308
0.1823
9.2542

0.2320

K

(cont.)

117 +-3

AMAAA
AhAAA
ARRAR
ARARA
ARAAA
AkARA
AhAAS
ARRRA
RAARA
AARAA
AARAA
RARAA
AAAAA
AAhrw
ARAad

Abhin

Aok de

N

Arisotropacsliys refined atoms are g9aven 1n the fors 2f the

1toircpic equivalent thermal parameter defined ase
(473 A (a2AB(1,1) + DARC2.2) ¢ c2AB(2,3) +
+ acicos bety)AB(1.3) ¢+ boteos alpha)iB(2,3))

ab(cos Jammy) AP

- - - ok - b -

Starred stoms were refined 1sdtropicsl)y.

1.3)

- -
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Table B.4. Final Thermal Parameters for |
Cr(CO),(Cse)[(MeO)3P] 3 (mer I) and Their
(J ) _ Estimated Standard Deviations ' . .
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cR
r1
rz
3
c1
SE
c2
02
c3
03
211
c1t
012

[
1<

-

a

!

Table of Refined Teaperature Factor Expressi

ons - Beta‘s

»2,

31, D)
0.00051(3) 0.0003&(3)
0.00064(S) 0.00061 (%)
0.00074(S) 0.00050(3)
0.00036(S) 0.00058(S)
0.0007¢2) 0.0007(2)
©0.00200¢(2) 0.00131¢2)
0.0009(2) 0.0011(2"
0.0023(2) 0.0613(2)
0.0009(2) 0.0012(>
0.0022(2) 0.0008(27
0.0010(1) 0.0008(1)
2.0017¢2)  0.0029(3)
0.0006(1) 0.0316(2}
2.0605(2)  0.0016(2)
6.0012(2)° 0.0611¢2}
2.0016¢2) 0.0014(3)
0.2011¢1) 0.0011(2)
0.0023¢3) 0.0012(2}
2.0012(2)  0.0009(3

-

3,

-

91,2

-wmwmmn

",»

cnaeoaa

BC2. M

-y

0.00097(2)~6.00000¢(S5)-0,00007Th) ©.00008(Y
0.00106(4)~0.00008(9)-0.00011(?)~0,.00002(7)

0.00104(3)-0.00008¢9) 0.00001(72 0.00003(?7)

0.00108(4) 0.00001¢(®)-0.0000C7) 0,00013(7)

0.0013(2)

0.0003¢4)

-0.0006(3)

=0.0008(3)

0.00106¢(1)-0.00038(4) 0.00048(3) 0.0003%{3)

0.0012¢1)

9.0030(1)
0.0013(2)
0.2022(1)
0.0014(1)
0.0013(2}
0.0012(1)
2.06619(2,
9.0014(1-
0,0021(2)
o.bcxscx;
9.2012¢1)»
0.0012¢1}

-0.0004(4)
0.0012(3)
-0.0007(4)
6.0010(3?
-0.0007(3)
-3.0002(4;
3.0060213)
-1.¢003¢4)
-2.0005¢3)
7.0000(4)
-0.0000(3)
0.9002(%)
-0.0009(3)

-0.0002(3)
-0.0003¢3)
0.0000(3)
0.0008(2)
0.0003(2:

0.0002¢3)

«0.00035(2)

0.0000:3)
-4.0G05.2)
=0.0008(2)

0.0001¢4)9-0.,0C12(4)

-0.0002(2"
«0.3601:3)
-0.0008:(2)
-0.0C14¢4)
0.000%(2)
0.2003¢3)
0.0001¢2)

-0.0004(2)

-

=3.9C7)4)

0.0655«2)
p.0Q14t )
=0.0005(2)
“0.0C03¢7
-0.0001¢(2)

B27



Table of Refined Temperature Faclor Expressions - Peta’s

- D Y~ - - e - - - - . - - -
-

Name

-

Cc3t

c32
033
c33

B(l. 1

6.0521 (2
0.0011(1}
0.0017(2)
0.0007(¢1)
0.0009(2)
0.0010(1

9.2019(2)
0.0009¢1)

0.9011¢(2)

9(2.27

2.0C14(2D)
0.0008(1)
0.0013(2)
0.0012()
0.0017(3)
0.0008¢1)
0.605912)
0.0C13(2)

0.0018(3)

0.0017¢2)
0.6012¢1)
_0.0919<:'
0.001%(1)
0.0018¢(2)
0.0014(1,
0.0014¢2)
6.0012:1 1)

0.00172¢2)

~0.0014¢4)
0.0002¢3)
0.0012(C4)
¢.0009(3)
¢.0006¢48)
-C.0004(3)
=3.0005¢4)
=0.00C¢5(2)

=0.0009¢3%)

0.0002¢4)
-0.00041¢2)

=0.0010¢4)

“0.0001(2)

0.0006(3)
0.0002(2)
0.0001¢2,
+0.0002(2,

=0.0069(3)

B28

(Coantinueq)

7

B(2.2)

0.0006¢3)
0.0001(2)
0.0002¢ 4)
0.0001+ 2%
-5.3605¢ 4)
0. 004(2)
2.0605¢ 3)
y
-0.0601(2)

-0.2021(3)

- - - - . - - - — i " -t o~ b -~ —— -

The form of the anisotropic thermsl parameter 138
expl-(B(1.1)YAR2 & B(2,2)Ak2 + B(3.3)412 + B(1,2)khik ‘¢ B(1.3)4nl

-

+ B2.2)AKL])

- - R D e mr e

e
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Pt

avanes m s eme e §

cr

n

r2
r

Tt
) |
€2
02
c3
03
Q1!
ci11
orL2
€12
013
€13
S+
. L+ 2§
022

@,

3

"

N

\

.

. ~  Table of Senaral Teapersture Pactier Bupressions - U‘s

AP Y UL, w3 i, w”i,»
0.0062(4)  0:0042(4) 0.0177{4) ~9.0008(3) ~0.904513)
0.0078(6) 0.0071(6) 'o.bibm:'-o.mci: =0.9000(3)
0.0090(8)  0.0038(8) 5.0151(5) -0.0005(5) 0.0081(8)
0.0069(8) 0.0067C6) 0.0L90(Y) '0.0000(3) <4.0000(3)
0.009(2)  0.008(2) 40.03UD) . 9.002(2) ~0.003(2)
0.0342(3)  0.0177¢(2)  8.0193(3) ,~0.0033¢(3) 0.0036¢32)
0.012€2) 0,01, 0.02%D) ~0.003¢2) -0.002(2)
0.030(3)  0.015(2)  0.037(2)  0.007(3) -0.003¢D)
0.011(2)  0.013(3)  0.02%M) -o.ooi«z)‘_ 0. 000¢)
0.026(2)  0.00942) 0.041:d) 0.006(2>  0.086(2)
0.013%)  0.010¢2) 0.026(33 =0.004(2>  0.003(2
0.031¢23)  0.024(3)  0.033¢1) <-0.001(I)  Z5,391(3}
0.002¢2)  0.018(2)  0.022!2)  0.002(3} =0.002(3)
0.006(2)  0.012(3)  0.03(1) -0.203(2)  +94004(D)
0.013(2)  0.013¢2)  0.93%UD). -2.003(2? ~0.008(2)
. o.mmn‘ D.017¢2) ' 0.039(3  0.000¢3)- -9.010¢D)
0.814(3)  0.013¢(2)  0.034(2) -0.000(2) 0.004()
0.030(2)  0.01%:.3 902173 0,001¢3) 0,002
0.015(2)  0.610¢(2)  0.023(2}, -0.003¢2)  0.00142)
.
p
&
\ .
Nt

B29

s

viz.n

—ocana
. 0.0086¢2)
-0.0001¢8)
9.0002(3)
€.9009(3)
-.90812) .
0.0020¢2)
0.003t2)

~0.004¢2) -

0.000(2)
~0.004(2)
-0.006(2)
-0.014(3)
<0.003(2)
-0.002(3)

S.oouz)'

0.01003)
-0.004(2)
~0.004(2)
-0.000(3)
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Tadble of General Tesperature factaor Expresssans - U’z (Coantinyed)

e TR L L 2 L P T T R L L s N e

Na
U(l.*)

6.025¢3)
0.013¢2)
0.020¢3)
0:009¢2)
0.0121(3
0.012¢2)

0.023¢3:

0.010¢2)

0.0l

gea. 2l U3, uel,2) Uc1.3 2,

- - ’ L T - - P ] ——---.

0.016(3)° 0.031¢3) * -0.008¢2)  0.006(3)  0.004(2)
10.010¢2)  0.033(M 0.001(2) -6.003(3)  0.001(2) L
10.015(3)  °0.035(2)  0.007¢(2) -0.207¢(3>  0.901¢3)
0.013(2)  0.037(2)° 0.005(2) -0.001(2)  0.001(2)
0.020(3)  9.0233(3) C.00442)  0.005(D) -0.004(3)
0.010¢2)  0.026(2) -0.002(2)  0.001(2)  0.003(2¢
9.010€2)  2.02%(3%  -0.003(2)  0.001(2)  0.G04(2)
0.015(2), 0.022¢(2) -0.003(2) =-0.002(2)- -0.001(2)

- N .
9.021() 0.030¢3) -0.008¢(2) -0.007¢(2) -0.001(2)

- - - T D > Y > W M S - -

- - -

The fars of the anisctraopic thermal parametér is:
exsl-2PI2€N2220C1,1) + k2DIU(2,25 + 12c2U13,3) + Zhkadby(l,2) ¢ 2hlacU(l.3) .
+ 2x1bcU€2.3))>]1 where a.b, aid ¢ are reciprocal lattice zonstants. -

.

.
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Co—adding and Permaneﬁt Storage of Large Number of FT-IR Scans
i B o

v

¢

The following is a listing of a program (named LWA) written as a macro
compatible with the Nicolet FT-IR software, The prog;am was created in
order to overcome the problem of insdufficient data cqllection’ due to
correlation drifting inherent in the collectfon of large numbers of FT-IR
scans. It enables any convenient number of scans to be collected at a time
and stored in specified destination files prior to co—additibn and

subsequent transfer to the permgnent storage disk.

a -

n

OMD

THIS MACRO COLLECTS, CO-ADDS AND STORES INTERFEROGRAMS FOR MULTIPLE SAMPLES
QIT = 3 ~ -
© OMD
ENTER NUMBER OF SAMPLES ‘ - ’ .
QLT g X
SRT = 30 )
VD &
ENTER NUMBER OF FILES'TO BE CO-ADDED
SRT | _ | )
NSD = 1000 . Y
OMD . oo ‘
ENTER NUMBER OF SCANS PER FILE
NSD .
EXT = 000 )
OMD )

SPECIFY A FILE NAME, DO NOT ADD AN EXT (USE/6 CHARACTERS OR LESS)



IFN
FOR
PAU
DFN
FOR
DFN
CLD
NXT

OFN
FOR
OFN

NXT

EXT

NXT
END

III = 1 TIL QIT
INSERT SAMPLE, PURGE IF DESIRED,THEN PRESS RETURN
=5

LLL = 1 TIL SRT '

= DFN + 1
LLL

= DFN i
KKK = 2 TIL SRT

= OFN - |

KKK

= EXT + |

III -

F-

C2

PO o

T R, el 3 I B oo



