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ABSTRACT

A number of organometallic complexes involving manganese, bonded to silicon,

tin, lead and phosphorus ligands, and nickel, bonded to various trialkylphosphine ligands,

has been synthesized and their crystal structures, vibrational, and multinuclear magnetic

resonance spectra have been obtained. The Fr-IR and Fr-Raman spectra of the

manganese carbonyl compounds in the carbonyl region (2200-1850 cm-1
) have been

assigned. Solid-state, CP-MAS, 13C, Z9Si, 31p, U7Sn, Il!i'Sn and 207pb NMR spectra of

substituted pentacarbonylmanganese(I) and tetracarbonylmanganeseOO complexes feature

asymmetric sextets, whereas those containing a group 14 (IVA) element bridging two

pentacarbonylmanganese(O moieties show asymmetric undecets. The uneven splitting

arises from spin-spin coupling and second-order quadrupole-dipole effects, which are not

eliminated by magic angle spinning. The solid-state NMR. spectra of the manganese

complexes have been analyzed to give the isotropie chemical shifts, the chemical shift

tensors, one-bond spin-spin coupling constants, 5SMn nuclear quadrupole coupling

constants, effective dipolar coupling constants and the anisotropies in the spin-spin

coupling for each complex. The results provide new insights into the relationship between

spin-spin coupling and quadrupolar coupling in bimetallic complexes involving a

quadrupole transition-metal and a spin-1/2 nucleus.

For the para-substituted triaryltin complexes, the 13C, 5SMn and 119Sn chemical

shifts and one-bond spin-spin constants in solution show excellent correlations with pairs

of substituent constants (0[, (1R). However, there is no correlation of the chemical shifts or

spin-spin coupling with either Hammett (op) or Taft (opO) constants or the Mn-Sn bond

• lengths, rMn-Sn" The results obtained trom dual substituent parameter (DSP) analysis
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indicate that both resonance effects (OR) and inductive effects (or) are important in

determining the NMR parameters.

Crystal structures and high-resolution solution and solid-state 31p NMR spectra

were obtained for severa! dihalobis(trialkylphosphine)nickel(II) complexes. The crystal

structures and NMR results indicate that these complexes are trans square-planar in the

solid-state. The chemica1 shifts and shift tensors were obtained and found to vary with the

electronic properties of the halogens. The J1p isotropic chemical shifts in the solution

spectra of dibromo- and diiodiobis(tribenzylphosphine)nickel(II) are very different from

those found for the solid-state, and chemical exchange effects were observed in ail

spectra. The mechanism of exchange apPears to involve the foonation of dimers with

bridging halides.
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RÉSUMÉ

Une variété de complexes organométalliques impliquant une liaison entre un

atome demanganèse et des ligands de silicone, d'étain, de plomb et de phosphore ainsi

qu'entre le nickel et des ligands trialkylphosphines variés ont été synthétisés et leur

structure cristalline ont été obtemes, de même que leur spectre vtbrationnel et de

résonance magnétique. Les spectres IR-Fr Raman-Fr et des composés de manganèse

carbonylés ont été assignés dans la région carbonyle (2200-1850 cm-I
). Les spectres d'état

solide. CP-MAS. l3C. Z9Si. 31p. 117Sn. 1198n et Z07Pb RMN des complexes substitués de

pentacarbonylmanganèse(I) et de tétracarbonylmanganèse(D présentent des "sextets"

asymétriques alors que les compiexes des éléments du GrouPe 14 (IVA) comportant deux

unités pontées de pentacarbonylmanganèse(I) présentent des "undecets" asymétriques.

Cette différence provient du couplage spin-spin et des effets quadrupôle-dipôle de

second-ordre qui ne sont pas éliminés par la rotation à angle magique. Les spectres haute-

résolution à l'état solide des complexes de manganèse ont été analysés atm de détenniner

le déplacement chimique isotropique. les tenseurs de déplacement chimique, la constante

de couplage spin-spin à travers un lien. la constante de couplage quadrupolaire nucléaire

du sSMn. la constante de couplage dipolaire effective et l'anisotropie du couplage spin-

spin pour chacun des complexes. Ces résultats apportent de nouvelles connaissances sur

la relation existant entre le couplage spin-spin et le couplage quadrupolaire dans les

complexes bimétalliques impliquant un métal de transition avec quadrupôle et un noyau

de spin-l/2.
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Les déplacements chimiques en 13C, sSMn et 119Sn et les constantes spin-spin à

travers un lien d'une molecule en solution, pour les complexes para-substitués de

triarylétain, démontrent une excellente corrélation avec les paires de constantes de

substituants (al' OR). Par contre, il n'existe pas de corrélation entte le déplacement

chimique ou la constante de couplage spin-spin avec la constante de Hammett (op) ou

celle de Taft (apO), ni avec la longueur de liaison Mn-Sn, rMn-Sn0 Les résultats obtenus de

l'analyse de paramètres de substituants doubles (DSP) indique que les effets de résonance

(OR) et inductifs (al) sont tous deux importants lors de la détermination des paramètres de

RMN.

Les structures cristallines et les spectres haute-résolutions en solution et à l'état

solide de la RMN du 31p ont également été obtenus pour plusieurs complexes

dihalobis(trialkylphosphine)nickel(II). Les structures cristallines et les résultats de RMN

indiquent que ces complexes sont trans, plan carré, à l'état solide. Les déplacement

chimiques et les tenseurs de déplacement ont été obtenus et varient avec les propriétés

électroniques des halogènes. Les déplacements chimiques isotropiques du 31p dans les

spectres en solution du dibromo- et du diiodobis(tribenzylphosphine)nickel(D) son très

différents de ceux trouvés à l'état solide, et des effets provenant de l'échange chimique

ont été observés dans tous les spectres. Le mécanisme d'échange semble impliquer la

formation de dimères avec halogénures pontés.
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NOTES ON UNITS

The following units have been used in this thesis for historica1 reasoos. Their definitions

and SI equivalents are given below:

•

Physical quantity

Bond length
Mass
volume
Temperature
Wavenumber

Symbol

r
m
V
K
v

SI unit Unit used in this work

A (= 10-10 m)
g (= 10-3 kg)
cmJ or ml (= 10~ mJ)
oC (=K-273)
cm-1 (= 100 m·1

)



• LIST OF SYMBOLS AND ABBREVlATIONS

R Alkyl-

Bu n-Butyl-

Bz Benzy1-

Cy Cyclohexyl-

CyMe Cyclohexylmethyl-

dppe Bis(diphenylphosphino)ethane

dppey Cis-l,2-bis(diphenylphosphino)ethylene

Et n-Ethyl-

Cp· Pentamethylcyclopentadiene

Me Methyl-

Mes 2.4,6-Trimethylbenzyl-

CP-MAS Cross-polarization and magic-angle spinning

CSAorllô Chemical shift anisotropy

Tlc Chemieal shift asymmetry parameter

Ôjso Isotropie chemical shift

Ôii Chemical shift tensors

D Dipolar coupling

DI' or D' Effective dipolar coupling

d Effective dipolar-quadrupolar coupling

EFG Electric field gradient•

ix
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Fr Fourier transfonn• FID Free induction decay

Bo Magnetic field strength of spectrometer

y Magnetogyric ratio

N.A. Natural abundance

Q Nuclear electric quadrupole moment

X Nuclear quadrupole coupling constant

PAS Principal axis system

'lQ Quadrupole asymmetry parameter

K[s Reduced spin-spin coupling constant

AI[S Spin-spin anisotropy

J[5 Spin-spin coupling constant

•
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Chapter 1

GenerallntroductioD

Organometallic chemists use a variety of spectroscopic techniques to characterize

and study the complexes they create, to follow reactions, and to understand the nature of

bonding interactions al the molecular leveL Over the past few decades, however, the rate

of progress in evaluating the results of chemical reaetions by spectroscopic techniques

has been such that a single spectroscopist or synthetic chemist cannot possibly keep track

of all new developments. This situation results in increasing specialization and

segregation into a number of independent disciplines. Even the field of inorganic

chemistry has been drastically sub-divided into specifie areas, such as organometallie and

physical inorganic chemistry, inorganic polymers, materials science and a host of

branches of spectroscopy, including vibrational (infrared and Raman), multinuclear

NMR, X-ray diffraction studies, and other methods. However, the field of solid-state

NMR spectroscopy, especially where it involves the 31p nucleus, has been left relatively

unexplored by organometallic and inorganic chemists. I
-
3

For Many years, coordination chemists have used a variety of tertiary phosphine

ligands in the development of homogeneous transition metal catalysts for several

significant industrial processes. Despite the increasing number of these phosphine-metal

catalysts, relatively few research groups have routinely employed solid.state 31p NMR

spectroscopy in their work as a method of characterization and investigation of bonding

and reactivity. The 31p nucleus has proven to he an excellent NMR. probe, with a wide

chemical shift range (>300 ppm), 100% natural abundance, high sensitivity, and large
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spin-spin interactions with transition metals. In addition, commooly seen features in

homogeneous catalytic systems, such as changes in the coordination number and

oxidation state of the metal and cïs-trans isomerization of the ligands within the

coordination sphere, can aIl he conveniently foUowed by 31p NMR. spectroscopy because

of the large changes in chemical shift. However, despite the excellent NMR. properties of

the 31p nucleus, Table 1.1, structures of phosphine-containing transition metal complexes

have traditionally been determined by vibrational techniques and/or X-ray

crystallography. One must hear in mind that both of these tools require high purity plus

the added necessity of a single-crystal requirement for X-ray crystallography, whereas

solution and solid-state NMR measurements require ooly pure bulk material.

The purpose of this thesis is to examine the application of both solution and solid

state multinuclear NMR spectroscopy to a variety of transition metal complexes. The

chemical shift is the most significant NMR parameter used for structure elucidation in

solution. This quantity is represented by a second-rank tensor which, because of rapid

molecular tumbling in solution, is averaged to an isotropie value given by the trace of the

tensor. In the solid state, however, molecular motion is restricted and the three principal

components of the chemical shift tensor are observed in the statie spectrum, or can be

detennined from spinning sidehand intensities. The tensor values have the potential of

revealing a greater amount of information about the bonding interactions and structure in

the local environment of the probe nucleus than does the isotropie value of the chemical

shift. The thesis work presented also includes studies by vibrational and solution NMR

spectroscopy, and single-crystal X-ray diffraction measurements.
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Table 1.1. Properties of the NMR. isotopes examined in this thesis

• Isotope Spin N.A. Relative Receptivity 1 Q
(%) (vs. 1H)a (x 107 rad .1 S·l) (x 10-za ml)

1H 1/2 99.99 1.00 26.75

13C 1/2 1.11 1.8 x 10-4 6.73

Z9Si 1/2 4.7 3.7 x 10-4 -5.31

31p 112 100 6.6 x 10-2 10.84

55Mn 5/2 100 1.8 x 10-1 6.64 0.50

61Ni 3/2 1.19 4.3 x 10-s -2.39 0.16

1l7Sn 1/2 7.6 3.5 x 10-3 -9.59

1I9Sn 1/2 8.6 4.5 x 10-3 -10.00

207Pb 1/2 22.6 2.1 x 10-3 5.62

aRelative receptivity is the sensitivity divided by the % naturaI abundance.

The thesis is divided ïnto three sections. The first section is devoted mainly to

X-ray diffraction and solid-statey CP-MAS, 31p NMR studies of tertiary phosphine

substituted alkyl- and acyl(tetracarbonyI)manganese(O complexes. The NMR. studies in

particular are facilitated by the 100%-abundant spin-1I2 probe e1p) being directly

bonded to a 100%-abundant quadrupolar nucleus (ssMn). Nuclear quadrupole resonance

has been used for many years to probe electronic distributions in solids and bas found

•
many useful applications in the understanding of chemical reactivity, such as in the study

of the x-bonding interactions in chlora derivatives of nitrogen hetrocycles4 and the
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relative electronegativities of sulfur and carbon atoms.5-6 The nuclear quadrupole coupling

constants for manganese complexes are notoriously difficult to determine by NQR, but

can be determined trom solid-state NMR experiments. The resalts obtained from

multinuclear solution measurements are also briefly discussed in terms of bonding

interactions and hybridization.

Section II of this thesis describes the investigation of covalent bimetallic

complexes containing the pentacarbonylmanganeseOO fragment and group 14 (NA)

elements. Each of the group 14 elements has NMR.-active spin-1/2 isotopes in usable

abundance, with the exception of Ge (spin-9/2), and so ail are excellent candidates for

NMR studies. However, the solid-state NMR spectroscopy of bimetallic complexes is a

relatively unexplored area. To our knowledge, no NMR.-based investigation of covalent

metal-metal bonding has appeared in the literature. The main focus of this section was to

investigate the effects of para substituents on the aryl ring in a series of (para

XC6HJ3SnMn(CO)s [X = H, F, Cl, CH3, OCH3, SCH3 and S(O)zCHJ derivatives on the

structure and bonding of these complexes by using single-crystal X-ray diffraction and

multinuclear magnetic resonance studies. The specific parameters under investigation

were the Mn-Sn bond distances, chemical shifts, spin-spin coupling constants, the

shielding and spin-spin anisotropies and the nuclear quadrupole coupling constants of

these compounds. The solid-state 29Si, 119Sn and 207pb NMR spectra of triphenylsilyl,

diphenyltin, tricyclohexyltin, triphenyllead and diphenyllead complexes were also

investigated. The results obtained tram solution NMR measurements are explained in

terms of resonance (OR) and inductive (al) parameters.
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In Section ID of this thesis, the 31p shielding tensors of a number of trans

dihalobis(trialkylphosphine)nickel(II) complexes are interpreted in tenns of the structural

and bonding interactions involved. Nickel(II) is known to form a wide range of

complexes with tertiary phosphine Ligands. Sorne general discussions about solution-soLid

state effects, cis-trans isomerization, chemical exchange and dimerization with bridging

halides are presented.

The three different sections of this thesis are logically linked together from an

NMR point of view. The first section deals with a lOO%-abundant spin-1/2 NMR probe

bonded to a IOO%-abundant quadrupolar nucleus. The second section investigates low

abundance (<25%) spin-1/2 nuclei bonded to one or two of the same, l000/o-abundant,

quadrupolar nuclei, whereas the final section deals with IOOo/o-abundant spin-1/2 probes

bonded to a very low abundance spin-3/2 nucleus CS1Ni, 1.2%). Table 1.1. summarizes the

NMR properties of the nuclei under investigation, while Table 1.2 lists the complexes

studied in this thesis.



6

Table 1.2. Transition-metal complexes synthesized and studied in this thesis• Section 1

BzMn(CO)s cr) ctS-MesCHzC(O)Mn(CO)..(PCyJ (VI)

MesCHzMn(CO)s (II) ctS-BzMn(CO)..(PPhJ (VU)

cis-BzC(O)Mn(CO)4(PPhJ (m) ctS-BzMn(CO)..(P(tolyIJ (VDI)

cis-MesCHzC(O)Mn(CO)4(PPhJ (IV) ctS-BzMn(CO)..(P(p-FCJlJJ (IX)

cis-BzC(O)Mn(CO)4(PCyJ (V) ctS-BzMn(CO)..(PCyJ (X)

Section II

Ph3SiMn(CO)s (XI) (p-CH3CJlJSnMn(CO)s (XVllI)

Ph3SnMn(CO)s (XII) (p-CH30CJlJSnMn(CO)s (XIX)

Ph3PbMn(CO)s (XIII) (p-CH3SCJlJSnMn(CO)s (XX)

CY3SnMn(CO)s (XIV) (P-CH3S(O)zCJlJSnMn(CO)s (XXI)

[(CO)sMn]zSnPhz (XV) (p-FCJlJSnMn(CO)s (XXII)

[(CO)sMn]zPbPhz (XVI) (p-CIC6HJSnMn(CO)s <xxm)

trans-Ph3SnMn(CO)4PPh3 (XVII)

Sectionm

trans-(Bz3P)zNiClz (XXIV) trans-«CyCHJ3P)zNiBrz (XXIX)

trans-(Bz3P)zNiBrz (XXV) trans-((CyCHz)3P)zNiIz (XXX)

trans-(Bz3P)zNiIz (XXVI) trans-(CY3P)zNiClz (XXXI)

trans-(Bz3P)zNi(SCN)z (XXVll) tra1ZS-(CyJP)zNiBrz (XXXII)

trans-«CyCHJ3P)2NiClz (XXVIll) trans-(CY3P)zNiIz (XXXIII)

•
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Cbapter2

Experimental
General

A dry nitrogen atmosphere was used for aIl reactions involving aïr- and moisture

sensitive comPQunds. An inert atmosphere was also employed while performing alkyl

migration and carbon monoxide displacemenl reaetions. AlI glassware was dried al 120 ±

5 oC and was f1ushed with dry nitrogen for 5-10 min before use. Spectroscopie grade

solvents were used as received, except acetonitrile, which was stored over molecular

sieves before use, white tetrahydrofuran (THF) and hexane were dried over sodium with a

benzophenone indicator immediately prior to use.

2.1 Preparation of Alkyl- and Acylmanganese(l) Complexes

The starting materials, benzyl chloride, 2,4,6-bimethylbenzyl chloride,

dimanganese decacarbonyl, triphenylphosphine, trieyclohexylphosphine, trisVJ

fluorophenyl)phosphine and trisVJ-tolylphosphine), were obtained from Aldrich Chemical

CO., and were used without further purification.

2.1.1 Synthesis oC Alkyl(pentacarbony1)manganese(I) Complexes

The solid organomanganese(I) complexes, BzMn(CO)s (1) and MesCHzMn(CO)s

(II), were prepared and purified by methods based on those descnDed previously by Drew

et al. 1 and Cotton et al.z Benzyl- and 2,4,6-trimethylbenzy1(pentaearbonyI)manganese(I)

were prepared by reductive cleavage of MnZ(CO)10 with sodium amalgarn in THF

yielding Na[Mn(CO>J, which in tum was treated with benzyl ehloride or 2,4,6-

• trimethylbenzyl ehloride, al room temperature, to form the alkyl product in 70-80% yield.
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Single crystals of BzMn(CO)s and MesCHzMn(CO)s were obtained from hexane and

ethanol, respectively, by slow evaporation at -10 to -lSoC. The purity of these crystals

was established by the absence of any impurity peaks in their IR, Raman, and lH, 13C and

55Mn NMR spectra.

2.1.2 Synthesis ofTertiary Pbosphine Substituted Alkyl- and Acyl(tetracarbonyl)

Manganese(I) Complexes

The solid organomanganese(I) complexes, cis-BzC(O)Mn(CO)..(PPhJ (li),

cis-MesCHzC(O)Mn(CO)4(PPhJ (IV), cis-BzC(O)Mn(CO)..(PCyJ M, cis-MesCHz

C(O)Mn(CO)4(PCy) (VI), c;s-BzMn(CO)4(PPhJ (VU), cis-BzMn(CO)..[P~-ToI)J (vm)

and cis-BzMn(CO)4[PVJ-F-Ph)J (IX), were synthesized by methods similar to those

described previously by Cotton et al.z.J Reactions of 1 and n with triphenylphosphine and

tricyclohexylphosphine at 5-10 oC in acetonitrile yielded the solid acyl complexes, m and

IV, and V and VI, respectively, in 50-65 % yield. Attempts to prepare acyl complexes of

trisVJ-f1uorophenyI)phosphine and trisVJ-tolylphosphine) resulted in dark brown oils,

which decomposed into black solids when exposed in air, presumably Mn02• The

cis-benzyHtriarylphosphine)manganese(I) complexes, vn-IX, were prepared by thermal

decarbonylation at 65 oC of the respective acyl complexes in acetonitrile. Attempts to

synthesize the 2,4,6-trimethylbenzyl and benzyl(tricyclohexylphosphine) analogues were

unsuccessful. However, slow evaporation over a period of 4 to S days of a benzene/octane

solution of compound V resulted in 95 % decomposition with a few single-crystals of cis

BzMn(CO)iPCyJ (X) being formed. Compound X was tlrSt characterized by Fr-IR.

• spectroscopy, by the absence of the acyl vibration, vc=o' in the 1800-1600 cm-l region,
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followed by single-crystal X-ray diffraction measurements. Compounds rn-IX were

characterized by their Fr-IR, Fr-Raman, and solution lH, 13e, 3lp, and5~ NMR specara

and the similarity of sorne of these spectra to those in the literature.l'"

2.1.3 Characterization ofTertiary Phosphine Manganese(D Complexes

cis-BzC(O)Mn(COIlPPh). A yeUow compound was precipitated out of the reactiCln

mixture and was washed with acetonitrile at 10 oC. lH NMR (CDClJ.5 (ppm): 4.0 (s,2R,

CHz), 7.0 (m, SR, phenyI), 7.5 (m, 15H, phenylphosphine). lJe NMR 6 (ppm): 71.2 (s,

CRz), 130 (m, phenyI), 213.4 (d, 2lpc 12.1 Hz, CO trans to P), 214.1 (d, 2lPe 20.1 Hz, CO

trans to CO), 216.7 (d, 2lpc 6.0 Hz, CO trans to CHz) 267.9 (d, 2lPe 16.3 Hz, e--Q). >lp

NMR Ô (ppm): 50.6 (s). 5sMn NMR cS (ppm): -1682.5 (s, ~V1l2 2146 Hz). IR (Nujol mull on

KBr plates): [v(CO) region, a/, b l , ail, hz, acyI] 2059, 1992, 1965, 1953, 1622 cm-l.

Raman (powder in sample cup): [v(CO) region, alz, bl, ail, b 2, acyI] 2060, 1995, 1954,

1935, 1626 cm- l
.

cis-MesCH2C(O)Mn(CO)4(PPh). A yellow powder was precipitated out of the reaction

mixture and was washed with acetonitrile at 25 oC. IH NMR. (CDCIJ 6 (ppm): 2.0 (s, , 6H

a-CH3), 2.2 (s, 3H, p-CH3), 4.0 (s, 2H, CHl ) , 6.8 (s, 2H, phenyI), 7.S (m, 15H,

phenylphosphine). l3e NMR Ô (ppm): 20.2 (s, o-CHJ, 20.8 (s, p-CH.J, 67.2 (s, CHJ, 130

(m, phenyl), 213.1 (d, 2lpc 12.3 Hz, CO trans to Pl, 215.0 (d, 2lPe 21.3 Hz, CO trans to

CO), 217.7 (d, 2lpc 5.2 Hz, CO trans to CHJ, 264.3 (d, zIPe 14.3 Hz, e--Q). 3lp NMR Ô

(ppm): 51.2 (s). sSMn NMR cS (ppm): -1693.5 (s, ~Vlll 2960 Hz). IR. (Nujol mull on KBr

plates): [v(CO) region, a 1
2

, b l , ail, bz' acyI] 2058, 1992,1965, 1946, 1634 cm-l. Raman
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(powder in sample cup): [v(CO) region, a I
Z

, b l , ail, hz, acyl] 2059, 1986, 1943, 1918, 1636

cis-BzC(O)Mn(CO)JP(CPrJ). The yellow compound was fust dissolved in

dichloromethane and was then precipitated out by the slow addition of acetonitrile at 10 oC.

IH NMR (CDCl,J Ô (ppm): 1.7 (m, 33H, tricyclohexylphosphine), 4.26 (s, 2H, CHJ, 7.1

(m, 5H, phenyO. I3C NMR. Ô (ppm): 28.7 (m, tricyclohexyO, 71.1 (s, CHJ, 128 (m,

phenyO, 214.2 (d, 2Jpc 14.9 Hz, CO trans to P), 216.6 (d, 2Jpc 19.4 Hz, CO trans to CO),

217.2 (d, 2Jpc 5.1 Hz, CO trans to CHz), 267.3 (d, zJpc 13.1 Hz, C=O). 31p NMR Ô (ppm):

53.4. 55Mn NMR Ô (ppm): -1802 (s, âvtlz 3330 Hz). IR (Nujol mull on KBr) plates: [v(CO)

region, a/, b I , al \ b z, acyl] 2048, 1989, 1980, 1944, 1629 cm-l. Raman (powder in sample

cup): [v(CO) region,a/,hl,all,bz,acyt] 2050, 1970, 1955, 1927, 1632cm-l.

cis-MesCH2C(O)Mn(COJJP(CPu)). The yeUow compound was fllSl dissolved in

dichloromethane and was then precipitated out by the slow addition of acetonitrile at 20 oC.

lH NMR (CDCI,J ô (ppm): 1.7 (m, 33H, tricyclohexylphosphine), 2.1 (s, 6H, o-CH,J, 2.2

(s, 3R, p-CHJ), 4.4 (s, 2H, CHJ, 6.8 (m, 2H, phenyI). 13C NMR Ô (ppm): 28.7 (m,

tricyclohexyl), 66.7 (s, CHz), 130 (m, phenyl), 214.3 (d, 2Jpc 16.7 Hz, CO trans to P), 217.6

(dt 2Jpc 19.7 Hz, CO trans to CO), 218.1 (d, 2Jpc 3.1 Hz, CO trans to CHJ, 267.3 (d, zJpc

11.5 Hz, C=O). Jlp NMR Ô (ppm): 54.7 (s). 55Mn NMR Ô (ppm): -1774 (s, âV1l2 3404 Hz).

IR (Nujol mull on KBr plates): [v(CO) region, a/, hl' aIl, b 2, acyl] 2045~ 1961, 1946, 1930,

1643 cm-l. Raman (powder in sample cup): [v(CO) region, a 1
2

, b l , Ql1, hz, acyl] 2045, 1968,

1957, 1930, 1644 cm-l.
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cis-BzMn(COJ,lPPh}. The crude sample was recrystallized from a bexane-ethanol

mixture and then washed with 95% ethanol. YeUow crystals were obtained by slow

evaporation from a 1:1 mixture of benzene and cyclohexane. IH NMR (CDCI) cS (ppm):

1.7 (d, 2H, 3JpH 6.0 Hz, CH2), 7.0 (m, SR, phenyl), 7.6 (m, 15H, phenylphosphine). 13C

NMR Ô (ppm): 17.1 (d, 2Jpc 8.4 Hz, CH2), 128 (m, phenyI), 216.1 (d lJre 21.1 Hz, CO trans

to P), 217.1 (d, 2Jpc 10.1 Hz, CO trans to CHl ), 219.8 (d, 2Jpc 20.3 Hz, CO traM to CO). 31p

NMR Ô (ppm): 61.4 (s). 5SMn NMR cS (ppm): -1819.3 (d, IJMD-p 256.9 Hz, peak width at

half-height (Âv lIZ) 178 Hz). IR (Nujol muU on KBr plates) : [v(CO) region, alZ, b l, ail, bJ

2048, 1987, 1962, 1931 cm-l. Raman (powder in sample cup): [v(CO) region, a/, bl, a/,

h2] 2050, 1973, 1961, 1917 cm-I.

cis-BzMn(COJ'/P(tolylJJ. The sample was recrystallized from a hexane-ethanol mixture

and then washed with 95% ethanol. YeUow crystals were obtained by slow evaporation

from a 2:1 mixture of benzene and ethanol over a period of 2 days. IH NMR (CDCIJ Ô

(ppm): 1.7 (d, 2H, 3JpH 6.3 Hz, CHJ, 2.41 (s, CHJ, 7.0 (m, 5H, phenyI), 7.4 (m, 12H,

phenylphosphine). 13C NMR Ô (ppm): 17.4 (d, 2Jpc 8.5 Hz, CHJ, 21.3 (s, CHJ, 133 (m,

phenyI), 21S.S(d, 2Jpc 21.4 Hz, CO trans to P), 216.4 (d, 2Jpc 9.3 Hz, CO trans to CHJ,

219.6 (d 2Jpc 22.7 Hz, CO trans to CO). 3lp NMR Ô (ppm): 69.0 (s). sSMn NMR Ô (ppm): 

1819.2 (d, IJMn•p 252.2 Hz, ÂV1l2 148 Hz). IR (Nujol muU on KBr plates): [v(CO) region,

a 1
2, b l , ait, bzJ 2049, 1976, 1971, 1917 cm-l. Raman (powder in sample cup): [v(CO)

region, a 1
2, bl , al

1
, bJ 2046, 1775,1971, 1919 cm-l.

cis-BzMn(COJ./P(p-jluorophenylJj. The sample was recrystalJized trom a

• dichloromethane-ethanol mixture and then washed with 95% ethanol. Golden yeUow
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crystals were obtained by slow evaporation trom a 2:1 mixture of dichloromethane and

ethanol over a period of 16 h. IH NMR. (CDCIJ Ô (ppm): 1.7 (d, 2H, 3JPH 5.3 Hz, CHJ, 7.2

(m, 17H, phenyl). 13C NMR cS (ppm): 17.4 (d, zJpc 8.1 Hz, CHJ, 138 (m, pheny1), 216.4 (d,

2Jpc 19.7 Hz, CO trans to P), 217.3 (d, lJpc 8.3 Hz, CO trans to CHJ, 220.1 (d, 2Jpc 21.3

Hz, CO trans to CO). 31p NMR cS (ppm): 61.1 (s). 55Mn NMR Ô (ppm): -1822.5 (d, IJMn-p

254.8 Hz, ~vllZ 222 Hz). IR (Nujol mull on KBr plates): [",(CO) region, ail, b l , a/, bJ

2050, 1977, 1967, 1929 cm-I. Raman (powder in sample cup): [v(CO) region, a/, b l , aIl,

bJ 2050, 1982, 1963, 1918 cm-l.

2.2 Preparation of Ph...E[Mn(CO)Jn' (E =Si, Sn, Pb; D = 1,2)

The starting materials, diphenylsilane, triphenylsilane, diphenylsilyl dichloride,

diphenyltin dichloride and triphenyltin chIoride were obtained from Aldrich Chemical

Co.; diphenyllead diacetate and triphenyUead acetate were purchased from Alfa Products,

and dimanganese decacarbonyl was purchased tram Strem Chemical Co. AIl the

chemicals were used as received.

The white, solid complexes, (CO)sMnSnPh3 and [(CO)sMn}zSnPhz, were

synthesized by the procedure devel0Ped by Gorsich,s from the reaction of Na[Mn(CO)s

with Ph3SnCI and Ph3SnClz, respectively, whereas the white (CO)sMnSiPh3 compound

was prepared by the method described previously by Jetz et al.6
, from the reaction of

Mnz(CO)10 and Ph3SiH in an evacuated tube al 250 oC. Attempts to prepare

[(CO)sMnJzSiPhz by the methods of Gorsich5 and Jetz et al.6 resulted in no reaction and

the formation of an insoluble black solid, presumably MnOz• The corresponding lead
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compounds. (CO)sMnPbPh3 and [(CO)sMn]zPbPhz, were conveniendy prepared for the

first time by similar procedures trom the reaction of Na[Mn(CO)J with

Ph3Pb(OC(O)CHJ or excess PhzPb(OC(O)CHJz in THF.

Dimanganese decacarbonyl (4.0 g, 10 mmol) in 35 ml THF was added to excess

sodium amaigam (1.0 g Na, 43 mmoU10 g Hg) and was stirred onder nitrogen for 35-40

min until the yeUow color dissipated. The unreacted amalgam was drained trom the

reaction vessel and the THF solution was washed twice with Mercury (2)<5 ml). A

solution of diphenyUead diacetate (4.8 g, 10 mmoI) or triphenyUead acetate (12.4 g, 25

mmol) in 10 ml THF was added to the reaction mixture and the resuiting solution was

stirred at room temperature for 30 min. The volume of the reaction mixture was reduced

ta about 20 ml by means of simple distillation and poured into 80 ml of cooled, distilled

water. The pale yellow soHds produced were îlltered and extracted three limes with 50 ml

of n-hexane. The combined extracts were concentrated to approximately 15 ml and, on

cooling. light yeUow or light orange crystals were obtained in 65-78 % yield. Single

crystals of (CO)sMnPbPh3 and [(CO)sMnhPbPhz were then obtained by slow evaporation

of benzene/octane or octane and n-hexane solutions, over a period of 3 days, respectively.

2.3 Preparation of para-Substituted Triaryltïn(pentac8rbonyl)manganese(I)

Complexes

The starting materials. tin tetrachloride (Strem Chemical Co.), para-substituted

bromobenzenes (Aldrich) and dimanganese decacarbonyl (Strem) were used without

• further purification.
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Tetraaryltin compounds were prepared by reacting the appropriate Grignard

reagent with tin tetrachloride in ether or THF.7 The para-substituted triaryltin chlorides

were synthesized by the Kocheshkov redistribution reaction8 of the corresponding

tetraaryltin and tin tetrachloride, and were characterized by the methods descnbed by

Wharf.9 However, attempted syntheses of the para-CF3 and -N{CHJz substituted triaryltin

halides were unsuccessful.

2.3.1 Synthesis of cp-CF3C,H)"Sn and ~..(CHJzN)CJlJ"Sn

These two complexes, (p-CF3CJIJ4Sn and (P-{CHJzNCJlJ..Sn, were prepared

from the reaction of the respective lithium reagents with tin(IV) chloride.10 Fine shavings

of lithium were placed in absolute ether (dried over CaHJ and stirred vigorously, while

4-trifluoromethylbromobenzene or p-bromodimethylaniline in dry ether was added. To

start the reaction, a few small crystals of iodine were added and the mixture was heated

for a few minutes until the iodine was completely reacted. The bromo compound in ether

was then added at a rate sufficient to keep the mixture refluxing. After the addition of

bromo starting material, the mixture was heated for an additional 30 min to complete the

reaction and the resulting solution was siphoned out into a 2-neck round-bottom flask

connected to a dropping funnel fiUed with tin(IV) chloride in benzene under nitrogen.

The benzene solution was added dropwise to a slight excess of the lithium reagent over a

period of 20 min. The reaction mixture was decomposed with water, the ether layer was

separated and was then evaporated to dryness. The solid residues were purified by

recrystallization from hexane; yield 45-60 %.
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2.3.2 Attempted Synthesis of (p-CFJCJI)JsnX (X =CI, I)

First attempt. Tin(IV) chloride was added to tetrakis(4-trifiuoromethylphenyI)

tin(IV) (6.30g, 9 mmol) in a ratio of 1:3 and stirred al 190-200 oC for 2 h. After cooling,

the solid cake was crushed in 75 ml methanol. The methanolic solution was filtered and

concentrated under reduced pressure ta about 10 ml. The solution was stored at -10 oC, but

no precipitation resulted. The solid obtained from the filtrate was found to be tetrakis(4

trifluoromethylphenyI)tin(IV) (4.3 g).

Second attempt. 10 mmol of iodine in 50 ml of toluene was added ta a slight

excess of tetrakis(4-trifluoromethylphenyl)tin(IV) (7.7 g, Il mmon and refluxed ovemight.

The unreacted iodine was destroyed with a solution of Na2SO] and the resulting organic

solution was evaporated to dryness under reduced pressure. The IH, 13C and 1198n NMR.

spectra of the soUd residue indicated that no reaction had occurred.

Third attempt. The attempted synthesis of tris(4-trïfluoromethylphenyl)tin(IV)

bromide was carried out following the procedure of Becker et aL 11 for triaryltin bromides.

A solution of 4-trifluoro-methylbromobenzene (22.8 g, 0.10 mol) in 100 ml of dry ether

was added dropwise to 2.0 g of finely cut lithium ribbon. After addition, the reaction

mixture was heated to reflux for one hour. The solution was then cooled and siphoned

under an men atmosphere of nitrogen into a 2-neck round-bottom flask containing a slight

excess of mercuric bromide (54.1 g, 0.15 moI) in 20 ml ether. The resulting mixture was

heated to reflux ovemight, after which a solution of KBr (8.5 g) dissolved in 50 ml 1%

aqueous HBr was added dropwise with stining al O°C. The solution was îI1tered, and the

ether layer was separated from the aqueous layer, washed several limes with saturated NaCI
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solution and dried over anhydrous sodium sulfate. The ether solution was evaporated to

dryness~ and the resulting solids were recrystallized twice from a 1:1 mixture of benzene

and ethanol to give a white fluffy soli~ m.p 265-2680
; yield 52% (22.4 g, 0.052 moI).

Fourth attempt. To a mixture of excess powdered tin (25.0 g, 0.45 moI) and 12.6 g

of (4-trifluoromethylphenyI)mercury(II) bromide (0.030 mol) was added 55 ml of xylene in

a 2-neck flask equipped with a stirring bar and a reflux condenser. The mixture was then

refluxed for a period of 2 days under an inert atmosphere. The resulting solution was

filtered by hot gravity filtration into a ISO-ml round-bottom f1ask. The xylene solution was

evaporated ta dryness under reduced pressure leaving an oily residue~ from which 10.8 g of

yellow soHeis were obtained by slow addition of 50 ml of ethanol. The solicls were

recrystallized from a benzene/ethanol mixture ta give 7.5 g of white solid. The solid was

found to be the starting material~ (4-trifluoromethyl-phenyOmercury(D) bromide. This was

also eonfinned by the absence of any signal in the solution 11980 NMR spectrum.

2.3.3 Attempted Synthesis of (P-(CBjzN)C,HJ3SnX (X = CI, I)

First attempt. Tin(IV) tetrachloride (0.78 g, 9 mmol), without solvent, was added

to solid tetrakis(p-dimethylaminophenyl)tin (6.00 g, 10 mmoI) and the mixture was stirred

at 190-200 oC for 2 h. The oHy mixture was cooled and 50 ml of methanol was added,

resulting in a dark purple solution. The solution was fl1tered and washed with an addition

10 ml of methanol. The resulting filtrate was evaporated to dryness producing a dark blue

solid in 20 % yield. The solid has a strong and obnoxious smeU, and was considered to he

taxie. No further reaetion was possible due to low yield and possible toxicity.
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Second attempt. A solution of iodine (6 mmol) in 30 ml of benzene was added to a

slight excess of tetrakis(p-dimethylaminophenyl)tin(IV) (4.30 g, 7 mmol) in 20 ml of

benzene. The iodine rapidly disappeared upon addition resulting in a yellow mixture. After

the addition of the iodine solution, the mixture was stirred for an additional one-half hour

and the solution was îtltered in a lOO-ml round bottom flask. The filtrate was then

evaporated ta dryness resulting in a yeUow solid; yield 35 %. The solid was stored

ovemight, yielding a dark blue solid. Attempts to recrystallize this dark blue solid were

unsuccessful. This solid has the same characteristics as the chloro analog.

2.3.4 Synthesis ofpara-Substituted Triaryltin(pentacarbonyl)manganeseQ)

Complexes

The para-substituted triaryltin(pentacarbonyl)manganeseO> complexes, with the

exception of the sulphone compound, were synthesized by a method similar to that

described previously for triphenyltin(pentacarbonyl)manganese(O.5 Dimanganese

decacarbonyl (3 g, 7.5 mmoI) in 35 ml of dry THF was added ta sodium amalgam (0.95

g, 41 mmolll0 ml Hg) and the mixture was stirred under nitrogen for 30-40 min at room

temperature. The arnalgam was drained tram the reaction vessel and washed twice with 5

ml of mercury. Subsequently, 15.5 mmol of triaryltin chloride was added and the reaction

mixture was stirred for 40 min. The volume of the reaction mixture was then reduced ta

about 20 ml by simple distillation and poured onto 75-100 g of crushed iœ. The pale

green solids produced were filtered off and extracted several times with refluxing hexane.

The combined extracts were concentrated under reduced pressure until colorless or pale

• yellow crystals appeared. The resulting mixture was cooled and the crystallized solids
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were filtered off and dried by suction filtration to give 65-85% yields of triaryltin-

(pentacarbonyI)manganese(I). The final products were recrystallized from mixed solvents

and the melting points were detennined (Table 2.1).

Table 2.1. Physical properties of Ar3SnMn(CO)s (Ar =para-XC~J

X Solvenr Yield (%) Melling point (OC) Color

Hb hexane 85 150-152 white

CH3 dichloromethanelhexane 67 137-138 white

OCH3 hexane 75 146-148 white

SCH3 dichloromethanelhexane 74 126-128 paleyeUow

F benzenelheptane 70 128-130 white

Cl dichloromethane/butanol 73 143-145 white

S(O)zCH3 dichloromethane/benzene 65 260-264c off-white

aSolvent used for obtaining single crystals.
bR. D. Gorsich, J. Am. Chem. Soc., 84, 2486 (1964).
~elts with decomposition.

Tris<p-methylsulphonylphenyl)tin(pentacarbonyl)manganese(I) was prepared by the

oxidation of tris(p-thioanisyl)tin(pentacarbonyI)manganese(I) al -10 oC, using meta-

chloroperbenzoic acid (MCPBA) as the oxidizing agent. A slurry of MCPBA (85%,

15.50g) and 50 ml CHzClz was added slowly to a well-stirred CHzClz (50 ml) solution of

tris<p-thioanisyl)tin(pentacarbonyl)manganeseW over a period of 2 h al -10 oC.

• Additional CHzClz (60 ml) was added and the mixture was allowed 10 warm to room
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temperature. The suspension was gravity-fùtered and then washed with a 1:1 CHzClz

ether (150 ml) mixture. The resulting filtrate was refiltered and the product was

precipitated as an off-white powder by the addition of 125 ml ether ta the c1ear filtrate.

The product was purified by dissolution in a minimum amount of CH2Clz followed by

precipitation by slow addition of benzene. The product was vacuUID-fùtered and dried

ovemight under vacuum (yield 73%). Single crystals of (para-XC6HJ3Sn(CO)sMnU>

were obtained by slow evaporation of the appropriate solutions (Table 2.1) over a period

of 2-4 days in the dark. However, it was not possible to obtain crystals of the sulphone

compound suitable for X-ray diffraction studies.

2.3.5 Attempted Synthesis of (P-XCJlJ3SnMn(CO)5 (X =CF3 and N(CHjJ

The starting material, Br3SnMn(CO)s, was prepared from the reaction of

Ph3SnMn(CO)s with excess bromine in carbon tetrachloride.5 Attempts to prepare

(/1-XC6H.J3SnMn(CO)s (X = CF3 and N(CH:J:J by the reaction of Br3SnMn(CO)s with

excess lithium reagent, p-(CHJzNC6H4Li and p-CF3C~4Li, in absolute ether were

unsuccessful. The material recovered after the reaction consisted of MnOz and less than

30 % of Br3SnMn(CO)s (starting material).

2.4 Preparation of trans-Ph3SnMn(CO)4PPh3

This complex was prepared from the reaction of triphenylphosphine and

triphenyltin(pentacarbony()manganese(I).5 A mixture of triphenylphosphine (2.0 g, 7.7

mmoI) and 7.5 mmol (4.11 g) triphenyltin(pentacarbonyI)manganeseffi was added to a

lOO-ml round-bottom flask, and heated at 195 oC for 4 h. The resulting solid cake was
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dissolved in 25 ml of benzene and slowly precipitated by addition of 95 % ethanol. The

white powder obtained was recrystallized trom al:1 mixture of benzene and absolute

ethanol; yield 78 %. m.p. 225-227 oC (Lit: 228-230 OC).

2.5 Preparation of Dihaiobis(trialkylphosphine)nickel(D) Complexes

The starting materials, nickel(ll) chloride and nickel(W bromide (Aldrich). were

crushed and heated al 260 oc for 2 days to remove water of crystallization, and were

stored in a dessicator prior to use. The solution of nickel(ll) iodide was prepared by the

reaction of sodium iodide in boiling ethanol with a stoichiomebic amount of nickel

nitrate in hot ethanol, subsequent cooling. and decantation to produce NiIz in ethanol. The

tertiary phosphine ligands, tricyclohexylphosphine and trïs(cyclohexylmethyl)phosphïne,

were used as received (Aldrich), whereas tribenzylphosphine was prepared from the

reaction of benzylmagnesium(ll) chloride with phosphorus trichloride.12

2.5.1 Synthesis of Tribenzylphosphine

A solution of benzylmagnesium(ll) chloride was prepared by the addition of

benzyl chioride (12.66 g. 100 mmol) in 25 ml benzene to a stirred suspension of excess

magnesium turnings (2.5 g) in 50 ml dry ether at a rate sufficient to maintain gentle

reflux. The mixture was 00H00 for an additional 30 min, cooled, stirred and treated in tum

with dropwise addition of phosphorus chloride (4.12 g, 30 mmol) in 50 ml benzene. The

resulting white mixture was refluxed for 45 min and cooled in an ice bath while being

treated with saturated, degassed ammonium chloride solution (5.0 g in 300 ml HzO). The
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organic layer was separated under nitrogen and dried with anhydrous sodium sulphate,

NaZS04 • The solvents were removed under reduced pressure, resulting in an off-white

powder in 80-85 % yield. The complex was characterized by IH, I3C and 31p NMR

spectroscopy. Tribenzylphosphine oxide was a1so prepared by passing air through a

solution of tribenzylphosphine in ethanol, the oxide readily separating as a crystalline

power. This was done to test for the presence of any phosphine oxide in the final product.

2.5.2 Synthesis of Dihaiobis(trialkylphosphine)nickel(D) Complexes

The nickel complexes were prepared by the addition of a boiling ethanolic

solution under nitI'ogen of the alkylphosphine to the appropriate nickeI(m halides.13 The

complexes crystallized on cooling and were recrystallized trom n-butanoI. The physical

properties of the ten nickel(II) compounds are given in Table 2.2.

2.6 Infrared and Raman Spectroscopy

Mid-IR spectra were acquired on a Bruker IFS-4S Fr-IR spectrometer equipped

with a A-590 microscope, a eCD-IRIS color video camera and a nitrogen-cooled MCT-B

detector. Spectra were obtained for hexane solutions (1.0 mg samplelml of n-hexane) in

aO.S-mm KBr solution cell and/or trom Nujol mulls on KBr plates al a resolution of 2

cm-I. The numbers of transients acquired were 128 and 64 for solution and solid-state

spectra, respectively.

Fr-Raman spectra were recorded al room temperature on a Bruker IFS-88 Fr-IR

• spectrometer equipped with a eaFz beamsplitter, a FRA-I06 Fr-Raman module and a
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Table 2.2. Physical properties of trialkylphosphine complexes of nickel{D}

• Complex Colour Yield Melting point
(%) (OC)

(Bz3P)zNi(SCN)z pepperred 83 185-187

(Bz3P)zNiClz dark red 78 123-125

(Bz3P)zNiBrz brown 75 130-133

(Bz3P)zNiIz dark brown 78 132-134

(CY3P)zNiClz rose 68 225-227·

(CY3P)zNiBrz greenish yellow 72 230-232·

(CY3P)zNilz aqua 55 235-238·

[(CyCHz)3P]zNiClz pepperred 75 157-159

[(CyCHZ)3P]zNiBrz brown 73 166-169

[(CyCHz)3P]zNilz brownish yellow 74 121-123

aDecomposition point.

liquid nitrogen-cooled proprietary detector. The instrument was interfaced to a Dell 486-

DX microcomputer and the NIR output at 1064.1 Dm of an air-coolecL Nd3+:YAG laser

was used to excite the sample at the highest power possible (ca. 250 mW). The 180°

backscattered Raman light was coUected by a short focallength quartz lens al a resolution

of 2.6 cm-l. Typical sample preparation involved packing a few milligrams of sample into

the 2-mm central hole of a lO-mm outer diameter aluminum cup and placing this cup ioto

the sample compartment located in the Raman module. The spectra thus obtained were of

• excellent quality from about 128-256 transients.
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Solution and Solid·State Multinuclear NMR Speetroseopy

The solution IH, BC, Z9Si, 31p, sSMn, 119S0 and 207pb NMR spectra of the

manganese-containing compounds studied were recorded al room temperature from

concentrated solutions in COCl3 and THF..cfs using a Varian XL-300 MHz specttometer

operating al 7.05 T. The IH, l3C and 3lp NMR spectra of the nickel-containing compounds

were obtained al variable temperature and concentration for CD2CIz, benzene-dc§ and

toluene-ds solutions. The lH, 13C and Z9Si chemical shifts were referenced to an external

sample of tetramethylsilane and the 119Sn and 207pb shifts were referenced to external

tetramethyltin and tetrarnethyllead, respectively. The 31p chemicaI shifts were referenced

to an extemal sample of 85 % phosphoric acid and the sSMn chemical shifts to an external

sample of KMn04 in 0 20. The complex tris(acetylacetonato)chromium(ITI), Cr(acac)3'

was added to the NMR solution of (CO)sMnSiPh3 as a relaxation agent, prior to recording

the 1H. 13c, 29Si and s5Mn spectra, to avoid spin saturation of the energy levels.

The solid-state, CP-MAS, 13C, Z9Si, 31p, 117Sn, 119Sn and Z07pb spectra were

measured at 7.05 T and. in sorne cases, at 2.35 T, using Chemagnetics CMX-300 and

CMX-IOO spectrometers, respectively. Spectra were acquired with high-power proton

decoupling. The 13C, 29Si, 31p, 117Sn, 119Sn and Z07pb chemical shifts were referenced to the

same standard used in the solution experiments. However, external secondary chemical

shift references of hexamethylbenzene (17.35 ppm, 13C), 2,2-dimethyl-2-silapentane-5

sulfonate (0.80 ppm, 29S0, (2R, 3R)-(+)-bis(diphenylphosphino)butane (-13.0 ppm, Jlp),

tetracyclohexyltin (-97.0 pprn, 117Sn and 119Sn) and tetraphenyllead (-136.0 ppm, 207Pb)

were used for solid-state measurements. The CP-MAS spectra were obtained frorn



•

•

2S

approximately 250-300 mg of sample packed into zirconia pencil-type rotors. Contact

times of 1-3 ms were used. The pulse delays, numbers of transients and spinning rates are

given in the figure captions where necessary. No line broadening was appüed 10 the IlC,

29Si and 31p NMR spectra, but line broadenings of 10-50 Hz were applied to the rest of the

spectra. The FIDs were zero-filled to 4 K and 8 K data points on the CMX-l00 and

CMX-300 instruments, respectively, before transfonnation. Curve fitting procedures were

perfonned on the centre and spinning sidebands by using the program Peakfit (Jandel

Scientific ver. 2). Calculation of the shielding tensors was performed with the aid of

computational packages developed by Wasylishen et al.14

2.8 X-Ray Crystallography

X-ray diffraction measurements were conducted on a Rigaku AFC6S

diffractrometer at 20 oC using graphite-monochromated Cu-Ka (Âmu = 1.5418 Â) or

Mo-Ka (j,.max =0.7107 Â) and a CJ.)-Z9 scan technique. In aU cases, selected crystals were

mounted on glass fibers. The structures for the two nickel complexes were solved by the

direct methods and were refined by full-matrix least-squares using the SHELX program.15

AlI other structures were solved by direct methods using SHELXS-8616 and were refined

on F2 by full-matrix least-squares calculations for independent reflections using

SHELX-93 crystallographic software.17 Additional crystallographic data are given in

Appendices I-m. Atomic scattering factors and anomalous scattering tenns were

obtained from standard sources.18 In every case, aIl non-hydrogen atoms in the structures
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were retmed anisotropically and hydrogen atoms were placed in fixed calcuIated

positions.



(1)•

•

27

References

D. Drew, M. Y. Darensbourg and D. J. Darensbourg, J. Organomet. Chem., 85, 73

(1975).

(2) J. D. Cotton and R. D. MarkweU, J. OrganomeL Chem., 388, 123 (1989).

(3) J. D. Cotton and R. D. MarkweU, Inorg. Chim. Acta, 175, 187 (1990).

(4) P. DeShong, G. A. Slough, D. R. Sidler, P. J. Rybczynski, W. Philipsbom, R. W.

Kunz, B. E. Bursten and T. W. Clayton Ir., Organometallics, 8, 1381 (1989).

(5) R. o. Gorsich, J. Am. Chem. Soc., 84, 2486 (1962).

(6) W. Jetz, P. B. Simons, J. A. J. Thompson and W. A. G. Graham,lnorg. Chem., 5,

2217 (l966).

(7) E. Krause and R. Becker, Chem. Ber., 53, 173 (1920).

(8) K. A. Kocheskov, M. M. Nadi and A. P. Aleksandrov, Chem. Ber., 67, 1348

(1920).

(9) 1. Wharf, Inorg. Chim. Acta, 159, 41 (1989).

(10) P. R. Austin, J. Am. Chem. Soc., 54, 3727 (1932).

(11) A. Stem and E. I. Becker, J. Orge Chem., 29, 3221 (1964).

(I2) R. C. Hinton and F. G. Mann,.!. Chem. Soc., 2835 (1959).

(13) M. C. Browning, J. R. MeHor, D. J. Morgan S. A. Pratt, L. E. Sulton and L. M.

Venanzi,.!. Chem. Soc., 693 (1962).

(l4) A. P. Kengens, W. Power, R. E. Wasylishen, HBLQFIT, Sideband ana/ysis,

version 2.2, Dalhousie University: Halifax, Nova Scotia, Canada, 1991.

OS) G. M. Sheldrick, SHELX, Programme/or Structure Determ;1Jll!ion, University of

Cambridge, England (l976).



•

•

Z8

(16) G. M. Sheldrick, SHELXS-86, Programme for the Solution ofCrystal Structures,

University of Gôttingen, Gennany (1985).

(17) G. M. Sheldrick, SHELXL-93, Programme for Structure Refinement, University

of Gottingen, Germany (1993).

(l8) In International Tables for Crystallography, Dordrecht: Kluwer Academie

Publishers, Vol. C Table 4.2.6. (1992).



•
3.1

Cbapter3

Solution and SoUd-state MuJtinuclear NMR Speetroscopy

Introduction

29

The history of nuclear rnagnetic resonance spectroscopy is one of the most

important and fascinating discoveries in science. At the end of the last century, Zeeman

observed that ciosely spacOO doublets appeared in the absorption and emission spectra of

certain atoms when subjected to the influence of a strong magnetic field. 1 As spectral

resolution improved and spectra of additional species were studied, further smaller

splittings (hyperfine structure) were observed. In 1925, Uhlenbeck and Goudsmir

introduced the concept of a spinning electron, with quantized angular momentum (-hI4x)

and a magnetic dipole moment associated with the spinning charge. The concept of a

spinning electron was grafted onto the oid Bohr theory and laler onto the

SchrodingerlHeisenberg fonnulation of quantum mechanics to account for the strange

interactions observed by Zeeman, but this failed to explained the hyperfine splitting

observed in sorne species. Meanwhile, anomalies in the heat capacity of hydrogen 100

Dennison3 to propose that protons have an angular momentum of -hI4x. Molecular

hydrogen, Hz. then would consist of two proton spins oriented parallel or antiparallel to

each other. This concept compietely accounted for the heat capacity results. In fact, Pauli4

had already postulated that certain nuclei behave as spinning particles and therefore have

a quantized momentum together with an associated quantized magnetic moments, JI,

which accounts for the hyperîme splittings. Pauli's concept of proton spin came before

• the idea of electron spin had been fonnulated and was based on the widespread
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misconception that the nucleus consistOO of ooly protons and electrons. This

misconception was due to the fact that the neutron had not been discovered al thal lime

(the discovery came in 1932). The fust real "NMR" signal was observOO some 15 years

later by the Rabi group at Columbia University,4 by the use of eleganl molecular beam

experiments, for which Rabi received the Nobel Prize in Physics in 1944. However, the

real beginning of NMR spectroscopy developed from the work of two groups of

physicists at Harvard UniversitY (PurceU, Torreyand Pound) and al Stanford University6

(Bloch, Hansen and Packard), where they independently observed the resonance of

protons in bulk water and paraffin materials, respectively. This discovery 100 10 the

awarding of the 1952 Nobel Prize in Physics to Bloch and Purcell.7 The birth of this

branch of spectroscopy has led to several major and exciting new developments and

discoveries in every branch of science, such as chemistry, biochemistry, biomedical

research and materials science. Continued progress has 100 to another Nobel Prize in

Chemistry, awarded to the Swiss physical chemist Ernst in 1991 for bis outstanding

contributions to the developments of Fourier transfonnation and experimental NMR

techniques.8

The physical foundation of NMR spectroscopy lies in the magnetic properties of

atomic nuclei. Many nuclei have spin angular momenta, since proton and neutrons

themselves have this property, represented by the spin quantum number, 1, which can be

half-integral or integral, depending on the nucleus. Nuclei which have either an odd

number of protons or an odd number of neutrons, but not bath, exhibit half-integral spin

l, whereas nuclei which possess an odd number of protons and an odd of number neutrons

have integral spin quantum numbers. Nuclei in which both the number of protons and
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neutrons are eveo. such as IZe. 160, Z8Si, possess 00 angular momentum a=0) and exhibit

no magnetic properties. The interaction of the nuclear magnetic moment with an extemal

magnetic field. 8 0 , leads to 21 + l allowed orientations with different energy levels. Fig

3.1. The states are separated by an energy. ~, which depends on the strength of the

interaction between the nucleus and the magnetic field.~ can he measured by applying

electromagnetic radiation of frequency. v, which causes transition between the nuclear

spin states. provided the resonance condition~=hv is satisfied.

•

E

Figure 3.1
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The high-resolution NMR spectroscopy of non-vïscous solutions or liquids has

provided valuable structural information in ail branches of chemistry, since the discovery

of the ehemieal shift and spin-spin interaction in the late 194Os, but, while solid-state

NMR spectroseopy has been known for the same lime period of lime, il is only over the

past two decades that its potential applications have been realized. The major difference

between the NMR spectra of liquids and solids lies in the linewidths of the observed

resonanees. The spectra of solution samples generally have linewidtbs of less than a few

Hertz, which permit the observation of chemical shifts and coupling constants, whereas

the spectra of solid materials typically have linewidths of tens of kHz and the loss of

valuable information. This difference is due to rapid molecular tumbling motions in

solution whieh lead to isotropie interactions, whereas in the solid-state ail interactions are

anisotropie. The eharacteristics of solid-state NMR spectra are therefore much more

eomplex and eontain orientation-dependent terms, which May ultimately yield more

important information than the corresponding solution-state sPeCtra. The nuclear spin

Hamiltonian operators, together with the approximate magnitudes, for both cases can he

defined by the following expressions:

h-1H = (Hz +

solution (Hz) 106-109

solid (Hz) 106-109

lIes +

103_105

103-105

!IJh-l [3.2.1]

o

lOS-109

•
where the subscripts denote the relevant interactions: Z, the Zeeman interaction with the

magnetie field; CS, magnetic shielding by the surrounding electrons giving the chemical
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shifts; J, spin-spin couplings to other nuclei; D, direct dipole-dipole interactions with

other nuclei; Q, quadrupolar interactions with nuclei of spin > 1/2.

Zeeman Interaction. Hz

The Zeeman interaction occurs for aIl nuclei possessing spin ~ 112, between the

nuclear magnetic moment, JJ.. of the nucleus and the applied magnetic field, BQ, yielding

21 +1 equally spaced energy levels (Fig. 3.1). The Hamiltonian for this interaction is

given by

[3.2.2]

where'Y is the magnetogyric ratio of the nucleus. The eigenvalue of this tenn, Bq. [3.2.2],

is

[3.2.3]

where m[ is the magnetic quantum number and has 21 + 1 values in integral steps between

-1 and +1. In the absence of other interactions, this would generate a [ine spectrum al

frequency

Chemical Shift Interaction. H es

The chemical shift interaction is due to the local magnetic fields generated al the

nucleus by the circulation of the surrounding electroDS induced by the applied magnetic

field and is described by

•
Iles = (h / lx) 'Y l.a.Bo

[3.2.4]

[3.2.5]



•
34

where (J is a dirnension1ess second rank tensor with a non-zero trace. Unlike other

interactions (see below), the chemical shielding interaction and Zeeman interaction are

field-dependent.

Indirect Spin-Spin Interaction, Hf

The spin-spin interaction involves coupling between pairs of spins 1 and S,

mediated by the electronic environment between the nuclei rather than behaving as a

dipolar thrcugh-space interaction, and is given as

[3.2.6]

where J rs is the electron-coupling nuclear spin interaction tensor, which describes the

variation in the spin-spin coupling with the orientation of the molecules in the magnetic

field. This interaction is usually small compared with the other interactions and is field

independent.

Magnetic Dipolar Coupling, HD

The dipolar coupling term arises from direct, through-space, dipole-dipole

interactions between the nuclei. The dipolar interaction between an isolated unlike spin

pair, 1and S, cao be written as

Ho = YiYs(h !ZJtr} I.DfS"S [3.2.7]

•
where Yf and Ys are the magnetogyric ratios of spin 1 and S, respectively, D is the dipolar

coupling tensor with a trace of zero, and r is the intemuclear distance between the two

nuclei 1 and S.
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Quadrupolar Interactions, HQ

Ali nuclei with spin greater than 1/2 possess a non-spherically symmetric charge

distribution, resulting in a quadrupole moment, eQ. In general, the charge distnbution of

nuclear spheroids can be either prolate, Q > 0 (elongated, football shape) or oblate, Q < 0

(contracted, disk shape). The quadrupolar interaction arises from the interaction of the

nuclear electric quadrupole moment with the non-spberica1 electric field gradient around

the nucleus. It is aIso magnetic field-indePendent and is given by

~=I.Q.I [3.2.8]

•

where Q is the quadrupole coupling tensor, detmed as [âcezQ I2hI(21 -1)] V and V is the

electric field gradient tensor at the nuclear site.

In solution, rapid moleeular tumbling occurs reducing the dipolar and quadrupolar

terms to zero due to the faet that the traces of the dipolar and quadrupolar tensors, D and

Q, are zero. However, the ehemical shift and spin-spin interactions are averaged to their

isotropie values and are the dominating factors in solution-state spectroscopy.

In a solid, ail of the above interactions are anisotropie and severe line-broadening

of resonance signais is observed, usually resulting in featureless spectra. In order to

obtain high-resolution spectra with reasonably narrow resonance lines, three diffieulties

are encountered which must be overeome. The first arises from the magnetie coupling

between nuclear dipoles 1and S. Where the spin 1 is usually that of protons and the spin S

represents the nucleus investigated, sueh as l3e, 29Si, 31p, 119Sn or 207pb. For l3C, dipolar

coupling between like spins (13C_13C) and other NMR-aetive nuelei are negligible because
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of the very low natural abondance of 13C (1.1%) or 100% naturaI abundant nuclei that are

widely seperated in the solid. reduced D, resulting in so-caU "dilute niclei". Second is the

orientation-dependence of the shielding constants in a statie magnetic fiel~ which gives

rise to a distribution of chemical shifts, known as a powder pattern, and results in further

line broadening. Third is the low sensitivity and long spin-lanice relaxation times in

solids, particularly in the case of low abundance nuclei, such as l3e, Z9Si and Z07pb,

Ieading to weak signais in repetitive pulse experirnent. These goals can he successfuIly

achieved by means of three sophisticated experirnental techniques: high-power proton

decoupling, magic angle spinning (MAS) and cross-polarization (CP).

3.2.1 High-Power Proton Decoupling

The major line broadening effect in solid-state NMR spectroscopy is due to

dipolar interactions between the nuclei. In the case of the interaction between protons and

other nuclei. this type of heteronuclear interaction cao be reduced to near zero values by

the application of a very strong high-power decoupling field at the proton resonance

frequency. It is analogous to proton decoupling in solution-state experiments, but in

solid-state experiments. much higher decoupling powers are needed in order to reduce the

interactions with protons where the dipolar coupling is of the order of kHz.

3.2.2 Magie Angle Spinning (MAS)

Solid polycrystalline or amorphous materials contain molecular groupings which

are oriented in aIl possible directions with respect to an applied magnetic field in an NMR.

experiment. This give rise to a spectrum consisting of a diffuse peak known as a "powder
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pattern", Fig 3.2. Severa! techniques have been proposed and applied to suppress this

anisotropie broadening, including complicated pulse sequences, but with limited success.

i
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Figure 3.2. Chemical shift powder pattern for tribenzylphosphine oxide showing axial
symmetry

The dipolar interactions contain the angular tenn (3cosza -1) and one way of

reducing the dipolar interaction to zero is by making this angular term vanish. This can he

• accomplished by rapid rotation of the sampIe about an axis inclined al an angle 9 =
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54.73° with respect to the magnetic field. In addition to the removal of dipolar

interactions, the chemical shift anisotropy, the spin-spin anisotropy and the first-order

electric quadrupole interactions are a1so reduced to zero since the (3cos~ -1) factor

appears in the mathematical description of these interactions. This 54.730 angle is termed

the "magic angle" and the technique is known as Magic Angle Spinning or MAS,

however, the more appropriate tenn should he Andrew-Lowe angle spinning due to the

fact that this technique was developed by Andrew and Lowe9 in the late 1960s.

3.2.3 Cross-PolarizatioD

The cross-polarization technique, in conjunction with MAS, has been widely

applied in solid-state NMR studies. One of the major problems when recording NMR

spectra of solids is that the spin-lattice relaxation time, TI' may he extremely long for low

abundant nuclei such as 13C and Z9Si and makes signal deteetion a difficult and lengthy

process. The cross-polarization, CP, experiment, tirst reported by Harbnann and Hahn in

1962,10 provides a way of circurnventing this problem. This technique was combined ten

years later with the high-power decoupling eXPeriment by Pines, Gibby and Waugh. ll

The abject of the experiment is to make use of the strong polarization of abundant proton

nuclei ta enhance inherently weak spin polarization of dilute nuclei with long

longitudinal relaxation times, Fig 3.3.

The CP experiment in the solid is easily understood in tenns of thennodYQamic

language. Consider two reservoirs; l, which is a large proton r~servoir with a high heat

capacity or low-spin temperature, and S, which is a small probe reservoir with a low heat

capacity or high-spin temperature. The high heat capacity reservoir of magnetization
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could provide a means of cooling the probe reservoir without significantly reducing the

heat capacity of the proton reservoir. This is accomplished by allowing both the 1 and S

spins ta precess in their respective rotating frames al sorne common frequency. This

common frequency is that in which the Hartmann-Hahn condition is satisfied, Eq [3.2.9]

l[B[ = 'YsBs [3.2.9]

Under this condition, the Zeeman Ievels in the rotating frame are matched and effective

transfer of energy between the two reservoirs is accomplished via dipolar coupling. The

sequence of events for establishing contact between the two spins and observing the S

spin is summarized in Figures 3.3 and 3.4.

3.3 Chemical Shift and Cbemical Sbift Anisotropy

The fundamental equation of NMR spectroscopy, Eq. [3.2.4], tell us that if every

nucleus in a sample was subjected to an external magnetic field, 8 0 , then the NMR

spectrum of that sample would be composed of resonance lines of identical frequency, the

Zeeman frequency. This is only true if ail the nuclei in the sample were stripped of all

their electrons. However, as this is never the case, each non-equivaient nucleus will

resonate with a characteristic frequency due ta the shielding effects of electrons. These

nuclear shielding effects originate from the circulation of electrons within their atomic

and molecular orbitais and around the nucleus, induced by an external magnetic field.

The circulation of these surrounding electrons will generate a small magnetic field with a

magnitude proportional to the applied field, and which may he paraIlel or antiparallel to



•
42

Bo depending on the electron distnbution around the nucleus. This situation will result

from shielding or deshielding of the nucleus by it surrounding electrons, Eq. [3.3.1]

[3.3..1]

where 0 is referred to as the shielding or screening constant and a typical value is of the

order 10-4_10-6. In principle, the magnetic shielding of a given nucleus depends on the

molecular orientation with respect to Bo and is, therefore, represented by a tensor

quantity, a 3 x 3 matrix, which depends upon the electronic structure of the Molecule. By

a suitable choice of coordinate system, the "principal axis system" PAS, the chemical

shift tensor matrix can be diagonalized such that aIl the off-diagonal elements are zero,

Fig. 3.5. The chemical shift tensor cao, therefore, he described in term of the three

principal values, crll ' cr22 and 033' and three angles specifying the orientation of the PAS

with respect to the molecular axis. The values of these three tensor components are

absolute values with respect to the bare nucleus. I2

axx axy aXZ 011 o o

diagonaJization
ayx ayy ayz o 022 0

azx azy azz o o 033

•

Figure 3.5. Diagonalization of the chemical shift tensor in the laboratory frame to the
principal axis frame.

In NMR spectroscopy, the shielding constant cr is an inconvenient measure of the

chemical shift. Due to the fact that absolute shifts are very seldom needed and extremely
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difficult to detennine. it is common practice to deîme the chemical shift in term of the

difference in resonance frequencies between the nucleus under investigation and a

reference signal by rneans of a dimensionless parameter ~:

[3.3.2]

where Vs and vrcf are the resonance frequencies of the sample and reference, respectively.

The principal components of the chemical shielding tensor cao also he expressed as

chemical shifts.

[3.3.3]

It should be notOO that an increase in cr (greater shielding) leads to a decrease in ~, 50 that

Ô is thus a deshielding parameter.

The convention chosen and used in this thesis for the shielding components is that

proposed by RaeberIen. 13 and is the convention used today by Many NMR. chemists.

'Ô3300ÔJ ~ 1ôll-ô-J ~ 1Ôzz-ô-J

10"33-aJ ~ 1O"ll-aJ ~ 1<1zz-aJ

[3.3.4]

[3.3.5]

It is conventional to choose the magnetic field direction to he the Z direction in

the laboratory coordinate system.14 In this laboratory frame, the NMR eXPeriment

measures O"zz' and the observed chemical shift Eq [3.3.1] becomes

[3.3.6]

•

An expression for C1zz in tenns of the principal values of the shielding tensors and sorne

arbitrary orientation Bo relative to the PAS axes can he eXPreSsed in tenns of the three

principal components: IS

[3.3.7]
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where aü are the three principal values along its principal axes, and Oü are the three angles

made between each of these axes and the direction of Ba. For rapid and random rotation,

each angle in Eq [3.3.7] varies randomly, so that the value of Ozz, which is now S, is

given by

Ô-ISQ =1/3 (6n + Su + ~J [3.3.8]

since the average values of each cosz 9 ü is 1/3, and the isotropie value is obtained. This is

the mechanisrn that occurs in gaseous or solution measurements.

In solid samples, however, the molecules are not free to rotale or tumble and

different nuclear sites will have different values for the angle in Eq. [3.3.8]. This will

result in a distribution of local fields and, hence, a broadened line from which the three

principal tensor values cao he obtained. These tensor values contain potential information

in three dimensions regarding the structure and bonding interactions of the compound

under investigation. Therefore, they cao be three times more infonnative than the

isotropie value obtained from a gas or solution experimenL

Dther important soIid-state parameters are the chemical shift anisotropy, CSA,

(~ô) and the asymmetry parameter, 'lc, which dermes the departure from axial symmetry

at the probe site and lies in the 0 to 1 range.

~Ô = S33 - 1/2(SII + Su)

'lc = 1(~ -ôn) / (~3 - soo>l

[3.3.9]

[3.3.10]

•
For an axially symmetric tensor, such as that of tribenzylphosphine oxide, the value of

'le is zero, but the CSA is oot zero. For spherical symmetric molecules, such as
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tetraphenyllead, both the asymmetry parameter and the chemical shift anisotropy are very

close to zero.

It is often practically impossible to calculate the exact value for the screening

constant due to the complexity of the mechanisms which give rise to il, but the chemical

shifts can be understood empirically by a combination of several types of interaction, Eq.

[3.3.11].16

[3.3.11]

•

Diamagnetic term, ad

The diamagnetic currenlS arise trom the circulation of electrons, induced by the

applied magnetic field, in spherically symmetrical atomic or molecular orbitais around

the nucleus. The current so induced generates a smal1 magnetic field B" in the opposite

direction to BQ' and the nucleus is thus shielded from the applied field. The magnitude of

this current is detennined by the ground state electronic wavefunction and cao he

described in terms of the Mean distance trom the nucleus and the charge of the electrons,

Eq [3.3.12], but it can generally be related to the electron density on the probe nucleus.17

ad = (f,tj43t) (e2/lm) 1: <1/r~ [3.3.12]

where <1/rj> is the Mean inverse distance of the electron from the nucleus and the

summation is made only over electrons of that atome The diamagnetic shielding is fairly

easily to caIculate for atoms and dePends strongly on the number of electrons surrounding

the nucleus.
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Paramagnetic term, Op

The paramagnetic tenn takes into account deviations of the electron distribution

from sphericaI symmetry (for ail electrons except those in s orbitais) and has absolutely

nothing to do with the effect of unpaired electrons. ln the case of a hydrogen atom, the

paramagnetic tenn does not contribute to the chemical shift since s electrons have no

effect on this tenn. For this reason, the range of chemical shifts is small in comparison ta

other nuclei. The contribution of the paramagnetic term is extremely difficult ta

detennine but can be loosely described by17.18

op =-(~i43t) [e2h2L(L+l)/(3m2âE» <1/r-3:>a.l [3.3.13]

where h2L(L+1) is the square of the magnitude of the total angular momentum of ail

electrons in the nth sheD with individuaI angular momentum quantum number 1, and~ is

the average excitation energy and represents an approximation to a summation of energy

differences between the ground state and the various excited states of the atoms. A

decrease in Œ leads to a decrease in nuclear shielding, however, it is not readily

calculated and its raIe in determining chemicaI shifts is still not weD defined. It is often

assumed to be a constant for structuraIly related series of complexes.16

Interatomic contributiof4 ~ifBll1lU

This tenn represents the interatomic contribution due ta local magnetic fields

generated at a given nucleus by the anisotropy of neighbouring groups, such as the ring
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current effect induced in aromatic ringS. Another impottant example is the extreme low

field shifts found for aldehyde protons due to the anisotropy of the carbonyl group.

Other sources of shie/ding, a'

The final part of Eq [3.3.11] is used to consider coUectively all other interactions

which can contribute to the chemical shifts. This includes electric field shifts, hydrogen

bonding. unpaired electrons and solvent effects. 19

3.4 Indirect Spin-Spin Coupling Constant

In section 3.3, the impression was given that the appearance of NMR. spectra is

detennined solely by chemical shifts. In fact, there is another extremely valuable source

of infonnation encoded is most solution and solid-state spectra, the magnetic spin-spin

interactions or indirect J-coupling between NMR-active nuclei. This type of coupling is

produced by an indirect interaction of valence electrons of the molecules between spins of

neighbouring nuclei.

It is weIl recognized that the spin-spin coupling constants depend on orbital

hybridization. the electronegativity of substituents, and the geometry of the coupling

path. This makes them an invaluable tool in structural slodies of the bonding interactions

and electron distributions within chemical bonds of bath inorganic and organic

complexes. The indirect spin-spin coupling is a tensor quantity and its three principal

tensor parameters are extremely difficult to measure by high-resolution NMR
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spectroscopy. Frequendy, measurements are carried out in an isotropie phase (solution or

rapid spinning of solids at the magie angle), and in such conditions, mueh information

associated with this tensors is lost. However, with the development of experimental and

theoretical techniques, a notable increase in the experimental determination of

anisotropies of J coupling tensors have been reported for single crystals2G-2S and powder

samples (section 3.5).26-za Recently, theoretical caleulation of the isotropie CLOPPA

(Contribution trom Localized Orbital within the Polarization Propagator Approach)

formulationZ9 using semiemperical ground-stale wave fonctions was extended 10 include

the second-rank character of the spin-spin coupling tensor and it was applied to analyze IJ

coupling tensors in (CHJ3E-l~ and (CHJJE-J5Cl (E = l3e, Z9Si,119Sn, 207Pb) compounds.JO

The results obtained were compared to experimental !::J values, whenever possible, and

were found to be smaller than the experimental values by more than 40%. Due to

mathematical complexity and problems encountered in the theoretical calculation of

spin-spin coupling constants and their tensors, we have decided to focus ooly on the

major contributions.

There are four contributions ta the mechanism of indirect spin-spin interactions

based on Ramsey's fonnuiations.JI Ramsey described the interaction by means of the

Hamiltonian, HJ , where:

[3.4.1]

•
The tirst term corresponds to the fully isotropie Fermi contact interaction and the other

three anisotropie tenns correspond to the spin-dipolar interaction, the paramagnetic spin

orbital interaction and the diamagnetic spin-orbital interaction. If the Fenni contact term
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is the dominant mechanism of isotropie spin-spin coupling, tben the 1lx _y coupling values

will increase as the s bonding character increases (Bq. [3.4.2]) :32

Jxy oc Yx Yy 1nxS(o) 1Z/nyS(o) /2 a 2
x al.y (AE)-l [3.4.2]

where y is the nuclear magnetogyric ratio, 1nS(o) / Z are the electron densities at the

nuclear sites, a Z is the s-eharacter of the hybrid used in the bonding orbital and âE is the

average excitation energy. In this thesis, the anisotropic contributions will not he

discussed. For a detailed analysis of both the isotropic and anisotropie spin-spin

interactions, the reader is encourage to consider references 24, 29-30.

It was shown earHer by Gilson that a relationship exists hetween the isotropie,

one-bond, carbon-hydrogen, spin-spin coupling constants, IJe_H, and halogen nuclear

quadrupole coupling constants in mono, di, and trihalogenated methanes.33 According to

the theory of nuclear quadrupole coupling of Townes and Dailey, as the s bonding

character increases the field gradient at the nucleus decreases (Eq. [3.4.3]):34

Cb = (I - s - 1 - x) <lu [3.4.3]

where Clzz is the largest component of the electric field gradient, q. is the atomic field

gradient, and s,land Jt are the s, ioDic, and double bond characters, respectively. Thus,

the field gradient decreases with increased s-character.

3.5 Second-Order Quadrupole-Dipole EfTects in SoUd.State, CP·MAS, NMR

Spectra of Spin.112 Nuclei

In recent years, the effect of direcdy bonded quadrupolar nuelei on the solid-state,

• CP-MAS, NMR spectra of a spin-I/2 probe nucleus has received enormous
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attention.26.35-43 This is mainly due to the fact that the existence of quadrupole coupling

constants, X = e2Qqzzlh, which are in excess of a few MHz in most cases, interferes with

the ability of the MAS experiment to suppress the dipolar interactions between the probe

and quadrupolar nuclei and, hence, the term "quadrupole-dipole" interactions. AnguIar

tenns in the Hamiltonian involving geometric factors other man (3cosZO -1), such as sin 9

cos e and sinl ebecome relevant and cannot he eliminated by the MAS technique,

however, it does scale them down.

Full theoretical treatments to account for this quadrupolar effect are weil

documented in the literature,37.44-46 but are rather complicated. Recently a first-order

perturbation treatment bas been proposed,26,47-49 which results in a simple expression for

the second-order shift of the resonance frequencies, provided that the ratio of the

quadrupole coupling constant to Zeeman frequency for the quadrupolar nucleus is small,

X/[4S(2S-l)vJ < 1, leading to the expression

6.vm =-ml + (3XO"/2OvS> [{S (S + 1) - 3m2
} 1 { S (2S - 1)}] [3.5.1]

•

where ~vm is the shift produced by the m eigenstates of the quadrupolar nucleus (relative

to the unperturbed isotropie shift frequency, ô~, ] is the isotropie I-S spin-spin coupling

constant, Vs is the resonance frequency of the quadrupolar nucleus, X is the quadrupolar

coupling constant (e2qQIh), and D" is the effective dipolar coupling constant, including

the anisotropy in the spin-spin coupling (6.1) (Eq. [3.5.2]):

D" =3(D cos2
f3D - (MI3) cosl(31) - (0 - M13) +

llQ (0 sin2
f3D cos 20.0 - (MI3) sinz(31 cos 20.1) [3.5.2]
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where D is the I-S direct dipolar coupling constant, Bq (3.4.3], and 1'1Q is the asymmetry

• in the electric field gradient q.

D =(1Je/43t) y[ Ys hl (4,r (r.-s>3) [3.5.3]

The angular tenns aD and f3D, and al and f3J descnDe the orientation of the intemuclear

dipole vector r[oS and the indirect coupling tensor J, respectively. in the principal-axis

system of the electric field gradient tensor q, Fig. 3.6. However, these angular tenns are

notoriously difficult to determine and it is reasonable to assume that the J tensors are

collinear with the intemucleac dipole vector. This assumption results in a much simplified

expression for D", Eq [3.5.4]

D" =(D - t:J13) (3 coszf3 - 1 + '1 sinzf3cos la) [3.5.4]

A schematic representation of one of the IWO possible cases for a spin-1/2 nucleus

coupled to a spin-S/2 nucleus is depicted in Fig. 3.7, provided that ïllSt~rderperturbation

theory is valid. In the second case, where XD"Ivs is positive, the bunching of peaks will

occur at law-field and would result in a mirror image of Fig. 3.7.

The effective dipolar coupling constants, D", and the quadrupole coupling

constants cannot be determined separately from the effective dipolar-quadrupolar

couplings, unJess one of these quantities is known. The quadrupole coupling constants

cao he obtained experimentally from either NQR measurements or single-crystal NMR

studies, but are remarkably difficult to determine for transition-metal complexes.

Recently, it was shown by Gobetto et al. -49 that the effective dipolar coupling constant cao

be ohtained for axially symmetric molecules from an analysis of spinning sideband

manifolds (Eq. [3.5.5]).

•



•

Figure 3.6.

52

.s--------. qyy

a
" . .

The orientation of the dipolar vectOf, fIS' with respect to the PAS of the
EFG tens~r is defined by the polar angles, a and (3.

~6m1 = ~Ôr - [2(D -liJl3) 1vJms [3.5.5]

•

where ll&r is the shielding anisotropy of the 1 nucleus, Mm( is the shielding anisotropy of

the 1 spin for the m eigenstate of the S nucleus, and 'VI is the resonance frequency of the

probe nucleus. The values of D", Eq.[3.5.4], can be oblained from a regression plot of m
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vs. âômJ, where the slope of the plot is equal to -2(0 • AII3)/vs and the intereept equals

~Ôt. Thus, it is possible, in principle, ta obtain the dipolar coupling constant, the

anisotropy in the chemical shift, the anisotropy in 11-5' and the nuclear quadrupole

coupling constant from a combination of single.crystal X-cay diffraction studies and

solid-state, CP-MAS, NMR experiments.

Unsplit signal

J-coupling

5econd-order
Effects

Figure 3.7. Schematic representation of the CP-MAS spectrum of 1l9Sn coupled to a
single sSMn nucleus. Spin-spin coupling results in six equally spaced lines.
First-arder perturbation on the119Sn spectra arising from coupling to a

• quadrupolar nucleus, S5Mn (S =5/2), as a funetion of the parameter XD"Ivs.
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In cases where the quadrupole coupling constants are comparable to the Zeeman

• frequency of the quadrupolar nucleus S (i.e., when X/[4S(2S-l)vsl < 1 is not fulfilled but

X is not much larger than vS>, the use of îust-order perturbation treatment is no longer

valide Therefore, the Zeeman-quadrupole eigenstates of S have to be ca1culated more

exactly, usually by complicated time-consuming numerical methods.43. ~.!O This involves

a full Hamiltonian diagonalization for thousands of orientations in spaœ in arder to

obtain the corresponding eigenstate of S, and will DOt he discussed here. However, Ibis

lime consuming procedure cao he avoided by either going ta higher or lower magnetic

field. The latter case is usually more accessible, in which case xl[4S(2S-l)'Ysl > 1 and

inverse perturbation cao he used.51~S2 When the quadrupole coupling constant is usually

large X/[4S(2S-l)vsl » l, fast quadruPQle relaxation is able to induœ a "self-decoupling"

of the type described by Spiess et al. 53 for the case in trans-diiodoethylene. However, if

this is nat the case, the highest possible field must he used.

•
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Cbapter4

• Solid-Stat~ Phosphorus-31, CP-MAS, NMR Studies ofTertiary Phosphine

Substituted Alkyl- and Aeyl(tetracarbonyl)mUlaDese(I) Complaes

4.1 Introduction

The wide chemicaI shift range, 100% natural abundanœ, high sensitivity, and

large spin-spin interactions make the 31p nucleus an ideal NMR probe for the study of

chemical structures, bonding interactions, and molecular dynamics. When a phosphorus

ligand is coordinated to a Metal centre, the 31p chemical shift is infIuenced by such factors

as the metal atom, the bonding interaction between the phospboros and the Metal atom,

and the oxidation state and coordination number of the metal. The influence of the cis and

trans ligands, and the position of the phosphorus ligand within the coordination sphere

can aIso have a large effect on the chemical shifts. Most of the theoreticaI and

experimental work on transition metal-tertiary phosphine complexes has involved slodies

of isotropie chemical shifts in solution. 1
•
3 A change in the molecular structure May lead 10

small changes in the isotropic shift and spin-spin coupling but ta significant differences in

their tensor components. Therefore, the anisotropy of these shifts can be more

infonnative than are the isotropie values and this infonnation can be obtained from solid

state 31p NMR spectta.

We report in this section of the thesis the results of an analysis of the solid-state,

CP-MAS, 3tp NMR spectra of a series of tertïary phosphine substituted alkyl-,

phenylacyl- and (2,4,6-trimethylphenyI)acyl(tetracarbonyOmanganeseO> complexes,

•
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Table 1.2. These types of complexes have received considerable attention for the past 2S

years due ta theic mechanistic importance in homogeneous hydrofonnylation reaetions

and other catalytic processes that involve alkyl migration. carbonyl insertion. or carbonyl

elimination reactions.~

The first alkyl- and acylmanganese(D phosphine complexes were prepared in the

early 1960s by Kraihanzel and Maples7 by the reaction of medlyl(pentacarbonyl)

manganeseO> with triphenylphosphine and the cu and trœrs isomers of

CH3Mn(CO).(PPhJ and CH3C(O)Mn(CO)..(PPhJ were identified. Subsequent X-ray

structural analysis of these complexes revealed that the crystal structures are disordered

and confmned the presence of the cis and trans isomers.U These results led to

speculation that bath the methyl and/or the carbonyl groups caR mïgrale. Il was 10 years

later that Flood et al. la, by using 13CQ, and Cotton et aL 11-13, by using large alkyl groups,

established that the alkyl group migrates onto a carbonyl group and that the carbonyl

group does not insert into the metai-alkyi bond. In our worlc, we aIso decided lo study

these complexes by Fr-IR, Fr-Raman and solution NMR spectroscopy, and single

crystal X-ray diffraction to test for the presence of cis-trans isomers and 10 deteet the

differences in the magnetic properties of the alkyl and acyl complexes.

The electric quadrupole moment of 5SMn is large but direcl nuclear quadrupole

resonance measurements have been reported for ooly a few manganese carbonyl

compounds. If quadrupolar relaxation is dominant, then the NMR line widlhs, i.e. 11f._ of

the 55Mn resonances in solution are proportional to the square of the NQR coupling

constant. Brown et a/.14 have shown that such a relationship exists for severa! manganese
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complexes in tetrahydrofuran solution. Thus, the NQR coupling constants cao be

estimated from 55Mn solution NMR linewidths and such data are al50 reported in this

section of the thesis.

4.2 Result and Discussion

The J1p NMR spectra of ail the alkyl- and acylmanganeseQ) complexes in solution

exhibited only sharp singlets in the 50-62 ppm range, indicating the presence of a single

isomer. The 13C NMR solution spectra in the carbonyl region contained three sets of

doublets conÏmning the presence of three different carbons each coupled to phosphoNS.

The two-bond, carbon-phosphorus, spin-spin coupling constants, 2Je"" for the acyl, alkyl

and carbonyl groups are given in Table 4.1. The lJe.p values for the carbonyl groups trans

ta another carbonyl ligand lie in the range 19-23 Hz and showed little or no variation for

the series of complexes studied. The values are about 10 Hz larger for the carbonyl group

trans ta an acyl or alkyl group, and similar values were obtained for the CO ligand trans

to the tertiary phosphine substituent in the alkyl complexes. It was observed that the lJe.p

values for the acyl groups are Iarger than are those of the alkyl compounds, and the lJe.p

values for the CO group trans to the acyl groups are about 3 Hz smaller compared to

those for the alkyl complexes. These effects cao he attributed ta a Fermi contact

mechanism [3.4.2] because the acyl carbons are Spl hybridized while those of the alkyI

groups are spJ hybridized.
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The Fr-IR and FI'-Raman speclra exhibited four vibrational modes in the 2250-

• 1850 cm- l carbonyl region (Fig. 4.1). Group lheory for an octahedral RMn(CO)~species,

with C..v symmetry, predicts two IR-active (al + e) and three Raman-active (al + bl + e)

Table 4.1. zJp.c Coupling constants for compounds rn-Ir

C' (Hz) iiê()d (Hz)compound Cl(:Oc (Hz) ,coe (Hz)

PhCHzC(O)Mn(CO)..(PPhJ (m> 16.3 12.3 6.0 20.1

MesCHzC(O)Mn(CO)..(PPhJ (IV) 14.3 12.3 S.2 21.3

PhCHzC(O)Mn(CO)..[P(CJlu>J (V) 13.1 14.9 5.1 19.4

MesCHzC(O)Mn(CO)..[P(CJln)J (VI) 11.5 16.7 3.1 19.7

PhCHzMn(CO)..(PPhJ (VU) 8.4 21.1 10.1 20.3

PhCHzMn(CO)..[P(TolyI}J (VOl) 8.5 21.4 9.3 22.7

PhCHzMn(CO)4[P(PhF>J (IX) 8.1 19.7 8.3 21.3

&Data from solution 13C NMR spectra with an uncertainty of ± 0.5 Hz.
bAcyl or alkyl group.
cCC trans ta tertiary phosphine.
dCO trans to alkyl or acyl group.
CCO trans to co.

vibrational modes for the trans isomer, but four IR-active and four Raman-active (ml +

hl + hz) vibrational modes for the ~v cis isomer. The solution 31p NMR, Fr-IR and Ff-

Raman spectra therefore indicate cis geometry for aU the alkyl and acyl complexes

studied, which is in agreement with previous reports for crS-R'Mn(CO).(PRJ

•
complexes. I

O-
13 From these results, the possible mechanistic palhways are alkyl or

carbonyl group migration but not a combioation of both processes. The latter would result
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in a mixture of cis and trans isomers for the alkyl and acyl complexes, and this was IlOt

• observed. Introduction of a bulky group, 2,4,6-lrimelllylbenzyl. did Dot lead ta carbonyl

elimination for the acyl complexes. This May due to Ille sterie crowding of the methyl

groups on the phenyl ring, which hinders the alkyl group from re-migrating. If the

reactions proceed by carbonyl migration, it should lI1en he possible for the acyl CO group

located between the Metal and the alkyl group ta be eliminated, affording a metal-alkyl

bond, but this was Dot observed and it was concluded that the reactions proceeded by

alkyl migration and not by carbonyl migration, in agreement with earlier studies.ID-U

(a)

(b)

2100 2000

wavenumber (cm -t)

1900

Figure 4.1. (a) Fr-IR and (b) Fr-Raman spectra of cis-PhCHzMn(CO)4(PPhJ in the

carbonyl region showing the four vibrational modes, alz. b l • aIl, and b z

in decreasing wavenumber.•
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The crystals for the structure detennination of benzyl(tetraearbonyl)(triaryl-

• phosphine)manganeseO) VII-IX and benzyl(tetracarbonyl)(ttieyclohexylphosphine)

manganese(I) X were obtained by slow evaporation of the appropriate solvent (see

Chapter 2), and it was found that oRly the cu isomer was present in each case (Appendix

I). The structures of these alkyl complexes also strongly indicate that the only mechanism

operative is alkyl migration. However, single crystals of the aeyl produet suitable for X-

ray structure detennination could not be obtained.

Table 4.2. Solution and solid-state J1p NMR isotropie chemica1
shifts and coupling constants of compounds rn-IX

Compound c5-... (soin)· &. (solid)· JMft.p (solid) db
(Hz) (Hz)

BzC(O)Mn(CO)4(PPhJ (ID) 50.6 54.1 216 (4) 109 (1)

MesCHzC(O)Mn(CO)4(PPhJ (IV) 51.2 53.2 233 (2) 112 (l)

BzC(O)Mn(CO)4[P(C6HlI>J (V) 53.2 55.4 220(2) 108(3)

MesCHzC(O)Mn(CO>..[P(C6H 11)J (VI) 54.7 54.4 232(2) 97(3)

BzMn(CO)4(PPh:J (VU) 61.4 68.0 202 (2) 110 (2)

BzMn(CO)4[P(Tolyl)J (vm) 59.0 65.6 196 (3) 103 (2)

BzMn(CO)4[P(PhF)J (IX) 61.1 66.1 204 (1) 114 (3)

aUncertainties are + 0.2 and ± 0.5 ppm for the solution and solid-state Jlp NMR spectra,
respectively.
bd = 3XD'IlOvs•

•
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The measured 31p chemical shifts of compounds rn-IX in solution and the solid

state are given in Table 4.2. The isotropie chemica1 shifts, 6-•• in the soUd state are close

ta the values obtained for the solutions indicating thal the structures are the same in the

solid-state and in solution. The ehemical shifts for the alkyl complexes are more

deshielded than are those for the acyl compounds. This may be due ta the greater

shielding effects of the aeyl group cis to the tertiary phosphine ligand. The spin-spin

coupling between phosphorus and manganese, l1Ma-p, cannat be detennined from the

solution 31P NMR spectra because of fast quadrupolar relaxation processes. However, il

could be observed in the solution sSMn NMR spectra for the a1kyl complexes. VI-IX, and

in the solid-state 31p NMR spectra for bath the acyl and alkyl compounds. The 1]...p

values obtained from the solution s5Mn NMR spectra were -50 Hz lacger Iban were those

obtained from the 31p solid-state NMR spectra for the alkyl complexes. This may he due

to changes in torsion angle of the aryl rings which, in this case, are found to increase the

IJMn-p coupling. The 5SMn NMR. chemical shift for compound VU was detennined

previously by Cotton et al. lJ
, DeShong et al.15 and Rehderl6 ta he -1819 ppm with a 1Jw.p

value of 260 ± 8 Hz. These values are in excellent agreement with those obtained in this

study, -1819 ppm and IJMn-p = 257 ± 2 Hz. The value reponed by Torocheshniknov et

al.,17 ~n -1939 ppm (~V1l2 =22,000 Hz), appears ta belong 10 the trans isomer with no

1JMn-P coupling. The solution 5SMn NMR spectra for the acyl compounds were very broad

with 6.v1J2 =2100-3400 Hz and no IJMn-p splitting was observed. The absence of spin-spin

coupling of the acyl compounds m-VI in the solution sSMn spectra may be due to a much

(aster quadrupolar relaxation than those of the alkyl complexes. VU-IX.
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FilUre 4.2. Solid-state 3lp CP-MAS NMR spectra of cis-PhCHzMn(CO)IPh). including spinning sidebands
(rotor frequency =2,800 Hz. 508 SClOS). obtained at 121.279 MHz with prolon decoupling. l
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•

Figure 4.3. Experimental solid-state 31p CP-MAS NMR. centreband ofcü-PhCHz
Mn(CO)4PPh3 (upper trace) and simulated peakfit (bottom).

Figure 4.4. X-ray stnJcture of cu-BzMn(CO)4PPh3 showing the mirror plane•
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The solid-state 31P NMR spectra are complicated (Fig. 4.2) and second-order

effects are evident due to the presence of the quadrupolar~ nucleus (S =512). Peak

fitting (Fig. 4.3) and centreband analyses were feasible for ail Ihe compouncfs. by using

Eq. [3.5.1). which resulted in the detennination of IIJ1a.PY the quadrupolar-dipolar

constants, d. and the isotropie chemical shifts. The IJ...... couplings for the acyl

compounds lie in the 216-233 Hz range. about 10 Hz larger than for the alkyl complexes.

The values for the substituted phenylacyl complexes, IV and VI, are about 12 Hz greater

than are those for the unsubstituted phenylacyl compounds. m and V. The IJJdD.P values

obtained by Lindner et al. II for a series of bromo complexes lie in the range 197-210 Hz

and are of similar magnitude to those obtained for the alkyl complexes. The values

reported by Gobetto et al. 19 for Mnz(CO)~Phl and Mn1(CO).(PPhJz are 70 and 105 Hz

larger, respectively, chiefly because of increasing x-donation to the phosphorus centre

when compared to our cis complexes. The 31p chemical shifts of the a1ky1 complexes,

both in solution and the solid state, are about 10 ppm less shielded Iban are those for the

acyl complexes (Table 4.2). These differences may he due to the sterie and shielding

effects of the oxygen atoms of the aeyl groups on the tertiary phosphine ligand. The

effective dipolar-quadrupolar tenn, d, shows litde or no variation throughout the series of

compounds investigated and faUs in the 97-114 Hz range.

X-ray diffraction studies have shown that these types of alkyl complexes possess a

plane of symmetry (Appendix 1) which results in the angle ct in Bq. (3.5.4] heing equal to 0

or 90° (Fig. 4.4). In turn, this leads to a simplified expression for D', with ooly three

unknowns (Eq. [4.2.1]):
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[4.2.1)

It is notoriously difficult to determine the angular term, ~ and the asymmetry parameter,

'1. Using model calculations for bromo(pentacarbonyI)manganesem, Lindner et aL tl have

estimated that 11 is in the range of 0-0.12. Later, based on symmetry arguments. Gobeuo et

aL 19 assumed '1 values of 0 for [Mn(CO)~(PPhJJzand Mnz{CO),(PPhJ.

Crystal structures of the alkyl complexes have been determined and the cis-C-Mn-C

angles were found to he within 50 of 900 (Appendix 0 suggesting dlat '1 should be close ta

or equal to zero. It is known that trialkyl- and triarylphosphines are strong a-donor and

good x-acceptor ligands compared to alkyl groups. Therefore, the principal component of

the electric field gradient, qzz, is assumed to lie along the Mn-P bond direction. From the

centreband analysis. it was shown that the effective dipolar-quadrupolar tem1,

(3/20)XD' Ivs, is positive, i.e., bunching of the peaks occurs to lower field (Fig. 4.3). Brown

et aL ,14 Lindner et al. 18 and Gobetto et al 19 have demonsttated that the X values for sirnilar

types of compound are always positive. Therefore, D' is aIso positive, which indieates

further that the angle f3 is close ta 00
• In principle, confirmation cao be obtained from the

spectrum of a second nucleus bonded to the manganese atom since the quadropole

coupling constant is unchanged but the angles a and f3 are differenL The anisotropy of the

spin-spin coupling, the quadrupole coupling, and the asymmetry in the field gradient

remain unknown. We have examined the solid-state I3C NMR signais of the benzyl

methylene group in compound V at 2.5 and 7.5 T. The angle f3 was determined to be close

to 900 in this case. Second-order effects were observed, with a bunching of the peaks to

low frequency, but the spectra were difficult to analyze due to overlapping peaks, even al



•
70

low field. We attempled to fit the envelope of the methyfene resonance with values for the

spin-spin coupling, zJp.c, of 8.4 Hz from the Ile solution spectrum and lJMD-C of 23.1 Hz

estimated by Torochesnikov et al.ZI from the fine broadening of the resonance fine. Using

the X value trom the 31p spectrum, the difference between the inner and outer line positions

was calculated to be 143 Hz, compared with the experimental value of 203 Hz. This resuIt

led us to believe that the value of IJMn.c reported by Torochesnikov et al.Z1 is incorrect and

in fact beIong to the trans isomer, as was assumed from the "Mn solution NMR peak

width at half-heighL The value of 1JMn-C obtained for the methylene carbon of compound

VII is 38 Hz with the assumption that~~ and '1 are zero, and f3D =900 for the 13C NMR

spectra. Based on the solid-state 13C and 31p NMR data and the crystal structures, we feel

confident in assuming that the angular term (3 =0 for the J1p analysis. This leads ta an even

greater simplification of the expression for D' (Eq. [4.2.2]):

D' = 2 (D - !J13) [4.2.2]

•

In principle, the chemical shift tensors for each of the m-I transitions can be obtained

from the non-spinning spectra, but these were very difficult ta analyze for the compounds

studied, because of the overlapping of six powder patterns (Fig. 4.5). However,

bandfitting of the spinning sidebands and using a modified Herzfeld and Berger

program20 afforded the chemical shift tensors (Table 4.3). The differences between

successive values of Ôrm (Bq. [3.5.5]) are constant and equal ta D'. Values of D' were

obtained from a regression plot of m vs. Ôrm, where the slope of the graph is equal ta 

2D'IVI and the intercept equals 6r (Eq. [3.5.5]), Fig 4.6. The average values of (D-âJl3)

were found to lie in the 1030-1135 Hz range and X, using Bq. 3.5.1, is about 23-26 MHz
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Figure 4.5. Solid-state IIp CP-NMR power pattern for cis-MesCHzC(O)Mn(CO)"PCYJ'
'-1....
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Table 4.3. Effective dipolar and chemical shift tensor data for cis-
BzMn{CO).(PPhJ from spinning sidebands anaIysisl

• m Centteband ~11 6u 6n Mr... D'
ô <±0.2ppm) (ppm) (ppm) (ppm) (ppm) (Hz)

5/2 62.9 111.4 82.2 4.8 -101.6 1097

3/2 65.7 120.4 90.6 -14.0 -119.S 1105

1/2 67.9 127.0 100.3 -23.6 -137.3 1163

-1/2 69.6 134.8 108.9 -34.8 -156.6 1190

-3/2 70.7 141.3 122.1 -51.3 -183.0 146(f

-5/2 71.7 157.0 107.3 -50.9 -183.1 88()b

·Uncertainty is ± 2 ppm for tensor quantities obtained from the MAS spectra at three
different spinning speeds.
~educed accuracy because of overlapping peaks.

-100

·125

-150

·175

o

·2 ., o

m -eigenstate

2

•
Figure 4.6. Regression plot of m eigenstate of the quadrupolar CSSMn) nucleus

versus the shielding anisottopy, M,., for cü-BzMn(CO).(PPhJ.
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for the compounds studied. with the exception of compound m (Table 4.4).

Brown and co-workers l
• have shown that the line widths in the solution spectra of the

quadrupolar nucleus are proportional ta the square of the Buclear quaclrupole coupling

constant, provided that the molecules have the same correlation lime for molecular

rotation, which in tum depends upon the molecular volume and solvent viscosity.

Quadrupolar relaxation must he dominant and, since IJMn-P wu observed in the S5Mn

spectra of the alkyl compounds, Ibis mechanism does not apply in these cases. The

molecular volumes of the alkyl and acyl complexes are much larger than are the volumes

of the compounds examined by Brown et aL 1. and thus the line-width dependence on the

quadrupole moment should reflect this. Qnly a poor correlation wu obtained for the acyl

complexes due to the narrow range covered by the data.

Table 4.4. Calculated effective dipolar coupling constants, quadrupolar coupling
constants, and spin-spin anisotropy for compounds rn-IX

compound 0- X X· M
(Hz) (MHz) (MHz) (Hz)

BzC(O)Mn(CO)~(PPhJ(m) 1342(131) 20.2(0.7) 29.3 1219(43)

MesCHzC(O)Mn(CO)~(PPhJ(IV) 1132(46) 24.5(1.0) 34.5 589(24)

BzC(O)Mn(CO)..[P(C6Hn)J (V) 1079(73) 24.8(1.6) 37.6 639(41)

MesCH2C(O)Mn(CO)..[P(C6H u )J (VI) 1031(19) 23.3(0.4) 38.7 495(10)

BzMn(CO)..(PPhJ (VII) 1073(35) 25.4(0.8) 8.44 412(13)

BzMn(CO)4[P(Tolyl)J (VIII) 1105(50) 23.1(1.0) 7.71 508(22)

BZMn(CO)4[P(PhF)J (IX) 1115(54) 25.4(1.2) 9.43 538(30)

·Calculated trom linewidth dependence according to ref (14).
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The X values obtained tram our solid-state J1p NMR experiments can be compared

with the value of 16.9 MHz obtained by Lindner et al.ll for the bromo-substituted

manganese-triphenylphosphine complex, but where the anisotropy in the spin-spin

coupling was neglected, and the 17.5 MHz value oblained by Brown et al 14 for

BrMn(CO)s' The value calculated by Gobetto et a/." for Mnz{CO}'pPhJ was 41.6 MHz,

which is nearly twice the value observed for the compounds studied in the present work.

This discrepancy is due to an error in the calculation of D' by GobeUo et aI.t9 and

recaIculation of D' using the values given in Table IV of reference 19, affords D' = 1033

± 21 Hz and X= 29.5 ± 0.6 MHz, which are closer to the values obtained for compounds

III·IX. From the crystal structural data and spinning sidebands analysis, the dipolar

coupling constants and the spin-spin anisotropies were determined to be in the range of

869-945 Hz and 400-640 Hz, respectively, with the exception of compound IV, where â1

was much larger (1220 Hz). The values of D and Â1 for the acyl complexes were

caIculated with the assumption that rMn-p is the same as those of the respective alkyl

phosphine complexes. This assumption was based on the fact tbat the rMa-P values for

CH3C(O)Mn(CO)iPPh) and CH3Mn(CO)~(PPhJ, of 2.315 and 2.311 ± 0.018 A,

respectively t show little change on going tram the acetyl ta the methyl complex.

The magnitude and principal components of the phosphorus chemical shifts tensors

are given in Table 4.5. There is very little change in the 3lp isottopic cbemica1 shifts for

the aIkyl complexes containing para-substituted biarylphosphines. This was also

observed for the phenylacyl and substituted phenylacyl complexes with

triphenylphosphine and tricyclohexylphosphine (Table 4.2). However, tbere are major
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differences in the anisotropy parameter. M. and the span of the chemica1 shifts tensors.

Ô33-Ôl1 ' both of which are larger for the benzyl complexes than for the phenylacyl

derivatives. The 633 value shows Httle variation for the triarylphosphine complexes.

ranging from -18.4 to -32.2 ppm. These values are in the sarne range as thase obtained by

Liodner et al. 18
, -16 ta -32 ppm, for a series of alkyl(diaryl)phosphine complexes. From

these results, the orientation of 633 al the phosphorus atom was assigned as lying close to,

or along, the Mn-P bond, and the remaining two components, ~1 and &ut must therefore

lie perpendicular ta this axis. It was observed that~ is more shielded, >28 ppm, for the

acyl complexes than for the alkyl compounds investigated. From these observations, we

assign ô22 to be perpendicular to the Mn-C bond of the acyl and the alkyl groups.

Table 4.5. 31p_NMR chemical shift tensors for alkyl- and acylmanganeseffi complexes
m·IX calculated from CP-MAS and spinning sideband Analysis·

compound 611 c5n ~3 Mt no. of
(ppm) (ppm) (ppm) (ppm) spinning rates

PhCHlC(O)Mn(CO).(PPhJ (m) 120.5 71.4 -25.5 -121.5 3

MesCHlC(O)Mn(CO).(PPhJ (IV) 120.3 58.6 -18.4 -107.9 3

PhCHlC(O)Mn(CO).[P(CJlu)J (V) 110.6 71.0 -1.0 -91.6 2

MesCHzC(O)Mn(CO).[P(C6Hn)J (VI) 98.6 67.2 -2.6 -86.2 3

PhCHzMn(CO).(PPhJ (VII) 132.1 101.5 -27.7 -144.5 3

PhCHzMn{CO)4[P(TolyI)J (VIII) 125.1 99.0 -25.5 -137.5 3

PhCHzMn(CO)..[P(PhF)J (IX) 130.2 100.7 -32.2 -147.6 2

·Uncertainties are ± 1.5 and ± 2.5 ppm for chemical shifts tensors and!J>, respectively.
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Cbapter5

Solid-state Multinuclear NMR Spectroseopy ofGroup 14 avA)
PentacarbonylmanganeseO) complexes

5.1 Introduction

The coordination chemistry of strong covalent organometallic complexes

•

containing a group 14 (IVA) metal directly bonded to transition metal carbonyl wu fml

explored by Hein et al. in the early 19405.1,2 Subsequently, other stable mixed metal

carbonyl compounds containing a group 14 metal and a fU'5t-row transition metal were

prepared.3-8 The most widely studied complexes of this tyPe are those containing

tetracarbonylcobalt(O, pentacarbonylmanganeseQ) and pentacarbonylrheniumO)

derivatives of silicon, germanium, tin and lead. In general, the pentacarbonyl-

manganese(I) and pentacarbonylrhenium(I) derivatives are more thennally stable and are

more easily prepared than are the analogous tetracarbonylcobaltm species. There are two

naturally occurring NMR-active spin-S/2 isotopes of rhenium, 1lSRe (37.1%) and 187Re

(62.9%), while there is only one NMR-active isotope of manganese, ssMn (spin-S/2).

Consequently, we decidOO to focus our attention on the simpler pentacarbonyl-

manganese(I) system.

GorsichS showed in the early 1960s that the trans carbonyl in (CJlJ3SnMn(CO)s

(XII) is more wealdy bonded than are the cis carbonyl groups and cao he replaced

quantitatively (> 94 % yield) by PPh3 al 19S oC to fonn trans-(CJIs}3Sn-Mn(CO)..(PPhJ

(XVII). This 100 to the examinalion of (J- and x-bonding interactions for the group 14

derivatives using infrared spectroscopy.6 On the buis of these studies. the R3Sn ligands
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were characterized as weak a-donors and good x-acceptors. These results were confinned

by single crystal X-ray diffraction analyses of compounds XII and XVD,9.lO where the

Mn-Sn bond distance in xvn is 0.04-0.05 A shoner man is that in XII. Also, the Mn-P

bond distance in xvn is ~0.07 A shorter than is usually found for a typical Mn-P bond in

tertiary phosphine-substituted alkyl(tetracarbonyl)manganeseffi complexes (Appendix o.
These findings indicate that R]Sn ligands are hetter a-donor and x-acceptors than is the

trans carbonyl group.

The purpose of the present work was la examine the various parameters obtained

from the solid-state CP-MAS f9Si, 1198n and 207Pb) spectra of strong bimetallic

complexes and to compare these parameters with single-crystal X-ray diffraction data of

triphenylsilyl-, triphenyltin- and triphenyllead(pentacarbonyl)manganeseOO complexes,

Ph3EMn(CO)s (E = Si, Sn, Pb). These covalent bimetallic comPQuods offer a wùque

opportunity to examine the spin-spin coupling between a main group element and a

transition-metal and the nuclear quadrupole coupling constant of the metal for the lnt

lime. The crystal structure of Ph3SnMn(CO)s has been detennined previously,9 whereas

the structure of Ph3SiMn(CO)s (Appendix fi), and sorne preliminary results for the lead

complex, are discussed in this section. In the case of the silicon complex, there are two

non-equivalent molecules per unit œIl, but there are four non-equivalent molecules for

the tin and lead complexes. The nuclear quadruPOle coupling constants have been

measured previously by solid-state, broad-line 55Mn NMR spectroscopy of single crystals

of the triphenyl-gennaniurn, triphenyltin, and triphenyUead complexes.Il However, there

are no NQR or NMR results rePOrted in the literature for the triphenylsilyl complexe It



•

•

80

should be nored mat the triphenylgennanium compound was not studiec:L due ta the fact

that the principal isotope, germanium-73, is a quadrupolar nucleus and is very difficu1t to

study by solid-staœ 7JGe NMR spectroscopy.

5.2 Results and Discussion

The centreband resonances of the 29Si, 119Sn and 2D7Pb solid-state NMR, CP-MAS,

spectra are shown in Figs. 5.1-5.3 for the three pentacarbonylmanganeseffi complexes

under investigation. These isotropie centrebands are very complex and May result from

the presence of more than one group 14 metal site in the crystalline materials. The 207pb

chemical shifts for PhJPbMn(CO)s are weIl resolved when compared to those of 29Si and

119Sn NMR spectra, and were very different when the complex was recrystallised from

octane than trom a 50/50 mixture of benzene and octane. Single-crystal X-ray diffraction

determinations of these two different polymorphs were attempted, but, due to strong

absorption of the lead atoms, the struetures were nearly impossible to solve. However,

preliminary results indicated rhat this complex crystallizes in the space group Clm with 4

different molecules in the asymmetrie unit when octane was used as the only solvenL

Crystal structure determination of bath this polymorph and that obtained from

benzene/octane mixture are currently being studied using a CCD deteetor al McMasœr

University. It was suggested, from the results of the single-crystal, broad-line, 55MB NMR

experiment,Il that this trlphenyllead(pentacarbony1)manganese<D complex should

crystallize in the monoclinic space group and have 21m symmetry with 2

crystallographically independent sites across a mirror plane. This is in agreement
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Fipre 5.1. Z9Si CP-MAS spectra of Ph3SiMn(CO)s, (a) at 19.85 MHz: contact lime 2 ms: pulse delay 30 s: spiMing speed 0.30
kHz; 2000 transients, and (b) at 59.4 MHz: contact time 3 ms; pulse delay 60 s; spinniog speed 2.0 kHz; 1150
transients.
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Figure 5.2. Part of the CP-MAS 119Sn NMR spectrum of Phl SnMn(CO)5 al 111.7 MHz, showing three sets of centre
bands. SpiMing speed 4.5 kHz; pulse delay lOs; contact lime 1 ms; 6000 transients.
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Fleure 5.3. Part of the CP-MAS lmPb NMR spectra of Ph3PbMn(CO)s al 62.7 MHz, showing four sels of overlapping centrebands
for the IWo polymorphs. Sample recrystallized (a) from octane; spinning speed 5.0 kHz; pulse delay 2S 5; contact time 2
ms; 4000 Iransients. (b) trom benzene/octane; spinning speed 5.0 kHz; pulse deJay 25 s; contact lime 2 ms; 4000
transients. e:
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with the present work because the lead chemical shifts occur in two pairs of twelve peaks.

Only small differences occur in the sSMn quadrupole coupling conslants, which could not

be detected in the broad-line sSMn NMR experiment, but were observed in the higher

resolution Z01Pb, CP-MAS, NMR experimenL

Table 5.1. CPIMAS 2.
1Si NMR results of PhlSiMn(CO)s at 59.5 and 19.85 MHzA

At 59.4 MHz At 19.85 MHz

Site A SiteB Site A SiteB

Ô-ISO (solution) 17.85

ô-LSO (ppm) 15.8 17.0 15.5 16.9

1JSi-Mn (Hz)b 15.9 15.3 16.7 12.9

dC -39.1 -35.2 -118.0 -104.9

X (MHZ)d 25.9 23.0 25.9 22.7

D (Hz) -375 (± 2) -380 (± 2) -375 (± 2) -380 (± 2)

·Uncertainties are ± 0.05 and ± 1.0 ppm for the solution and solid-state 29Si NMR spectra,
respectively.
bJ values were determined from simulated spectra and are considered to he accurate to ±
2.0 Hz.
cd =3X D"/IOvs'
dValues were obtained with the assumption of âJ = O•
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Table 5.2. 119Sn NMR data for Ph3SnMn(CO)s al 7.0S'r

• Site A SiteB SiteC

ô-
LSO

(solution) (ppm) -11.93 (± 0.05)

cSise (ppm) -13.6 2.8 5.6

1JSn-Mn (Hz) 135 (± 1) 142 (± 2) 141 (± 1)

dl (Hz) 34.4 (± 0.5) 34.3 (± 0.3) 30.3 (± 3.3)

Ô11 (ppm) 71.6 81.1 89.4

Ôzz (ppm) 2.8 50.1 47.3

cS33 (ppm) -115.2 -122.8 -119.9

f:J.ô (ppm) -152.4 -188.4 -188.3

'1 0.677 0.247 0.335

X (MHZ)b 18.33 (± 0.03)

Dff (Hz) 466 (± 7) 465 (± 7) 411(±45)

D (Hz) 584 (± 4) 584 (±4) 580 (±4)

!:J.J (Hz) 353 (±8) 345 (± 8) 507 (± 55)

·Uncertainties are ± 0.3 and ± 3.0 ppm for the isotropie ehemical shifts

and chemical shift tensors, respectively.

bValue taken trom ref. Il.

•



Table 5.3. 2U7Pb NMR data for Ph~bMn(CO)5' recrystallized!tom octane, al 7.05 l'

Site Sb• Site Ab Site CC Site De

Ôiso (solution) (ppm) 48.4 (±O.l)

ô
lSO

(ppm) 70.1 72.4 105.8 112.2

1]Pb-Mn (Hz) 250 (±4) 253 (±4) 275 (±8) 274 (± 7)

d (Hz) 2.30 (± 0.6) 9.19 (± 0.74) 11.4 (±0.5) 2.26 (±O.l)

Ô11 (ppm) -65.2 -54.4 -%.3 ...74.7

ô22 (ppm) 59.2 57.3 180.4 186.9

ôJ3 (ppm) 216.3 214.4 233.3 224.4

6ô (ppm) 222.3 211.5 -197.4 -168.2

11 0.434 0.389 0.262 0.201

X (MHz)d 12.04 (± 0.0l) 10.6 (± 0.4)

D" (Hz) 47.4 (± 12.4) 190 (± 15) 267 (±22) 52.9 (±4.3)

·Uncertainties are ± 0.3 and ± 5.0 ppm for the isotropie chemical shifts and chemical shift
tensors, respectively.
bPor 1633 -Ôiso 1> 1ÔII - Ô-ISO l, Anisotropy parameter !JLJ = ~3 - 112 (ôn + ôzJ and
Asymmetry parameter T) = 1(61 - Ôn) 1 (ô22 - ô-~ 1.
Cf'or 1611 -ôiso 1 > 1633 - ôiso l, Anisotropy parameter M = 611 • 112 (Ôn + ÔzJ and
Asymmetry parameter '1 = 1(Ô33 - ôzz} 1 (ôu - ô-..J /.
dVaIue taken from ref. Il.

•
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Table 5.4. Z07pb NMR data for Ph3PbMn(CO)5' recrystallized from benzeneloctane
mixture, at 7.05 'ra

• Site A SiteB SiteC SiteD

ô-
ISO

(solution) (ppm) 48.4 (±O.l)

ô-
ISO

.(ppm) 61.0 63.2 112.0 115.5

1JPb-MJJ (Hz) 251 (± 1) 247 (± 1) 273 (±3) 274 (± 1)

d (Hz) 2.41 (± 0.02) 3.19 (± O.IU 4.14 C± 0.15) 2.25 (± 0.06)

ôn (ppm) -57.9 -69.5 -91.4 -86.9

ô22 (ppm) 32.5 62.3 166.5 195.9

Ô33 (ppm) 208.4 196.7 260.9 237.5

~Ô (ppm) 222.3 211.5 -193.1 -188.1

11 0.434 0.389 0.464 0.206

X (MHz) 12.04 (± 0.01) 10.6 (±0.4)

0" (Hz) 49.7 (±0.4) 65.8 (± 2.3) 97.0 (±6.5) 52.7 (±2.2)

1 See Table 5.3.

The NMR parameters for the three pentacarbonylmanganeseOO compounds are

given in Tables 5.1-5.4, together with the solution-state chemical shifts. Because of the

small chemical shift anisotropy of the silicon complex, spinning sidebands were not

obtained and the shift anisotropy could not be determined. The crystal structure of the

silicon complex showed two molecules in the asymmetric unit ceU and so two chemical

•
shifts and a total of twelve lines are expected in the specttum. Clearly, the solid-state

NMR spectrum cannat he fitted easily al 59.5 MHz; therefore, the spectrum was also
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measured at 19.8 MHz where the second-order splitting is increased by a factor of three

while the spin-spin coupling constant, 115'I-Mn in Hz. remains the same. The extra

information this provided made il possible to fit bath spectra and obtain consistent values

for the second-order splitting, the spin-spin coupling and the chemical shifts (Table S.l).

The spectrum of the tin complex shows that there are three chemica1 shifts. but the

highest field centreband arises from the overlap of two resonances. Fig. 5.2. This is

consistent with the crystal structure.9 where there are four molecu1es in the asymmetric

unit. The differences in the molecular structure are slight, but the probable cause of the

different chemical shifts arises from the differences in the twist angles of the phenyl

rings. The dihedral angles lie in quite narrow ranges, but are associated with two pairs of

molecules. The data in Table 5.5 indicate that the tin atoms in molecuIes 1 and IV are

almast equivalent, with the exception of the angle of tilt of phenyl ring 2 by one degree.

The Mn-Sn-C bond angles, for these molecules. are aImost identical and the two tin

environments were considered to be equivalent. For molecules n and ID, only the angle

of tilt of phenyl ring 2 remains the same, while the bond angles. Mn-Sn-C, differ by as

much as 1.80
• These results indicate that molecules II and m have different structures

and, therefore, two different tin envrronments. In order to separate the chernical shifts, a

higher field spectrometer (7.05 T) was used and the spinning rates were fast enough ta

prevent the overlap of the spinning side-bands with the centrebands. As a result, only a

few spinning side-bands occurred. Fig. 5.4, and in the case of the lower field resonance it

was not possible to obtain, with 80y accuracy, the chemical shift anisotropy of the m

eigenstates.
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Table S.S. Dihedral angles, Mn-Sn-C-C, and bond angles, Mn-Sn-C,
of triphenyltin(pentacarbonyl)manganeseOOa

• Molecule Molecule Molecule Molecule

1 n m IV

Dihedral angle (0)

ring 1 40.8 42.2 41.2 40.8

ring 2 59.6 59.8 59.8 60.6

ring 3 65.4 59.3 58.8 65.6

Bond angle (0)

ring 1 111.2 113.2 111.9 110.9

ring 2 113.0 114.9 113.1 112.6

ring 3 114.0 112.0 113.1 113.0

·Values taken from ref. 9.

•
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Flaure 5.4. Solid-state CP·MAS 1198n spectrum of PhJ8nMn(CO)s at 111.7 MHz. Low field centrebands are due to overlap of two
slightly different tin chemical shifts. The intensily variations are produced by the interaction of the dipolar. indirect
coupling and shielding tensors.
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Flguft S.S. 8oUd-5late CP-MAS 201Pb spectrurn of Ph1PbMn(CO)s al 62.7 MHz. Low-field and high-field centrebands are due to
two sUghlly different lead chemical shifts, resulting in sels of twelve peaks in each centreband. Recrystallized frorn (a)
octane and (b) a 50/50 benzene/octane mixture. !
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The spectra of the lead complex are much more complicated dIan are those of the

silicon or the tin compounds, Fig. 5.3, wilh four sets of chemical shifts, which occur in

pairs and result in t'No sets of twelve peaks for bath polymorphs. The chemical shifts

were identified by Ihe use of the high-field speclrometer (7.05 T) with faster spinning

rates and, again, it was not possible to obtain the chemical shift anisottopies of the m

eigenstates, due to Jack of spinning side-bands, Fig. S.S. The spin-spin couplings of the

high-field centrebands were 22 Hz smaller than were those of the low-field cenueband.

Tables 5.3 and 5.4, and were assigned the larger value of the nuclear quadropole coupling

constant 02.04 ± 0.01 MHz) rather than the value of 10.6 ± 0.4 MHz (6). This distinction

was based on the fact that the IJ coupling is inverseJy proportional to the NQR coupling

constantl2 if the Fenni contact tenn is the dominant mechanism of spin-spin coupling,13

and the Townes and Dailey theory is used in the estimation of the field gradient at the

nucleus.14 It was predicted by Gonzalez et aL IS that the Fenni contact mechanism is

indeed the domant factor in detennining J values for group-14 metal compJex, MIl.. and

M(CHJ4 (M = C, Si, Sn, Pb)

To compare the spin-spin coupling constants, it is more infonnative to use the

reduced coupling constants, KMn-E = 4r JMD-E/(h 'YMn 'YE ), and average values of IIKMJtoSiI =

2.64 x lOlO Tl ].1, 11KMn-Sa1 = 1.25 x IQ21 ~ ].1 and IIKMn-Pbl = 4.18 x IOZ1 ~ ]-1 were

obtained. These cao be compared with the respective s-electron densities at the nuclei.17 A

plot of the reduced couplings, 1KMn-E l, against the s-electron densities. l'1'(0) 1z. for the

silicon, tin and lead nuclei,16 Fig. 5.6. gave a Iinear reJationship. indicating that the Fermi

contact tenn is the dominant factor in detennining the spin-spin coupling. and the s bond
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Figure 5.6. Plot of one-bond reduced spin-spin coupling constant 11
KMn-E 1for Mn-Group 14 (IVA) complexes vs. electron density,

1'11(0) 12
, at the Group 14 (IVA) nucleus.
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order and the average excitation energy, âE, are nearly the same in ail cases. Correlations

between different coupling constants have been reported by Wrackmeyer and co-workers

for tin and lead coupling constants in various series of related compounds.17
•
U

It is clear from Eqs. (3.S.1J and [3.5.4] that a knowledge of the interalomic

distances and the angular tenns, aD and ~D, are not sufficient 10 detennine the

quadrnpolar coupling constant if the anisotropy of the spin-spin coupling is large. The

local symmetry about the Mn-E bonds in the (Ph3E)Mn(CO)s complexes is sufficiendy

high that the angle f3D is equal ta 00. Thus Eq. (3.5.4] is reduced to a much simpler fonn

D" = (D - t:J13) [5.2.1)

•

Gobetto and co-workers2S have shawn that the effective dipolar coupling constant

D" cao be obtained from an analysis of chemical sbift anisotropy for each of the spinning

sideband manifolds, Eq [3.5.5]. Due to the presence of ooly few spinning sidebands, it

was difficult to obtain the m eigenstate chemical shift anisotropies. However, the

chemical shift tensors were obtained for the tin and lead compounds, and the spans, 6n 

Ô11 , were found to increase as the size of the valence $- andp-electron radius, <r-~. and

<r03>~, of the probe nucleus increases. However, this is ooly true for a periodic row with

analogous groups bonded the probe nucleus. The span for the silyl complex is very small

and could not he detennined from the 29Si CPIMAS experiment. This type of difficulty

was encountered previously for other organosilyl complexes in an asymmetric

environment, such as the bis(pentamethlcyclopentadienyOsilicon {Cp·zSi{D),U

Hexamethylcyclotrisilazane and Octamethylcyclotrisilazane, (CHJzSiNHla (n = 3, 4).Z6

However, the bis(pentamethylcyclopentadienyI)lead(II) compound, Cp·zPb,ZoI was found
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to have a span of 1940 ppm which is considerably lacger chan the approximate value of

350 ppm we obtained for the triphenyllead complex. This difference. is due ID the

coordination number and/or the oxidation state of the lead nucleus. which changes the

electronic environment around the lead nucleus. Recendy, Harris et al ZI.zt have examined

triorganolead(IV) compounds, using solid-state 2D7Pb NMR. and found that the span of the

chemical shift tensors was larger than 600 ppm. The values obtained in the present

studies are the smallest ever observed for Ph3PbX (when X_Ph). The 119Sn chemical

shift tensor values, Table 5.2., are similar to those obtained for other triphenyItin

complexes,JO.Jl but, as the coordination number of the tin nucleus increases, the span of

the tensor increases. This observation rnay a1so explain the result for the Cp·zPbOO

compound when compared to lead(IV) complexes. The chemical shifts tensors obtained

from solid-state, CPIMAS, NMR experiment might actually help in detennining the

coordination number and/or the oxidation state of the nucleus under investigation.
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Cbapter6

Spectroscopie and Structural Studies 01pcrnr-8ubstitutecl
Triaryltïn(pent8carbonyn.......aneseO) Complexes

6.1 Introduction

Studies of substituent electronic effects on NMR chemical shifts and spin-spin

•

coupling constants date back to the early clays of NMR spectroscopy and have been

reported for a wide range of nuclei, l including those of tin in tetra- and triaryUin

complexes.z.J It was found by Kroth et al. 1 and by Wharè that the m'Sn chemical shifts for

the tetraaryltin compounds show good correlations Cr > 0.95) with substituent constants

(aR or aRC), whereas those of the triaryltin halides only correlate weU with a combinalion

of substituent constants (OR' al) or (ORO, al). However, attempts te correlate the results

with Hammett or Taft substituent constants (ap or opO) afforded very poer correlations (r

< 0.90). This implies that the electronic para-substituent effects are trarlsmitted through

the benzene rings by a combination of inductive and resonance effects for the triaryltin

halides. It was also round that t](1l9Sn_13C) values show good correlations with Hammett

resonance substituent constants (OR) for five series of aryltin complexes.J The tin

chemical shifts were described as unusual in that electron-withdrawing substituents were

more shielded than was the parent phenyltin compound. However, no analysis was done

for the ipso-carbon chemical shifts for the five series of compounds studied by Wharf.3

The three pentacarbonylmanganeseffi derivatives of the type Ph3EMn(CO)s œ=

Si, Sn, Pb), studied in Chapter 5, resulted in complex solid-state NMR specb'a; however,

the Ph3SnMn(CO)s complex is more thennally stable and is more easily prepared than are
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the analogous silicon and lead complexes. Therefore, a DeVi series of panJ-substituted

• triaryltinmanganese(1) complexes, ~-XCJlJSn(CO)5Mn [X = F, Cl. CH]. OCH].

SCH3, and S(O)lCHJ. was prepared in order to study the substituent electronic effects on

the sSMn, 119Sn and lJC chemical shifts and the spin-spin coupling constants and the Mn

Sn bond lengths. These compounds have been fully characterized by various techniques,

including vibrational and multinuclear NMR spectroscopy, and single-crystal X-ray

diffraction. The results of this study provide an opportunity ta determine and correlate the

spectroscopie data obtained with substituent constants and will be the major focus of this

chapter.

6.2 Result and Discussion

A series of para-substituted triaryltin(pentacarbonyOmanganeseOO compounds,

~ara-XC6HJ3Sn(CO>sMn[X = F, CI, CH3, CH3S, and CH3S(O)J, were prepared in high

yield as white or pale yellow solids (Table 6.1) by conventional halide displacement

reactions, Eq. (6.1.1],· with the exception of X = CH3S(O)z.

Ar3SnCI + Na[Mn(CO)J ~ Ar3SnMn(CO)s + NaCI [6.1.1]

The products are stable, crystalline materials. which eventually oxidize to the metal

oxide, MnOz' on exposure to air over a period of two to three months. The reactions of

Na[Mn(CO)J with (para-XCJf.hSnCI (X = CF3 and CH3S(O)J were unsuccessful.

possibly due to the strong electron-withdrawing abilities of these para substituents. This

•
withdrawing effect strengthens the Sn-Cl bond and hinders the displacement of chloride

by the nucleophile [Mn(CO>J-. However. the sulphone complex was prepared by double
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oxidation of the sulfur atoms of (para-H3CSCJlJ1SnMn(CO)s using MCPBA as a mild

• oxidizing agent. This method does not result in the metal oxide, MnOz, provided that the

reaction temperature is held below -10°C for a period of 2 h after the addition of

MCPBA.

Table 6.1. Sorne physical properties of Ar3SnMn(CO)s (Ar=panz-XCJIs)

X Solven~ Yield(%) M.P. (OC) Color

H n-C6H 14 85 150-152 white

CH3 CH2CI2 / n-C6H14 67 137-138 white

OCH3 n-C6H14 75 146-148 white

SCH3 CH2Clz/ n-C6H14 74 126-128 paleyellow

F C6H6 / n-C7H16 70 128-130 white

Cl CHzCI2 / n-C4~OH 73 143-145 white

s(0)zCH3 CH3C(O)CH3 / C6~ 65 260-264b off-white

·Solvent used for obtaining single crystals.
bMelts with decomposition.

6.2.1 Vibrational Spedra

The Fr-IR and Fr-Raman spectra of the ~-XCJfJ3SnMn(CO)s complexes

exhibit four to six vibrational modes in the carbonyl region, 2250-1850 cm-l (Table 6.2

and Fig. 6.1). Group theory predicts three IR-active (lai + e) and four Raman-active (lai

•
+ hl + e) carbonyl stretching modes for an octahedral R3EMn(CO}s species with CoN

symmetry about Mn. There is little question thal the medium intensity band al highest
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Table 6.2. Fr-IRa and Ramanb carbonyl stre«ching frequencies

• of Ar3SnMn(CO)s (Ar =panz-XCJIs)

X al b e ail1

H 2091.8 2029.2 2012.5 1982.8 IR.
1997.9 1974.9

2093.3 2023.8 2013.4 1991.2 R
1975.2

CH) 2090.5 2029.5 2008.8 1992.3 IR
1981.0

2090.9 2025.8 2006.0 1991.2 R
1986.3

OCH3 2094.7 2032.8 2013.8 1997.6 IR
1982.9

2093.2 2022.7 2013.8 2001.0 R
1988.4

SCH3 2095.2 2033.7 2001.4 1979.1 IR

2095.2 2031.5 2007.6 1990.6 R

F 2095.5 2030.7 2008.9 1998.8 IR.
1990.7

2094.7 2031.2 2011.6 2001.9 R
1990.6

Cl 2095.9 2035.4 2012.4 1997.6 IR
1983.2

2095.7 2033.1 2022.4 2001.2 R
1994.5

S(O)zCH3 2106.2 2050.6 2027.3 1988.6 IR.
2009.4 1979.9

2107.0 2050.8 2029.2 1991.3 R

• 2015.0 1981.3
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Figure 6.1. (a) Fr-IR and (b) Fr-Raman spectra of (para-CHJSC~J3SnMn(CO)sin
the carbonyl region showing the four typical vibrational modes, alz. bl' e
anda/.

frequency (> 2090 cm·I ). in both the IR and Raman spectra, is an alZ mode.s.a The true

symmetry of the molecule is lower than C.v and the lifting of the selection rules by the

asymmetry induced by the R3Sn (C3V symmetry) fragment results in a weak IR b l mode

appearing close in energy to the ail mode.8 The Raman spectra are in excellent agreement

with this prediction, showing a strong band coïncident with the weak b l mode observed in

the IR spectrum (> 2020 cm·1
). The strongest IR absorption is expected 10 he the e mode,

and the ail mode may lie at higher or lower frequency than the e mode or May he
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•
accidentally degenerate with the e mode. as has been found in solution studies of

triaryltin(pentacarbonyl)manganese(D complexes.9-IO It was observed in these studies that

the intense e modes are at higher frequencies than are the ail modes (Table 6.2 and Fig.

6.1). There is also splitting of the a Il mode (Fig. 6.2) with the exception of the thioanisyl

complex. This type of factor group splitting is not unusual for the aIl mode as it has been

previously observed for a series of halo(pentacarbonyI)manganeseO) derivatives.5

1800
Wavenumber (cm-1

)
2100 2000 19tJo2200

Figure 6.2. Fr-IR spectrum of y.,aro-CHl OCJlJJSnMn(CO)5 in the carbonyl region
showing the a I

2
, hl and e modes, and the splitting of the QII vibrational mode.

Mn(CO)s was easily ascertained. In addition 10 the strong carbonyl vibrational modes. the

•
Fr-IR and Fr-Raman spectra show strong bands in the 1300-1320 and 1140-1160 cm-l

regions due to the antisymmetric and symmetric stretching modes of the SOz group.li



104

6.2.2 SingleeCrystai X-ray Difl'ractiOD Studies

• In view of the lack of weU-studied- examples of biaryltin(pentacarbonyl)-

manganese(I) complexes and in an attempt ta identify trends in the geometric parameters

and correlate these with their behavior in solution (multinuclear magnetic resonance

spectroscopy), X-ray structure analyses of a series of pœu-substituted triaryltin

manganese complex were undenaken. The compounds sludied crystallize either in

monoclinic (P~!n and P21!c) or triclinic (P 1) space groups with a single molecule in the

asymmetric unit. except for the (para-FCJI.J3Sn derivative which was found to have two

molecules in the asymmetric unit, (Table 6.3, Appendix m. The structures were solved

by the Patterson method12 and were reîmed on P by full-matrix least squares calculations

ta R < 0.055 for independent reflections, and aIl atoms, except for hydrogens, were

accounted for satisfactorily. The space groups obtained are not unusual as it was found

that the triphenyltin complex cao crystallize either in the monoclinic C2Ic or P21 space

groups,I3-14 with two and four molecules in the asymmetric units, respectively, depending

on the crystallization conditions. The trimethyltin compound was also found to crystallize

in the monoclinic P2/n space group with one molecule in Ihe asymmetric unit. IS

Crystallographic data for (para-FCJI.J3SnMn(CO)s showed that the two tin sites

dîffer with respect to the orientation of the phenyl rings, whose torsion angles,

Mn-Sn-C-C, are 39.6(7)°, 59.6(6)°, 66.0(6)° and -54.0(6)°, -53.0(8)°, -67.8(6)° for

molecules 1 and II, respectively (Table 6.4). The existence of two non-equivalent lin

envîronrnents was first observed by solid-state 119S0, CP-MAS, NMR spectroseopy

(Chapter 7), and the high symmetry of the (para-FC,H.J3Sn fragment in molecule n wu

•
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Table 6.3. Crystallographic data for (jJara-XC6H.J)SnMn(CO)s complexes

X CH) OCH) SCH) F CI

Formula C26HzIOsMnSn C26H2108MnSn CZ6H210sS)MnSn C2JH1zOsF]MnSn CuHI2OsCI)MnSn

FW 587.06 635.06 683.24 598.96 648.31

Crystal system Triclinic Monoclinic Monoclinic Triclinic Monoclinic
-

Space group P 1 P2t!c Pl"n P 1 Pl1/c

Crystal shape Black Black Black Plate Plate

Crystal color Colorless Colorless Pale yellow Colorless Colorless

Crystal size (mm) O.36xO.18xO.13 0.35xO.22xO.12 O.45xO.25xO.22 O.52xO.35xO.12 O.51xO.49x0.09

Z· 2 4 4 4 4

Z'b 1 1 1 2 1

a (Â) 8.815(2) 14.096(2) 10.966(1) 10.636(5) 9.918(2)

b (À) 11.160(3) Il.161(2) 21.229(2) 11.450(3) 22.940(4)

c (Â) 13.689(2) 17.000(10) 12.297(3) 21.992(7) 11.718(2)

a (0) 98.28(2) 90 90 83.20(3) 90

f3 (0) 91.11(2) 91.71(2) 101.22(1) 78.30(4) 109.78(1)

'1 (0) 106.31(2) 90 90 63.03(2) 90

V (ÂJ) 1276.4(4) 2673(2) 2808.0(8) 2336(2) 2580.8(8)

F(OOO) 584 1264 1360 1168 1264 -fi



• •
Table 6.3. (continuel!)

~ (cm·)) 15.05 14.52 15.96 16.64 18.49

Q (g / cm-3
) 1.527 1.578 1.616 1.703 1.716

Transmission range 0.67 - 0.71 0.64 - 0.76 0.57 - 0.66 0.45 - 0.66 0.33 - 0.62

Reneetions measured 9016 9414 9864 16582 8805

Independent reflections (R,m) 4508 (0.025) 4716 (0.083) 4961 (0.077) 8291 (0.079) 4412 (0.062)

Observed refiectionsC: [1>201] 3314 2891 3188 5383 3381

# variables in I.s. 302 323 329 596 299

R)d, wRz
e (obs) 0.0400,0.0723 0.0546, 0.0918 0.0544, 0.1079 0.0518,0.0997 0.0474,0.1 192

R., wRz(ail data) 0.0678, 0.0788 0.1121,0.1033 0.1073,0.1240 0.0988, 0.1108 0.0748, 0.1264

S' 1.044 1.023 1.037 1.101 1.068

Least âF map (e 1A3) 0.396 to -0.399 0.570 to -0.595 0.522 to -0.673 0.524 to -0.550 0.95810 -0.626

'Number of molecules in the cell.

bNumber of molecules in the asymmetric unit.

CU> 2a (1)]

dR. =I(Fo - Fe) 1IFo

-WR2 =lIlw(F02
- FcZ)ZJ 1I[w(FoZ)ZJ]'fZ

'Goodness-of·fit on PZ; GoF = lI[(wF02- FC~21 (No. of reflns • No. of pararns)]llZ

...
i
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apparent in the value of the chemical shift anisotropy. 'Ibus solid-stale NMR cm be

complementary to single-crystal X-ray diffraction studies and cao shed light on the nature

of the asymmetric unit where there may be sorne doubt.

The structures of (para-CH1OC6HJJ SnMn(CO)s and (para-CH:sSCJlJ:sSnMn(CO)s

are not exactly isomorphous in the crystalline state, a1though these two compounds

crystallize in closely related monoclinic space groups, Pl./c and P~/n. respectively. The

major differences üe in the torsion angles of the phenyl rings. Table 6.4. and the

orientation of the three methyl groups in the crystallattice. Fig. 6.3. The methyl groups of

(para-CH30C6HJ:sSnMn(CO)s adopt an aU-uo confonnation. whereas in the thiomethyl

complex one CH3 has the endo-eonfonnation. The torsion angle for Mn-Sn-phenyH3) in

Vxua-CH3SC~JJSnMn(CO)5was very different from those obtained for Ph1Sn

Mn(CO)S13 and the rest of the complexes studied. Table 6.4. These differences in

confonnation for the methyl and phenyl groups may be due to the packing effects in the

crystal of thepara-thiomethyl compound.

The most important results of the X-ray diffraction analyses are the Mn-Sn

distances, which range tram 2.656(2) ta 2.693(2) À (Table 6.4), and ail are shoner than

the expected value of 2.87 A derived from Sn-Sn and Mn-Mn distances in the polymer

ring of [(C6HJzSn]616 and in Mnz(CO) 10'17·18 respectively. This observation indicates that

appreciable Jt-backbonding does accur between the manganese 3d orbitais and the tin 5d

orbitais and that both the Ar3Sn and trans·CO ligands in the molecule cao undergo

Jt-bonding with the same two Mn 3d orbitais. It is. however, difficult ta assess the

fraction of the Jt-contribution shared between the R3Sn moiety and the trans-CO ligand•
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Table 6.4. Selected bond lengths and angles for (pœu-XCJls)~nMn(CO)5

• X CH] OCH] SCH3 F Cl
MalI Mol 0

Distances (A)

Mn-Sn 2.6932(1 U 2.669(2) 2.6596(12) 2.656(2) 2.664(2) 2.6814(12)

Mn-CO (cis) 1.829(5) 1.854(9) 1.827(8) 1.848(9) 1.847(9) 1.821(10)

1.847(5) 1.849(8) 1.849(9) 1.823(9) 1.826(8) 1.841(8)

1.839(6) 1.837(8) 1.867(8) 1.842(9) 1.834(9) 1.836(9)

1.845(5) 1.824(8) 1.856(9) 1.838(9) 1.852(10) 1.824(9)

Mn-CO (trans) 1.812(7) 1.808(9) 1.832(9) 1.820(8) 1.841(9) 1.821(10)

Sn-Cil 2.150(4) 2.144(6) 2.156(7) 2.147(6) 2.145(7) 2.142(6)

Sn-C2! 2.159(4) 2.153(4) 2.145(7) 2.143(7) 2.153(7) 2.143(6)

Sn-C31 2.145(4) 2.163(6) 2.171(7) 2.151(7) 2.155(7) 2.151(7)

Angles (0)

Sn-Mn-C (cis) 84.2(2) 86.7(3) 83.5(2) 83.6(3) 85.6(2) 85.6(3)

84.3(2) 85.3(2) 84.9(2) 84.5(3) 86.5(3) 82.5(3)

86.2(2) 83.8(2) 88.3(2) 87.6(2) 83.5(3) 89.3(3)

87.7(2) 85.9(2) 88.9(2) 86.0(2) 87.9(3) 86.6(3)

Sn-Mn-C (trans) 179.0(2) 177.4(3) 174.4(3) 178.4(2) 178.9(3) 177.5(3)

Mn-Sn-C 112.6(1) 113.0(2) 114.8(2) 114.8(2) 113.8(2) 105.2(2)

110.3(t) 112.2(I) 112.8(2) 114.1(2) 110.5(2) 114.5(2)

111.7(1) 115.0(2) 115.1 (2) 110.5(2) 115.3(2) 113.2(2)

Torsion angles (0)

Mn-Sn-phenyll 56.4(4) 78.7(5) 48.3(7) 39.6(7) -54.0(6) 76.1(6)

Mn-Sn-phenyI2 59.0(3) 54.9(4) 63.7(6) 59.6(6) -53.0(8) 54.0(5)

Mn-Sn-phenyI3 69.4(4) 31.3(6) -22.0(7) 66.0(6) -67.8(6) 62.6(6)

phenyll-E-CH3
1 -172.8(8) 176.4(7)

phenyIZ-E-CH]1 176.6(7) 168.5(6)

phenyI3-E-CH3
1 -176.9(7) -150.5(6)

• 'E= 0 orS
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• 53

•

Figure 6.3. View of two different methyl groups confonnations in (pœu-CH]OCJl.J3Sn
Mn(CO)s and (para-CH3SCJl.J3SnMn(CO)s molecules. Ellipsoids are shown
at 30% probability.

Figure 6.4. ORTEP plot of a (pœu-CH3C6H.J3SnMn(CO)s molecule showing the four
equatorial carbonyl groups bending towards the ArJSn moiety. Ellipsoids are
shown al 30% probability.
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as the trans-CO Mn-C distances, ranging from 1.805(8) 10 1.850(10) A. lie within the

range [1.820(10) ta 1.866(9) Al of the cis-CO Mn-C distances (Table 6.4). Nevertheless•

it cao he concluded that the R3Sn fragment is at least as goocf. but Dot a better x-acceptor

ligand than is the carbonyl group. The four cis-CO groups around the manganese atoms

(Fig. 6.4) show the typical arrangement seen in complexes of this type in that mey are

bent towards the tin atom,I3-15 with Sn-Mn-C bond angles in the range of 83.6(3) 10

89.6(2)°.

6.2.3 Multinuclear Magnetic Resonance Studies.

The 119Sn solution NMR. spectra exhibit sharp singlets in the -12.0 10 5.0 ppm

range (Table 6.5), indicating the presence of a single tin environment with no spin-spin

coupling to the spin-S/2 sSMn nucleus. The IJMn-Sn values cannot be obtained from solution

spectra of either the spin-1I2 or the quadrupolar nucleus, due ta rapid relaxation of the

quadrupolar nucleus. The small 119Sn chemical shift range observed (17 ppm) for ail the

complexes suggests that the tin centres are in very similar chemical environments and no

changes in coordination occur. The cS(l19Sn) values show no correlation with the Hammett

(op), Taft (opO), or resonance (GR or ORO) parameters.19 However, the 119Sn chemical shifts

do show a tendency to move upfield with electron donating groups in the para position.

This effect is not unusual, since electron-donating substituents will increase the electron

density at the ,pso-carbon atom, which is then transferred onto the tin nucleus and results

in shifts of the 1l9Sn resonances ta high field (Iow frequency). Previous studies of

tetraaryltins and triaryltin halidesl
-
3 showed that the 119Sn chemical shifts failed ta change

with electron-donor substituents in the anticipated manner, and no satisfactory
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interpretalion or discussion of these chemical shifts in tenns of current theories of

• shielding was provided.

Table 6.5. 119Sn and 5sMn NMR Parameters of
Ar3SnMn(CO)s (Ar =pœv-XCJIJ

X ô(l 19Sn) Ô(S5Mn) âVlJ28

(±0.05 ppm) (±5.0 ppm) (Hz)

H -11.93 2502 4470

CH3 -10.37 2526 5662

OCH3 -6.33 2524 5736

SCH3 -4.84 2498 9089

F -0.19 2493 5588

Cl 1.13 2479 6407

S(O)zCH3 5.14 2435 8642

aManganese-55 NMR line width al half-height.

The sSMn NMR spectra exhibit broad peaks (Table 6.5) with no spin-spin coupling

to the tin nucleus. It was expected that the manganese nucleus would become more

shielded as the electron-donating power of the para-substituent groups increases and the

55Mn chemical shift should move progressively ta higher field. However, the chemical

shifts show the opposite trend and do not correlate with single substituent parameters. Il

•
was believed that, as the electron releasing power of the para group increases, the

electron density at the tin nucleus win increase, as was illustrated by the 6(119Sn) data.
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This will result in an increase of the a-bonding interaction between the two metal nuclei.

and may even strengthen the x-donor ability of the Mn nucleus. This interpretation would

account for the contradiclory results observed for the ssMn chernica1 shift data. These

effects are not reflected in the Mn-Sn bond lengths, Table 6.4. Bancroft et al 20 bave

obtained a linear correlation between the chemical shifts and line widths for a series of

P~(F5CJJ.oSnMn(CO)scomplexes. For the complexes studied in this work, no such

correlation was observed.

The 13C chemical shift data and D](119Sn_13C) values are given in Table 6.6. The

spin-spin coupling constants follow the typical trend for substituted benzene compounds

in that 1](1l9Sn_1JC) > 3](1l9Sn_13C) > 2](1l9Sn_lJC) > 4](1l9Sn_13C) == 0 Hz. The 11(1l9Sn_lJC)

values lie in the 405-336 Hz range, and are about 20% smaUer than are the values

obtained by Wharè for series of para-substituted tetra- and triaryltin complexes. This

result also conîmns, according to the Fermi contact mechanism, that there is considerable

Jt-backbonding between the two Metal nuclei, an effect that predicts that the 11(Sn-13C)

values should be smaller than those obtained for the tin complexes studied by Wharf.3

The chemical shifts and spin-spin coupling constants show no correlations with Hammett

op or Taft opo substituent parameters. However, the ,pso-carbon 6-110 values do show a

moderately good-fit (r> 0.92) with the resonance parameters aR and ORo (Fig. 6.4.).

The chemical shifts and one-bond coupling constants do conelate, however, with

dual substituent parameters (DSP) (al' CYR) and (0[, ORO), as shown in Table 6.7. The

relationship between the chemical shifts and spin-spin coupling constant, and the DSP

meet the requirements stated by Brownlee et al. ll-ZZ that data for NMR. correlations should
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Table 6.6. 13C NMR Parameters, Ô (± 0.1 ppm), "JSn•C (± 0.3 Hz), of ArJSnMn(CO)s

(Ar =para-XC6Hs>in cnclJ
X ô(CipsO) Ô(Cortho) ô(Cmel.)

ô(Cpll,) ô(COeq) ô(CO.,) ô(CHJ)
1J(1I9Sn_13C) 2Je J9Sn_13C) JJ(1J9Sn_J3C)

H 141.2 136.7 128.5 128.6 213.4 211.6
(382.3) (37.6) (46.6)

CH) 137.4 136.6 129.3 138.3 213.4 211.7 21.4
(393.5) (38.3) (48.6)

OCH) 131.7 137.7 114.4 160.1 213.6 211.7 54.9
(405.2) (43.4) (51.8)

SCU) 137.0 136.7 126.1 139.4 212.9 211.2 15.1
(388.9) (38.5) (47.5)

pa 135.7 138.0 115.7 163.5 212.6 210.8
(383.5) (43.8) (51.1)

CI 137.4 137.7 128.9 135.5 212.3 210.6
(372.8) (41.3) (47.1)

S(OhCH1 148.5 137.6 127.1 141.7 211.8 210.2 44.5
(336.2) (38.3) (43.8)-

I( Ile., = 247.98z, 2Je.,= 19.5, lJC.p= 6.5, and "Je.p= 3.9 Hz.)

•

,..,..
w
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Figure 6.5. Plot of ipso_BC chemical shift values for (panz-XC6HJJ SnMn(CO)s in cnel)
against single substituent parameters, OR (0) and a Ro (e); solid lines (-) r =
0.956 or broken lines (-) r = 0.952.

he derived from measurements on a large number of representative compounds, giving

correlation coefficients r > 0.95. The regression analyses show excellent correlations with
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satisfactory filS than do those obtained from (al' aR). tbe correlation coefficients were

aIso tested by means of the "goodness~f-fit" parameter,f= SDI RMS, where SD is the

standard deviation of residuals and RMS is the root-mean-square size of the experimental

data. The goodness-of-fit data were in exceUent agreement with the required criterian,f<

0.15. The DSP fits indicate that bath the inductive and resonance effects are imponant in

determining the chemical shift and spin-spin coupling constants for pam-subsituted

aryltin complexes. (Table 6.7).

The ipso-l3e chemical shift values show a strong dependence on the resonance

parameter OR' but the influence of the inductive effect is still significant, showing why

single substituent parameter treatments are inadequate in this case. The extent of these

interactions cao he gauged from the sign and magnitude of the demand parameters QI and

QR. The positive values obtained for both QI and Qa (Table 6.7) for the ipso-13C shifts

indicate that electron density is transmitted by polar and resonance effects away from

para electron donating groups towards the ,pso-carbon atoms and cao he best descnDed

by Fig. 6.6. However, the correlation of the 119S0 chemical shifts with DSP show that

inductive effects are the major contributor, and resonance effects account for Jess than

10% of the overall transmission. These effects were not unexpected. since previous

studies, both experimental3 and theoretical,ZJ.24 have shown tbat little or no P.-da

interaction occurs between the carbon-2p and tin-5d orbitais.
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Table 6.7. Chemical Shifts Regression Analysis Parametersa for the seven para-
Subsituted ArJSnMn(CO)s complexes studied

• QI QR C l' sne ra
ô =Q.G. + QRGR + C

6(119Sn) 25.78 5.61 -10.73 0.991 0.800 0.138

6(5SMn) -104.1 -85.53 2507.0 0.996 2.59 0.084

6(13C jPSC) 7.81 20.62 140.8 0.995 0.481 0.098

IJet 19Sn_13C) -60.54 -72.96 382.1 0.999 0.909 0.045

ô =Q.G. + QR~R + C

Ô(1I9Sn) 25.54 6.52 -10.86 0.988 0.900 0.154

6(5sMn) -100.71 -103.13 2508.0 0.990 3.96 0.129

6(1JCi~ 7.01 25.14 140.6 0.994 0.518 0.106

IJ(tl9Sn_13C) -57.67 -88.54 383.2 0.995 1.97 0.098

aValues for G[, GR and ~R are trom ret. 19.
~ultiple correlation coefficienL
cStandard deviation of residuals.
dGoodness-of-fit parameter, SDIRMS.

The DSP analyses of the sSMn chemical shift and spin-spin coupling values show

that resonance effects and polar effects contribute approximately equaIly (Table 6.7). The

SSMn chemical shifts reveal the expected trend that as the inductive interaction increases

between the tin and carbon atoms, the a-donor ability of the tin towards the manganese

nucleus decreases. This decrease in a-donor ability is compensated by an increase in d.-d.

backbonding between the two metal nuclei and, as a result, a decrease in electron density

al the transition metal nucleus is observed, with negative QI' QR and QRo values (Table 6.7).

•
The results of the fits of chemical shift and spin-spin coupling analyses with DSP indicate

that single substituent parameters, such as the Hammett a p or Taft a po parameters, are

inadequate for any given system.
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Figure 6.6. Representation of (a) resonance and (b) induction effects in
1,4-disubstituted benzene complexes, where I-MI = /-(6,± + M± +
ÔÔÔ±) / •
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Cbapter7

Second-order EfI"ects in Solid-State, CP-MAS" Tin-Il' NMR Spectra olJllll8
Substituted Triaryltin(pentacarbony))mulaneseŒ) Complexes

7.1 Introduction

Solid-state, CP-MAS, 1I98n NMR spectra of organometallic complexes containing

•

a main-group quadrupolar nucleus have proved particularly useful in recent years in

understanding the structures, bonding interactions, and molecular dynamics of organotin

complexes. l
-6 However, no solid-state NMR study has been reported in the literature

conceming covalent bimetallic complexes involving tin [or any other group 14 (IVA)

element] and a transition Metal. Examples of such bimeta1lic compounds containing

manganese carbonyl and triorganotin fragments were Fml prepared many years ago by

Gorsich7 and Jetz et a/.,a and the triorganotin radicals in the R3SnMn(CO)s compounds

were characterized as good a-donors and 3t-acceptors on the basis of IR, Raman and X-

fay crystaIIographic data.9
-
12 Most of the theoretica1 and experimentaI work on para-

substituted tri- and tetra-aryltin complexes bas involved solution studies of the isottopic

tin-119 chemical shifts and spin-spin coupling r'Jc-sJ between ue and II!~Sn, and il has

been found that smaU changes in molecular structure can lead to significant changes in

bath of these parameters. 13
•
14 These changes have been related to the electronegativities of

the substituents, their a- and Jt-bonding character, and the coordination state of the tin

atom.13

The objective of the present study was to investigate the effects of pan:z-

substituents on the aryl rings in the solid-state, CP-MAS, Il'Sn NMR spectra of the
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compounds described in chapter 6. The specifie parameters under investigation were the

manganese-tin spin-spin coupling constants eJw.sJ, the effective dipolar coupling

constants, and the sSMn quadropole coupling constants. This study provides an

opportunity ta examine the relationship between the 11MD-SD coupling and the nuclear

quadrupole coupling constan~ X, in these triarytin(pentaearbonyl)manganeseW

derivatives.

7.2 Results and Discussion

When a spin-1/2 nucleus, such as 119Sn, is bonded to a quadrupolar nucleus, the

soJid-state NMR. spectrum is more complex than is the solution specttum (Fig. 7.1). The

latter often shows ooly a single line without spin-spin coupling, whereas in the solid-state

CP-MAS spectrum, multiplets with uneven spaeings are observed. Examples of spin pairs

involving either a 1171119Sn or sSMn nucleus for which such effects have been reported are

( 119S0 , 35137CI),Z.3 (13e, SSMn)lS ande1p, 5SMn).15-17 However, the solid-state 119Sn NMR

spectrum of the Ph3Sn(CO)sMn system, discussed in Chapter 5, was complicated by the

presence of four molecules in the asymmetric unit ceUIO with three isotropie chemical

shifts. The spectra of the complexes studied in this part of the thesis are mueh simpler,

with one or two sets of isotropie chemical shifts and without any overlapping peaks. The

solid-state 119Sn NMR spectrurn of (P-FC6HJJSn-(CO)sMn consiSlS of two sets of

centreband multiplets, while the other complexes in the series exhibit a single set of



•

ô.

rso

')-122

(a)

,··,'l''··I'·'''..''I''··'····I'···'····,·''·......'''r"''''''''"''''"T""l"'................-,~ ...100 ..... 0-.- .....

ppm

1 • 1 1 1 • 1 • l , l , l , ' , 1

200 150 100 50 o
ppm

-50 ·100 -150 ·200

Plpre 7.1. (a) Solution and (b) solid-state Il'Sn NMR spectra of ~-CHJOCJljJSn-(CO)sMnobtained at 111.725 MHz with
proton decoupling. Solid·state experimental conditions: contact time 3ms, recycle delay 3s, number of lI'Insients 20,000. ...

~
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centreband multiplets (Fig. 7.2). This difference indiC8tes chat there are at least two

• distinct tin environrnents in soUd {p-FCJlJJSn(CO)sM!t. X-ray crystalIographic data for

this compound show that it crystallizes in the space group P l, with four molecules in the

unit cell (Chapter 6, Appendix fi). Thus, the asymmebic unit contains two different

molecules and two non-equivalent tin atorns, in exceUent agreement with the solid-state

NMR result. The crystal structures of the remaining complexes were also detennined, and

a11 were found to contain one molecule in the asymmetric unit. These resuIts are also

consistent with those obtained from the solid-state 1I9Sn NMR. spectra.

From single crystal, broad-line, sSMn NMR studies and molecuJar symmetry

arguments,17 it was shown that the electric field gradient tensors are close to axial

symmetry for X3Sn(CO)sMn(1) (X =CI, Ph). This implies that the principal comPOnent of

the electric field gradient, (}ZZ, lies near or along the intemuclear vector fMo-Sn and the

anguIar factors in Eq [3.5.4] are small or equal to zero. In such circumstances, which are

assumed for for the para-triaryltin(pentacarbonyl)manganeseffi cases, there is a much

simpler expression fOf D" (Eq. [5.2.1]):

Analysis of the splitting patterns (Fig. 3.7) was possible for aIl the complexes

studied, by using Eq. [5.2.1), which resulted in the determination of the isotropic

chemical shifts, ôaso' the spin-spin coupling constants, IJMa-Sa' and the effective diPOlar-

quadrupolar constants, 3X(D-Âf/3)/IOvs (Table 7.1). The isotropic shifts of the complexes

in the solid state vary from those obtained trom the solution NMR spec~ differing by as

much as 33 ppm in the case of the para-chloro complexe This is mainly due to the

sensitivity of 119Sn chemical shifts to the electronic environment and not to changes in

•
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Table 7.1. Solid-state and solution 119Sn NMR isottopic chemical shifts and coupling
constants of (para-XCJlJSnMn(CO)s• X 6-.-0 (soin) 6iso (solid) 1MJt.Sa (solid) d

(Hz) (Hz)

CH] -10.37 -16.6 132(2) 33.3(1.0)

H (a,h)· -11.93 -13.6 135(2) 34.4(0.4)

H (c) -11.93 2.82 141(3) 30.3(2.8)

H (d) -11.93 5.66 141(2) 34.3(0.3)

OCH3 -6.33 11.4 149(1) 28.9(0.8)

F (a) -0.19 6.6 165(2) 22.7(0.5)

F (h) -0.19 16.0 151(2) 26.2(0.8)

Cl 1.13 -32.1 160(2) 25.7(1.5)

SCH3 -4.84 12.6 170(1) 25.1(0.2)

S(O)2CH3
b 6.63 -10.1 250(3) 36.1(1.0)

~wo equivalent tin atoms.
bSpectrum was recorded on a Chemagnetics M-I00 spectrometer operating al a field
strength of 2.35 T.

coordination number of the tin or manganese nucleus in solution. This type of effect has

aIso been observed for Ph4So, Ph3SnCI and other tin complexes.1The spin-spin coupling

between 117S0 or 119Sn and sSMo, 1]Mn-Sn' was oot observed in the solution 117S0 or 119Sn

NMR spectra due to fast quadrupolar relaxation of sSMn ouclei. However, this coupling is

observed in the solid-state 117Sn and 119Sn NMR spectra. The 11.... couplings were

•
detennined and found to lie in the range of 132 to 250 Hz for the triaryltin complexes. Il

was difficult to resolve the peak positions of the centreband and sidebands of the
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Figure 7.2. Centreband regions of the 119Sn NMR spectra of (a) ~-CIC6HJJSn

(CO)sMn and (b) (para-FC6HJJSn(CO)sMn obtained at 111.725 MHz with
proton decoupling showing one and two distinct tin environments in the
solid-state. Experimental conditions: (a) contact lime 3 ms, pulse delay 5 s,
number of transients 12,000; (b) contact time 3 ms, pulse delay 4 s. nomber
of transients 19,500.
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spectrum obtained at 111.7 MHz for the sulfone derivative (Fig 7.3). However al 37.2

MHz. the centreband and the spinning sidebands of the spectrum, for this complex are

weIl resolved and the values of the spin-spin and effective dipolar-quadrupolar constants

were easily determined. Bath the 117Sn and 119Sn NMR spectra were recorded for thepam

SCHJ complex (Fig. 7.4) but ooly ll'Sn spectra were recorded for the other complexes,

because of the lower receptivity of the lJ7Sn nucleus. However, the reduced coupling

constants (Eq. [7.2.l}) for the para-SCHJ complex, lK(1l7Sn,SSMn) and lK(1I9Sn,SSMn),

were found to be the sarne, -1.51xlOZI TZJ.l, trom both solid-state spectra.

BK(Sn,Mn) =4~ D](Sn,Mn) 1 (ySa y..Jh [7.2.1)

•

The Ôiso and 1JMn-So values in the solid-state are extremely sensitive ta the electronic

environment and ta the nature of the para-substituents of the phenyl rings leading to

changes in IJMn-sn (by as much as 120 Hz) and in &110 (up ta 44 ppm). For the two

crystallographically non-equivalent Molecules in (p-FCJlJ3Sn(CO)sMnO), a slight

change in the torsion angles of the phenyl rings modifies the environment around the tin

atom, and also causes differences in ôiso and 1]Mn-Sa (Table 7.1).

The effective dipolar coupling constants and the quadrupole coupling constants

cannat be determined separately from the effective dipolar-quadrupolar couplings, unless

one of these quantities is known. The quadrupole coupling constants can he obtained

experimentally from either NQR measurements or single-crystal NMR. studies, but are

notoriously difficult to determine for manganese complexes. The values of DN
, Eq.[3.5.5],

were obtained from a regression plot of m vs. libmJ. The average values of D" were

detennined from two or more spinning speeds and were found to lie in the range from
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Figure 7.3. Solid-state 119Sn NMR spectra of (para-CH]S(O)zC,Hj]Sn(CO)sMn obtained at (a) 111.725 MHz and (b) 37.252 MHz
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-363 to -493 Hz. The values of X, using Bq. [3.5.1), were then determined ta be in the 

7.5 to 20 MHz range (Table 7.2). The quadrupole coupling constant for the sulfone

complex was negative. which implies that the principal axis of the electric field gradient

has reversed direction. This may due to the strong electron withdrawing ability of the

sulfone group, which results in a decrease of electron density al the tin atome

From the crystal structure data and spinning sideband analyses, the dipolar

coupling constantsp Eq [3.5.3], and the anisottopies in the spin-spin coupling, Eq [5.2.1),

were shown to he in the range of -570 to -595 Hz and 268 ta 622 Hz. respectively. The

anisotropies of 1 are large and are similar in magnitude to the dipolar coupling constant

and, therefore, should not be neglected in the calculation of the quadrupole coupling

constant. The existence of large li] values suggests that the Fenni contact term is not the

sole mechanism contributing ta spin-spin coupling.

The quadrupole coupling constants of the complexes studied (Tables 7.1 and 7.2)

decrease linearly with the increase in the one-bond spin-spin coupling between tin-119

and manganese-ss nuclei, with the exception of the tris(p-methylthiophenyOtin derivative

(Fig. 7.5). The relationship between X and 11Mn-Sa is due to the dominance of the Fermi

contact tenn for 11sn-Mn' which increases as the s-bonding character increases (Bq. [3.4.2]),

and the nuclear quadrupole coupling constant which. according ta the Townes and Dailey

theory, decreases as the s-bonding character increases (Bq. [3.4.3]). The complexes

studied are known to he strong covalent bimetallics 50 that the contribution of the para

substituents towards ionic character is minimal. Also, it is expected that the x-donation of

electrons from the manganese 3d orbitais towards the empty 5d orbitais of the tin atom
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shouJd remain constant through the series. since the Mn(CO)s fragment remains

• unchanged. The para-substitutents on the phenyl rings either increase or decrease the

donor-acceptor ability of the tin, due to inductive and/or resonance effects, which are then

transmitted onto the tin atome This results in an increase or decrease in the s<haracter of

the hybrid orbital used by the tin nucleus in bonding to the manganese atome Therefore.

the reIationship obtained from l]Sa-Mn and X is mainly due to the change in the s-bonding

character of the tin and manganese bond.

Table 7.2. Dipolar, effective dipolar and quadruPOlar coupling constants, and
spin-spin anisotl'opy for (para-XCJlJSnMn(CO)sa

X D D" l:J X
(Hz) (Hz) (Hz) (MHz)

CH) -571 (2) -363(14) 621(48) 20.4(0.8)

H (a,b) -583 (9) -465(6) 354(39) 18.3(0.l)b

H (c) -582(9) -410(8) 516(51) 18.3(0.l)b

H (d) -582(9) -465(4) 351(38) 18.3(0.l)b

OCH3 -586 (4) -455(15) 393(60) 16.4(0.3)

F (a) -595 (4) -461(14) 402(54) 12.2(0.4)

F (b) -589 (4) -401(11) 564(45) 16.2(0.4)

CI -578 (3) -476(18) 324(63) 13.4(0.5)

SCH3 -592 (3) -425(18) 585(54) 14.6(0.6)

S(O)zCH3 -591.5 (2) -397(10) 584(15) -7.52(0.19)

·Uncenainties were determined from 3 or 4 different spectra at
different spinning sPeeds.
byaIues taken from ref. 17.

•
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The (p-CH3SCJlJ3Sn(CO)sMn compound is yeUow, whereas aU other para

substituted tin complexes studied are colourless materials, which may suggest a smaller

value for the average excitation energy term, ÂE, which is usualIy assumed to be constant

for a similar series of complexes. The decrease in excitation energy O18y cause the spin

spin coupling constant for the thiomethyl derivative not to follow the X versus IJw.sa

behaviour. The crystal structure of tris(p-methylthiophenyl)tin compound (Appendix ID

shows that its molecular structure differs from the other members of the (p-XC

~JSn(CO)sMnseries. The dihedral angle of one of the phenyl rings of this compound is

167°, far from the general range of 40° to 80° for such angles. It apPeal'S that these

torsional angles also have a profound influence on the components of the chemical shift

tensor. For example, the phenyl ring torsion angles of (p-CHlCJiJ3Sn-(CO)sM!tffi are

56°, 69° and 55°, and the chemical shift tensor values are 38, Il and -97 ppm. In

comparison, the para-SCH3 derivalive has torsion angles of 63°, 49° and 1670
, and tensor

values of 172, 82 and 219 ppm. The large difference in torsion angle may influence the

overlap of the~ orbitals on the aromatic ring with the tin atom which can result in

rehybridization for the 2p orbitais of the phenyl ring. This change in hybridization results

in Iarger values for the tensor components, ~ll and «Su.

The magnitudes and principal components of the tin chemical shifts tensors are

given in Table 7.3. As IJMn-Sn increases, the tensor component an increases, with the

exception of the para-fluaro case. This result indicates that, as the s-bonding character

increases, the Ô33 value will increase if and only if the direction of 633 is close to or along

the tin-manganese bond. It was found from solid-state 119Sn NMR. measurements thal
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Table 7.3. 119Sn Chemical Shift Tensors for (pam-XCJlJSnMn(CO)5-a

• X 611 Ôzz ~l M '1
(ppm) (ppm) (ppm) (ppm)

CHJ 37.7 10.6 -97.3 -121.4 0.335

H (a,h) 71.6 2.8 -115.2 -152.4 0.677

H (c) 81.1 50.1 -122.8 -188.4 0.247

H (d) 89.4 47.3 -119.9 -188.3 0.335

OCHJ 125.1 54.3 -145.3 -235.0 0.452

F 77.2 77.2 -134.6 -211.8 0.000

120.4 46.9 -119.2 -202.8 0.544

Cl 98.6 -39.4 -155.0 -184.6 0.885

SCH3 171.7 82.3 -219.2 -346.2 0.417

S(O)2CH3 167.5 58.1 -256.0 -368.8 0.445

'Uncertainties are ± 1.5 and ± 2.5 ppm for chemical shifts tensors
and Âô, respectively.

there are two non-equivalent tin sites in ~-FCJlJ3Sn(CO)sMncomplex, which results in

two sets of tensor quantities. One set of tensor values was detenninect from spinning

sideband analysis, to he symmetric while the other was asymmelric with an asymmetry

factor, 'lc' of 0.544. Crystal structure infonnation showed that there are two distinct

molecules in the asymmetric unit, with torsion angles of -530
, -530

, -670 and 59°, 650
,

•
390 about the Sn-Cjpso axis Fig. 7.6. These results indicate that the orientation of 6n at the

tin atom should he such that it lies along the Mn-Sn bond for the X-ray and NMR data to
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Figure 7.6. The view of the two (p-FCJlJJSn(CO)sMn molecules, shown perpendicular
to the Mn-8n axis.
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agree. As a consequence, the remaining two components, 6.. and ~ must lie

perpendicular to the 633 axis. The tensor quantities 6t1 and ~ for the para-8CH] and

para-S(O)2CH3 complexes are much larger in absolute value than are those for the other

members of the series. The OCR] and S(O)zCHl substituents are the strongest electron

donating and strongest electron withdrawing substituents, respectively, but there is no

correlation between any of the shift tensor components with either the Hammett or Taft

constants, such as mose found for the corresponding 119Sn chemical shifts in solution.

This observation is not surprising, sinœ Hammett and Taft correlation constants are

obtained from solution studies where the phenyl rings torsional angles are not consttained

as they are in the solid-state. The asymmetry factor ranges from 0 to 0.885 through the

series, showing that Ôu and~ are very sensitive to the torsion angles of the phenyl ring

and to the para-substituent on the phenyl ring.



136

References

• (1) R. A. Komoroski, R. G. Parker, A. M. Mazany and T. A. Early,J. Magn. Reson.,

73, 389 (1987).

(2) R. K. Harris, J. Magn. Reson., 18, 389 (1988).

(3) D. A. Apperley, B. Haiping and R. K. Hanis, MDL Phys., 68, 1277 (1989).

(4) D. C. Apperley, N. A. Davies, R. K. Harris, A. K. Brimah, S. EeUer and R.

Fischer, Organometallics., 9,2672 (1990).

(5) H. Bai. R. K. Harris and H. Reuter.J. OrganomeL Chem., 408, 167 (1991).

(6) R. K. Harris, S. E. Lawrence, S. Oh and V. G. Kumar Das, J. MoL Struet, 341,

309 (1995).

(7) R. D. Gorsich, J. Am. Chem. Soc.. 84, 2486 (1962).

(8) W. Jetz, P. B. Simons. J. A. J. Thompson and W. A. G. Graham,lnorg. Chem., S,

2217 (1966).

(9) A. Terzis, T. C. Strekas and T. G. Spiro,lnorg. Chem., 13, 1346 (1974).

(10) H. P. Weber and F. R. Bryan. Acta CrysL, 22, 822 (1967).

(Il) R. F. Bryan, J. Chem. Soc. (A), 696 (1968).

(12) R. F. Bryan, J. Chem. Soc. (A), 172 (1967).

(13) 1. Wharf, Inorg Chim Acta, 159, 41 (1989).

(14) D. J. Craik, in Annual Reports on NMR Spectroscopy, (G. A. Webb, ed.),

Academie Press, New York, IS, 1 (1983).

(15) D. Christendat, R. D. Markwell, D. F. Gilson, 1. S. Butler and J. D. Cotton, lnorg.

Chem., 36, 230 (1997).

•



137

(16) E. Lindner, R. Fawzi, H. A. Mayer, K. Eichele and K. Pohmer, /norg. Chem., 30,

• 1102 (1991).

(17) J. L. Slater, M. Pupp and R. K. Sheline, J. Chem. Phys., 57, 2105 (1972).

•



•

•

138

Cbapter8

Crystal Structures and Solid-State (CP-MAS) Tin-ll9 and Lead-207 Nuclear

Magnetic Resonance Studies of Bis(pentaearbonylmanganaeQ))dipbenyltin(IV) and

8is[pentaearbonylmanganese(I))dïphenyUead(IV)

8.1 Introduction

In Chapters 4, 5 and 7, we have described and analyzed the solid-state NMR

spectra of relatively complex, second-order, quadrupole-dipole effects in cases where a

single quadrupolar nucleus is bonded to a spin-I/2 nucleus. This leads to the most logical

question "What would the experimental spectrum look Iike and how difficult would it he

to solve when more than one quadrupolar nucleus is bonded to the probe (spin-I/2)

nucleus?" However, this question manifests itself in many different fonns, i.e., the

number of different quadrupolar nuclei bonded to the spin-l/2 probe nucleus and the

symmetry around the quadrupolar moiety. In this section of the thesis, we will look at two

cases where two Mn(CO)s fragments are directly bonded ta diphenyltin1 and diphenyllead

moieties. These complexes were deliberately selected for three major reasoDS. The first is

that they are simple to prepare and relatively stable under regular atmospheric conditions.

The second reason is that the one-bond, spin-spin coupling constants (Chapters 5 and 7)

are much larger (> 130 Hz) than are the second-order effects. Thirdly, by symmetry

arguments, the Mn(CO)s fragments in the molecules are symmetric around the

quadrupolar nucleus.
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The crystal and molecular structures of [(CO)sMn]zSnPhlf the first to he

investigated for complexes of this typez, were detennined to gain insight ïnto the bonding

interaction between the main group metal and the two transition metal fragments. It was

found that the Mn-Sn distances were equivalent (2.70 ± 0.01 A) but the two Mn atoms in

a single molecule were not related by symmetry. The R value after least-squares

refinement was determined to he 11.35 % and aIl atoms, except hydrogen, were

accounted for satisfactorily. However, the low bond-length precision and high R value

obtained by Kilboum and PoweUz have prompted us to re-investigate the structure of this

complex, along with its lead analogue, [(CO)sMn}zPbPhz, using single-crystal X-ray

diffraction, vibrational and solid-state NMR spectroscopy. To our knowledge, the

[(C0>SMnhPbPhz complex has not been prepared previously and no crystal structures

involving a lead atom directly bonded to one or more pentacarbonylmanganese(I)

fragments have been reported in the literature. An attempt to prepare the analogous

silicon complex by the regular displacement reaction of [(CO)sMn]Na with PhzSiClz and

the facile reaction of Si-H bonds from PhzSiHz with excess dimanganese decacarbonyl,

have been unsuccessful.

8.2 Results and Discussion

The solution sSMn, 119Sn and 207pb NMR spectra of [(CO)sMnlzEPhl œ=Sn, Pb)

exhibited single broad peaks with no spin-spin coupling. This is not unusual for sSMn

NMR measurements and is due to rapid relaxation of the quadrupolar nucleus in solution,

but the broadening effect is unexpected for the spin-1/2, 119Sn and 207pb, NMR spectra.

The broadening of the 119Sn and 207Pb spectra, Fig. 8.1, was ïust assumed to he due to
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quadrupolar relaxation effects which can lead to complete or partial coUapse of the

multiplets in the NMR spectra of spin-I/2 nuclei coupled to the quadrupolar nucleus,

making the direct measurement of spin-spin coupling impossible. It was assumed from

the NMR spectra, Fig. 8.1, that there was partial coUapse of the multiplets an<L hence,

broad featureless peaks. The peculiar shaped peaks of the NMR spectra may also due to a

combination of partial collapse of the multiplets and/or restrict free rotation of the

individual Mn(CO)s fragments within the molecules. This type of steric restriction can he

visualized by a ratchet mechanism where one of the CO group is interlocked with two

other CO groups fram the second Mn(CO)s moiety, Fig 8.2.

yn1 It 1i Sil il i i li 1i i l' iri 1ai "rfl1"1'T"'"T~iullnrynnyni *. i 1 i i Il U"J1n-rynii. 111111 il If""lTTTr
~ ~ ~ ~ ~ ~ . . . .~

-rfn"1"111 i li 1(1 i II'J "Uliliii i iI..,nnrf'lTtl"trt"nrr1lIrii Il"1 III" '('"'' 1illl'ii III "11'11i i
4AO ... .. .. .. .. ... .. _ ...... _

Figure 8.1. Solution 119Sn and 207Pb NMR spectra of (a) [(CO)sMn]2SnPhZ and
(b) [(CO)sMn]zPbPhz at 111.72 and 62.7 MHz, respectively.
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Fllure 8.2. X-ray stmcture of [(CO)sMn)zSnPhzshowing the interlocking of one CO with two other CO groups from the second
Mn(CO)s fragment.
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The solution Fr-IR spectra of the two complexes, [(CO)sM!tlzEPbz (E = Sn, Pb),

are presented in Fig 8.3. It is al once apparent, by inspection of the FI'-IR. and Raman

(Fig. 8.4) spectra, that there is appreciable coupling of the two Mn(CO)s moieties across

the tin or lead atom and the assumption of CN symmetry is no longer valid with the tin or

lead atom positioned at the fourfold axis (Section 6.2.1). For these type of complexes, the

overall geometry of the molecules must he assigned and considered. The overall

symmetry for these molecules is Cnr, for which group theory predicts eight infrared (Jal

+ 3bl + 2hz) and ten Raman (Jal + 2az + 3bl + 2hz) active modes. In Figs. 8.3 and 8.4, six

bands are clearly resolved. The conflicting results indicate that sorne of the vibrational

modes may be accidentally degenerate.

Assignment of each mode in such complex spectra is extremely difficult, as was

observed for the tetracarbonylcobalt analogue,3 and we will discuss ooly the pair of high

frequency modes (2110-2050 cm-I) present in the IR and Raman spectra for both

compounds. These two modes arise from the symmetric and antisymmetric combination

of the ail modes of the individual Mn(CO)s groups, as shown in Fig. 8.5. The higher

frequency mode was assigned to be the al mode due to the strong polarizability effects

caused by the symmetric stretching of the ten carbonyl groups and hence a stronger

Raman signal. The antisymmetric stretching of the carbonyl groups, Fig 8.5. (b), should

be less polarized than is that of the symmetric stretehing mode and a weaker Raman

absorption is expected at lower energy. The results obtained from the Raman spectra are

in excellent agreement with these expectations, showing a strong al band at high

frequency and a weak adjacent hl band at lower frequency. These assignments for the

pairs of higher energy modes are consistent with the observed infrared intensities.
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The resultant dipoles of the individual Mn(CO)s moieties tend to oppose one another for

the symmetric al vibration, whereas the resultant dipole for the antisymmetric hl

vibration is always greater than is that of the symmetric mode. Therefore, the hl IR

vibrational intensity will always be greater than is that of the al vibrational mode, as long

as the Mn-E-Mn bond angle is greater than 90°. At this point, from Fig 8.5, it should he

c1ear that the a l vibration mode will approach zero intensity as the Mn-E-Mn bond angle

approaches 1800 (zero resultant dipoles), whereas for a 90° bond angle the two modes

should be of equal intensities. Therefore, it can he concluded from the Fr-IR data that the

Mn-Pb-Mn bond angle will be greater than that of the Mn-Sn-Mn bond angle, since the

ratio of the a/hl intensities is greater for the lead complexe

The tin complex was found to crystallize in the monoclinic (P2/a) space group

with one molecule in the asyrnmetric unit (Appendix II). The two Mn{CO)s groups of one

molecule are not related by space group symmetry, in good agreement with the

previously determined structure, and the two Mn-Sn distances are equivalent within

experimental error, 2.707 and 2.713 ± 0.004 A, and in agreement with the value of 2.70

± 0.1 Â previously determined by Kilboum et al.z The two Mn{CO)s groups crystallize in

a ratchet conformation, Fig. 8.2, as was initially speculated trom the solution NMR data.

Single-crystal X-ray diffraction detennination of the lead compound, [(CO)sMnhPbPhz,

was attempted but, due to strong absorption of the lead atom, the structure could not he

refined satisfactorially. However, preliminary results indicated that this complex

crystallized in the triclinic P f space group with two Molecules in the asymmetric unit.

The four Mn-Pb distances were determined to he 2.763(4) and 2.776(4) A for molecule 1,
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and 2.769(4) and 2.782(4) Â. for Molecule II. The Mn-Pb-Mn bond angles, 119.27(12)

and 119.70(2)°, are larger than that of the Mn-Sn-Mn bond angle, 117.16(4)°, in

excellent agreement with the infrared prediction. In these two structures, the two

Mn(CO)s groups were a1so found to crystallize in a ratchet conformation, in agreement

with the broadening effects observed in the solution 207pb NMR. spectrum.

The 119Sn and 207Pb solid-state, CP-MAS, NMR spectra are shown in Figs 8.6 and

8.7 for the diphenyltin(IV) and diphenyUead(IV) pentacarbonylmanganeseW complexes,

respectively. The isotropie centrebands are very complex due to the presence of two

quadrupolar sSMn nuclei directly bonded ta the spin-1/2 probe nucleus. However, the

presence of a single isotropie centreband for the lead compound contradicts the result

obtained by single-crystal X-ray diffraction slodies. This conflicting result May he due ta

the absorption problem encountered for the lead atom and/or twinning of the crystal used

for data collection, which could not be detected at the lime of measurement and thus lead

to an incorrect space group assignment.

Full theoretical treatments of second-order effects in solid-state, CP-MAS, NMR.

spectra are weil known and weil documented in the literature for spin-1/2 probe nuclei

bonded ta a single quadrupolar nuclei, Section 3.5. Recently, this theory bas been

expanded for systems involving a spin-1I2 nucleus bonded to more than one nitrogen

(spin-l) nuclei.4-7 The general expression for such a system cao he written in the form of

Eq.[8.2.1]:

ÂVnr =-Œm)Jiso + (3XD"/2OvS> {oS (5 + 1) - 31".m/} 1{ S (25 -l)} [8.2.I]

where the symbols has their usual meaning as those in Section 3.5 and n is the number of
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Figure 8.6. SoUd-state, CP-MAS, lJ9Sn NMR spectrum of [(CO)sMn]zSnPhzat 111.74 MHz. Experimental
conditions: contact time 3 ms, recycle delay 8 s, number of transients 7500.
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conditions: contact time 3 ms, recycle delay 60 s, number of transients 1484.
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quadrupolar nuclei bonded to the probe nucleus. However, the system becomes more

complex when the quadrupolar sites are non-equivalent and Eq. [8.2.1] May be written in

the general form of Eq. [8.2.2] to include different types of quadrupolar nuclei.

ÂVm =-[mJr-5m +mJr-5(2) +m1r-50) + ...] + [(3XDt"/2Ovsm) 2{St(Sl + 1) - 3mZ}/{St(2St -l)}

+ (3XDz"/2Ovs(2) 2{Sz(Sz + 1) - 3m2
}/{ Sz(2Sz -l)} + (3XDt I2OvsQ»

2{S3(S3 + 1) - 3m2
}/{ 53(2S3 -l}} + ...l [8.2.2]

where Dt is the effective-dipolar coupling constant, including the anisotropy in the

spin-spin coupling (M). between the I-S i spin pairs.

Dt = [Di (3cosZI3D
- 1 + 'lsinZf3Dcos2aD) - (Al/3) (3cos2131- 1 + 'lsin;31cos2aJ)] [8.2.3]

where the angular terms aD. 130
• al and I3J describe the orientation of the intemuclear

vector rr-5(j) and the indirect coupling tensor in the principal-axis system of the electric

field gradient tensor qi' '1 is the asymmetry parameter in <Ii, and Di is the direct dipolar

coupling constant. Di = (~i4Jt) YI Ys hl (4r (rr-5m)3), between the spin-1/2 and quadrupolar

nucleus.

For the complexes studied in this section, there are two possible methods of

analysis. The first is to treat the Mn(CO)s fragments as equivalent, which will result in a

single set of spin-spin coupling constants and a second-order value, XD"/vs• as shown in

Fig. 8.8. for negative XD"Ivs. The second case is much more complex and requîres

treating the two quadrupolar moieties as non-equivalent, which will result in two sets of

spin-spin couplings and two different values of the second-orcler coupling, as depicted in

Fig 8.9. However. the second set of second-order effects have not been added to the

figure, due to the fact that the first set of second-order effects must he known or
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determined exactlY9 which is never the case, before the second set of splittings is added.

Therefore9the experimental spectra for such cases must be solved by simulation methods.

From X-ray diffraction data and solid-state NMR studies9 the two individual

Mn(CO)s moieties of a single Molecule may be considered to be equivalenL This resulted

in the analysis of the experimental spectra using Eq. [S.2.1], Fig. S.8. However, peak

fitting of the experimental centrebands, Fig. 8.10, reveals lbat there are ooly eleven peaks

instead of twenty-one anticipated by Eq. [8.2.1], (Table 8.1, Fig. 8.8). This may due to a

very small value for the second-order effects being smaUer or comparable to the line

width function used in data analysis. The spin-spin coupling constants, lJMn-Sa and lJMn-Pb'

were detennined from the four outermost peaks (PI~ PlI =lOJMn-E and P2~ PlO =8JMn-J,

Fig. 8.8, Table 8.19 to be 139 ± 1 and 228 ± 1 Hz9 respectively, for the diphenyltin and

diphenyllead complexes. The lJMJt.Sn value for the tin complex is comparable to the values,

135-142 Hz, obtained for the triphenyltin analogue, which indicates that the bonding

interactions are about the same in both complexes. However9 the value obtained for the

diphenyllead compound are much smaller than are those obtained for the triphenyllead

analogue9Tables 5.3-5.4. This result indicates that the x-bonding interactions between the

Mn-Pb nuclei may be weaker in the diphenyUead complexe

From symmetry arguments, the largest component of the EFG and J tensors are

expected to lie along the intemuclear vector rMn-E9 and this allows one to set the angles f3D

and (3J equal 0° in Eq. [8.2.3]. This situation leads to a very simple expression for the

effective dipolar coupling 0", Eq [8.2.4].

•

• Dit = D - M/3 [8.2.4]
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Figure 8.10. Centrebands 119Sn and 207Pb NMR results for (a) [(CO)sMn]zSnPhz at

111.74 MHz and (b) [(CO)sMnlzPbPhz al 62.7 MHz, respectively, showing
the experimental spectra (dotted-line) and deconvolution into eleven peaks
(solid-Iines) .



• Table 8.1. Second-order shifts in the spectra of spin-1/2 nuelei coupled
to two directly bonded spin-5/2 quadropolar nuclei

PeakNumbe~ ml mz Peak position (ppm)

1 -5/2 -5/2 c5-1SO + 5J - 20"

2 -5/2 -3/2 c5-1SO + 4J - 40"/5

3 -5/2 -1/2 c5-1SO + 3J - 0"15

4 -3/2 -3/2 c5-1SO + 3J + 2D"/5

5 -512 +1/2 c5-1SO + 2.J - D"15

6 -3/2 -1/2 c5-1SO + 21 - 0"

7 -5/2 +3/2 6iso + l - 40"15

8 -3/2 +1/2 c5-1SO + J + 0"

9 -112 -1/2 ôiso + l + 8D"/5

10 -512 +5/2 c5-1SO - 20"

Il -3/2 +3/2 c5-1SO + 20"/5

12 -112 +1/2 c5-1SO + 8D"15

13 +5/2 -3/2 ô-ISO - J - 40"15

14 +3/2 -1/2 ô-ISO - J + 0"

15 +1/2 +1/2 ô-ISO - J + 80"/5

16 +5/2 -1/2 c5-1SO - 2J - 0"15

17 +3/2 +1/2 ô-ISO - 2J - 0"

18 +5/2 +1/2 ô-ISO - 3J + 20"15

19 +3/2 +3/2 ô-lSO - 31 - 0"15

20 +5/2 +3/2 c5-1SO - 4J - 40"/5

21 +5/2 +5/2 ô-lSO - 5J - 2D"

·Peak position starting al low-field.

•
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Using peak positions (Fig. 8.10) 1, 2, 3 (as the average of~ + Lj. 9 (as the average of

LIs + LI9), 10 and 11, the values of 3X(O - àJ/3)/IOvs were determined to be -23.6 ± 1.1

and 5.6 ± 0.4 Hz, respectively, for the tin and lead complexes. It should be noted that the

XD/vs values for the two complexes are of opposite signs due to their magnetogyric

ratios, y, which are negative for the tin and positive for the lead nuclei. Tberefore one

would expect the bunching of peaks to oceur in opposite directions and this was observed

in the solid-state spectra for the two complexes under investigation, Fig 8.10. The

quadrupole coupling constants are extremely difficult to detennine by 5~ NQR

measurements or single-crystal NMR studies for manganese compounds. However, the

effective dipolar coupling constants cao he obtained from spinning sidebands analysis, if

the orientation of the chemical shift tensor with respect to the PAS of the EFG is known

or can be assumed.

Wasylishen et al.&-9 have shown that the orientation of the intemuclear vector, rl-5'

with respect to the PAS of the ehemical shift tensor cao he obtained from the line shape

of a statie powder sample. The splitting patterns observed were represented by the

following equations, Eqs. [8.2.5]-[8.2.7]

~vl1 = 0" (l - 3coszaosin213~

~VZ2 = D" (l - 3sinzao sinz(3O)

~V33 =0" {l - 3cosf3~

[8.2.5]

[8.2.5]

[8.2.5]

•
where ~Vii represent the effective dipolar splitting of the &u tensor and the angular terms

aO and (30 describe the orientation of the intemuclear, r(-5' in the PAS of the chemical shift

tensor, o. It should be noted that the method used for the detennination D" in Section 3.5,
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Eq. [3.5.5], is a combination of Eqs. [8.2.5]-[8.2.7] provided tbat the spin-1/2 probe sites

are axially symmetric.

The powder pattern for the diphenyltin compound is shown in Fig. 8.11 with very

little or no splitting. This spectrum indicated that the effective dipolar coupling constant

is very small or that the anguIar terms aa and f3a are very close to 45.0 and 54.7°,

respectively, which will result in the effective dipolar splitting, &vü' equal to zero. X-ray

structural data for [(CO)sMn]zSnPhz shows that the Mn-Sn-Mn angle is a 117.1 ± 1°. If

one assumes that the largest component of the shift tensor, c5n, is bisecting the Mn-Sn-Mn

angle (path of maximum electron current), then the angular term (3a would be 58.55°. This

will indeed result in very small undetectable splitting of the powder pattern, as was

observed in the 119Sn NMR spectrum, Fig. 8.11. Due to the similarity of the predicted

angular term f3a for the lead complex and large chemical shift span, ôll- Ô33 > 700 ppm,

the static spectrum was not determined. However, the chemical shift tensors were

extracted from spinning sidebands analyses. Table 8.2. The chemical shift tensors are

much larger for the two diphenyl complexes than are the corresponding triphenyltin and

triphenyllead complexes, Chapter 5.

The chemical shift spans were twice as large for the diphenyl complexes and the

CSA are approximately three times larger than are those of the triphenyl analogues. The

Ô33 component show the largest shift from the isotropie chemical shifts and inerease by

about iO and 325 ppm for the PhzSn and PhzPb complexes, respectively, when compared

ta the corresonding triphenyl compounds. The 511 and Ôzz values were also detennined to

show larger shifts from the isotropie values, with the exception of the Ôz2 for the
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dipenhyltin. than are those of the Ph3EMn(CO)s complexes. If our assomption of ~3

bisecting the Mn-E-Mn angles is valid, then either the l)n or Ôzz will he close or along the

Mn-Sn-Phenyl plane, and will result in a larger values than the corresponding triphenyl

compounds.

NMR Parameters [(CO)sMn]2SnPh2 [(CO)sMn]zPbPh2

ôiso (solution) (ppm) 127.5 ± 0.1 378.3 ± 0.3

ô iso (solid) (ppm) 153.3 ± 0.5 602.1 ± 0.5

IJMn_E (Hz) 139± 1 228±1

Ô11 (± 1.5 ppm) 342.1 319.1

ô22 (± 1.5 ppm) 153.4 408.7

ÔJ3 (± 1.S ppm) -35.7 1078.4

6.Ô (ppm) 283.8 714.5

Tl 0.998 0.188

3X(D- 3M13) 1V Mn (Hz) -23.6 ± 0.6 5.64±O.4

D (Hz) -560±4 293±3
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Figure 8.11 Experimental stalie powder 119Sn NMR spectra of [(CO)SMn]2SnPh2 at 111.74 MHz. No apparent features of "effective"
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Chapter9

Crystal Structures and Phosphorus-31 Nuclear Magnetic Resonance Studies of
Bis(trialkylphosphiDe)nickel(D) complexes

9.1 Introduction

The coordination chemistry of nickel(D), a group 10 (VDIB) transition metal, with

triorganophosphine ligands has been studied for more than five decades. l
-
ll The type of

phosphine as well as the other ligands play an important role in determining the

coordination geornetry. The stable geometries of nickeHll) complexes are square-planar,

tetrahedral, trigonai-bipyramidai and square-pyramidal, and can he either a 16- or an

18-electron cornplex, depending on the coordination number of the Metal atome The

reactions of nickel(II) halides with trialkylphosphines give the four-coordinate

16-electron species, (R3P}zNiXz, with a trans-square planar structure, whereas those with

triphenylphosphine have a tetrahedral geometry.1 The observation of this change in

structure led Browning et al. lCc.d> to investigate a new series of complexes of the type

(Ph3-ÂP)zNiXz for n =0-3 (where R is Bu or Bz and X is Cl, Br, l, SCN or NOJ. These

complexes shows sorne interesting changes in magnetic properties as the number of

phenyl groups in the molecule decreases. The halide complexes of trialkyl- and

dialkylphenylphosphines are diamagnetic, while those of the alkyldiphenyl-phosphines

take an intermediate position, being paramagnetic in the solid-state and forrning an

equilibrium between diamagnetic and paramagnetic species in solution. The thiocyanate

complexes were found be the trans-isomers but thase of the nitrate were tetrahedral,

regardless of the tertiary phosphine ligand used. It was later shown by Palmer et al. 5 that

• simply replacing one of the alkyl groups with a hydrogen atom on the trialkylphosphine
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ligand for the (CY3P)zNiXz resulted in the cu-square planar structures. However, the

proton and phosphorus-31 NMR spectra analysis of (CYzPH)zNiXz (X = Cl, Br, 0

revealed that there is an equilibrium mixture of cu and trans isomers in dichloromethane

solution.6 It was also observed that the (CYzPH)~iIz complex exists only in the trans

isomer in non-polar solvents such as toluene. Thus, solvent polarity has a drastic effect on

the cis-trans equilibrium.6

In order to investigate the factors responsible for these changes in confonnation,

three series of complexes have been prepared; tbose of tribenzyl-, tricyclohexyl- and

tris(a-cyclohexylmethyI)phosphine with nickeun) chloride, bromide, iodide and

thiocyanate. It was initially sPeCulated by Browning et aL l(c,d) that the small electric

dipole moments, Table 9.1, measured from benzene solutions of the bis(tribenzyl

phosphine)nïckeI(II) halides may be due to a small amount of cis-isomers present in the

sampie. Thus, there is opportunity to investigate these material in the solution and solid

states by 31p NMR specrroscopy for the presence of different isomers or coordination

complexes other than the trans square-planar geometry.

9.2 Results and Discussion

9.2.1 Solid-State NMR

The solid-state 31p NMR sPeCtra of the three bis(tribenzylphosphine)nickel(ll)

dihalides, (Bz3P)zNiXz, shown in Fig. 9.1, which exhibit sharp singlets with no sign of

spin-spin couplings, IJNi•p or zJp•p• The absence of IJNi•p May be due to the low sensitivity

natural abundance of the NMR active nickel-61 isotope (8 =3/2, 1.19%) and the expected
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Table 9.1. Electric dipole moment and magnetic moment of
tribenzylphosphine nickel<m complexes-

Compound Dipole momen~ J..l (D) I-letf (B.M)

(Bz3P)zNiClz 1.35 Diamagnetie

(Bz3P)zNiBrz 1.77 Diamagnetie

(BzlP)zNiIz 3.69 Diamagnetie

(Bz3P)zNi(SeN)z 2.73 Diamagnetie

(Bz3P)zNi(NO)z b Paramagnetie

aValues taken from ref. l(d).
bNot measured.

triplets, spin-3/2 coupled to spin-1/2, may he so weak that they are lost in the base-line of

the spectra. There appears ta be no zJp_p coupling for the three series of compounds

studied, which indicates that the two phosphorus nuclei within the molecule are

chemicallyand magnetically identical. The solid-state 31p NMR spectra of (BzlP)zNiClz

and (Bz3P)zNiBrz were found to contain two set of isotropie chemical shifts separated by

more than 8 ppm, whereas the iodo- complex contained a single isotropie Peak at 0.2 ±

0.1 ppm. These NMR results indicate that there are at least two distinet Molecules or

phosphorus sites for the chloro- and bromo- compounds, and a single phosphorus

environment for the iodo- complexes. X-ray diffraction studies of (Bz3P)zNiClz and

(BzlP)zNiBrz, Fig. 9.2, revealed that there are two distinct molecules of the trans-isomer

in the asymmetric unit and the two phosphorus ligands within a single molecule are
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Figure 9.1. SoUd-State 31p NMR spectra of (a) (BZ3P)2NiClz, (b) (Bz3P)zNiBrzand (c) (Bz3P)zNilzobtained al 121.28 MHz.
The isotropie ehemieal shifts are label with asterisks and are refereneed with respect to 85% HJPO... ...
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indeed equivalent. Attempts to grow single-crystals of suitable quality for the (BZJP)zNiIz

complex were unsuccessful, but preliminary results have shown that there is a single

trans-square planar molecule in the asymmelric unit. Despite the problems encountered

with the iodo- complex, it is safe to say that the NMR. results are in good agreement with

those obtained by single-crystal diffraction studies.

The spectra of the bis(tricyclohexylphosphine)- and bis[bis(a-cyclohexylmethyI)

phosphineJnickel(ll) dihalides were found to contain a single set of centrebands, Table

9.2 (Fig. 9.3), and again with no spin-spin couplings. The structure of {CY3P)zNiClz was

previously determined by Bellon et al. 13 and was found to contain a single molecule of

the trans- isomer in excellent agreement with the solid-state 3lp NMR result. The data in

Table 9.2 clearly indicate that as the size of the halogen increases the 31p chemical shifts

increase or as the electronegativity of the halogen decreases the 3lp chemical shifts

increase.

The chemical shift tensor information for the nine nickel(00 halide complexes are

presented in Table 9.2. In general, the Ôll tensor companent tends to decrease as the

electronegativity of the halides decrease, with the exception of (CY3P)zNiIz. However, this

component shows little change for the two different crystallographic molecules in the

asymmetric units of the (Bz3P)zNiClz and (BZ3P)2NiBrz complexes, despite the major

changes in orientation of the benzyl rings. This result may indicate that ô11 lies along the

P-Ni bond and thus is expected to show very little change for the non-equivalent

molecules. The two perpendicular tensor comPQnents, Ôzz and ~J' are then expected to
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ORTEP representation of (BzJP)zNiBrzshowing the two different molecules in the asymmetric unit. Ellipsoids
are shown al 30% probability. The major structural differences are the orientation of the benzyl groups around
the phosphorus atoms. .....
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Table 9.2. Phosphorus-31 NMR chemical shift tensor data for trans-(triaJkylphosphine)nickel(II) halide and thiocyanate complexes.

CompJex ôiso (ppm) ôiso (±O.l ppm) ôJJ Ô22 ôlI
f:J.Ô·,b Tl·ob

(solution-state) (solid-state) (±t ppm) (±l ppm) (±t ppm) (ppm)
(Bz.1P)zNiClz O.28±O.02 -14.5 28 -16 -56 64 0.94

1.4 61 7 -64 -98 0.83

(Bz3P)zNiBrz 2.12 ± 0.02 -11.0 25 -18 -39 54 0.58
5.40±0.05 2.9 37 -4 -42 -62 0.87

(Bz3P)zNilz 36.5 ± 0.5 0.2 33 -7 -25 46 0.55

(CY3P)zNiClz -9.92±0.02 2.8 (3.0)<: 59 -4 -47 80 0.77

(CY3P)zNiBrz 15.4 ± 0.2 7.9 58 -3 -31 75 0.56

(CY3P)zNiIz 25.4±0.5 8.3 46 13 -34 -66 0.78

((CyMe)3P]zNiClz -10.0 ± 0.2 -14.6 19 -16 -47 50 0.93

[(CyMe)JP]zNiBrz 1.7 ± 0.2 -9.6 18 -14 -33 42 0.75

[(CyMe)JPlzNilz 20.9±O.2 4.5 26 4 -17 36 0.98-
'For 1633 -6110 1> 1611 - 61so l, Anisotropy parameter âô =Ô3l - 1/2 (611 +6zJ and asymmetry pararneter T) =1(611 - 6zz) 1(6u -6gJ 1.
bFor 1ôl1 -6110 1> 1Ôl3 - ôlIo l , Anisotropy parameter âô =ôlI - 1/2 (Ô33 +( 22) and asymmetry parameter Tt =1(Ô33 - ( 22) / (611 - Ôgj 1.
cDatum laken from ret. 7.

.....
0\

"
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Pilure 9.3. SoUd-Sulle 31p NMR 5peclra of (a) [(CyMehPhNiCI2, (b) (Dz3PhNiDr2 and (c) (Bz3P)2NiI2 obtained at lZ1.28 MHz.
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show major changes in magnitude for these two sites, and this was observed in both the

{Bz3PhNiClz and (Bz3P)zNiBrz cases. The 6zz and Ôn tensor values show little change for

the CY3P and (CyMe)3P ligands, with the exception of the iodo- complexes, and this may

aIso indicate that these two components are perpendicular ta the P-Ni bonds. It was

observed that changing the phosphine ligand causes a large difference in the 6n tensor

value. A change of more than 20 ppm for Ô33 was obtained by simply replacing the

cyclohexyl group with mehylcyclohexane on the phosphine ligand.

Jarrett et al. 7 have obtained chemical shift tensor data for five different Ni(fi)

halide complexes containing dppe, PhzPCHzCHzPPhz, and dppey, PhzPCH=CHPPhz,

ligands, Table 9.3. The isotropie chemical shift data also indicated that as the

electronegativity of the halides increase the chemical shifts decrease. The orientation of

the chemical shift tensors, however, could not he determined and May he due to the

limited number of complexes studied. If our assignment of the most shielded component

(Ô11 in our case or Ô33 for bidentate ligands) is along the Ni-P bond, then the values

obtained by Jarrett et al. 7 shouId be about the same as those obtained in our studies.

However, the values obtained by Jarrett et al. 7 are slightly less shielded than those of the

monodentate phosphine ligands. The stenc strain created by the ethyl or ethylene groups

bridging the two phosphorus atoms May have decreased the bonding interactions between

the nickel centre and the phosphorus nucleus, and may result in a deshielding effect of the

chemical shift tensor component along the Ni-P bond. This steric strain May also result in

the Ô33 tensor component being slightly off the Ni-P bond. Therefore, the assumption of

Ô11 being along the Ni-P bond for the R3PNiXzcomplexes is valid•
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• Table 9.3. Solid-state 31p NMR chemical shift tensor data for bis(phosphine)nickel(m
halide complexes.·

Complex ô-
ISO

(±O.1 ppm) Ôu Ôzz ~3 M b 'lc
(solid-state) (±1 ppm) (±1 ppm) (±1 ppm) (ppm)

(dppe)NiClz 53.1 156 54 -51 -156 0.98
56.2 134 64 -29 128 0.82
65.1 140 86 -31 144 0.56
66.5 138 92 -31 146 0.47

(dppe)NiBrz 66.6
63.9

(dppe)NiIz 75.5 165 93 -31 -160 0.68
82.5 192 86 -30 -169 0.94

(dppey)NiClz 69.7 157 94 -42 168 0.56
71.1 94 89 -39 131 0.05

(dppey)NiBrz 72.2 178 82 -43 173 0.83

aChemical shift tensor values trom ref. 9.
bRecalculated using 1Ô33 -ôiso 1 > 1Ôl1 - ôise l, Anisotropy parameter t>.ô = Ô33 - 1/2 (Ôll +
( 22)·

CAsymmetry parameter 11 = 1(Ôll - ô22) / (~3 - ô-~ 1.

The solid-state 31p NMR and X-ray diffraction studies clearly indicated that the

bis(trialkylphosphine)nickeHII) halides are 100 % trans-isomers. Then the question is

"Why is the dipole moment in solution not equal to zero, and why does it increase as the

electronegativity of the halide decreases?" The solution to this problem is to study these

•
complexes in solution using 3lp NMR spectroscopy, since the magnetic moment and

dipole moment were measured in the solution.
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9.2.2 Solution NMR Studies

The solution 31p NMR spectta for (B~P)zNiClz, (B~P)zNiBrland (B~P)zNiIz are

shown in Fig. 9.4. The 31p chemical shifts of the broma- and ioda- complexes are very

different from the solid-state measurements, whereas the (B~P)zNiCllspectra are similar

in both states (if the low-field peak is considered to he the sarne as that in the solid-state).

Clearly the structures of the bromo- and iOOo- complexes are different from the trans

square planar geometry obtained from solid-state studies. The broma- complex exibited

two very distinct peaks in CDzClz, at 2.12 and 5.40 ppm. The high-field peak is close to

the value obtained in the solid-state for one of the crystallographically non~uivalent

molecules, and cao be assigned as having trans-square planar geometry. However, the

species responsible for the low-field peak is unknown but may he the cause of the dipole

moment obtained by Browning et al. l(d> The solution 31p spectnml of the iOOo- complex is

broad with a chemical shift difference of over 30 ppm from the solid-state result, which

definitely indicates a structural change. Chatt and Wilk.ins14 have reponed that there in an

equilibrium between cis-trans isomers for bis(triethylphosphine)dihaloplatinum(D) and

the ratios of cis-trans isomerization were found he solvent dependent. The change of

solvent, from CDzClz ta C6D6 or C6DsCD3, affected the shape and height of the peaks in

the spectrum of the iOOo- complex, Figs. 9.5 and 9.6, as weIl as the ratio of the two

conformees for the bromo- complexe It was also found that the 31p NMR chemical shift

for the iodo- complex changed trom 36.5 to about 43.7 ppm. These observations support

the evidence of cïs-trans isomerization in solution for the nickel(ll) complexes. The

mechanism, described by Chatt and Wilkins13 for the platinum complexes, was assumed
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Figure 9.4. Proton decoupled 31p NMR spectra of (Bz3P)zNiXzat 121.279 MHz; solvent CDzClz. ....
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to involve the interactions of aromatic solvent molecules. We do not agree with this

interpretation as there was no supponing experimental data for 'lz-bonding interactions to

the nickeI(II) or platinum(II) centre. However, we do agree that the polarity of the solvent

does have a pronounced effect on the cis-trans equilibriwn, as was observed by Palmer et

al. 6 for the nickel complexes.

Variable temperature, VT, 31p NMR. studied in CDzClz and toluene-Ds have

revealed that there are indeed two different complexes present in solution, Figs. 9.5 and

9.6. The VT studies indicated that the law-field peak, helieved to he the cis-isomer, is

slowly convening to the trans-square planar complexe

There are a other possible mechanisms which could explain the cis-trans

equilibrium, as shown in Fig. 9.7. The tll'St proposed mechanism involves the

combination of two molecules and the release of two free phosphines. However, no free

tertiary phosphine or phosphine oxide was observed in the solution 31p NMR spectra for

the series of complexes studied. The second mechanism also involves the combination of

(Wo molecules with the dissociation of two halides, lX-. Conductivity measurements in

benzene and dichloromethane solutions gave negative results for the nine dihalogenated

complexes investigated. The third and founh mechanisms are most likely to occur, which

involve paramagnetic tetrahedral species and would result in a broad-featureless 31p NMR

signal. The third mechanism could be tested by EPR spectroscopy but, due to the

unavailability of an instrument at the time, no such measurements were possible. The

fourth mechanism would eHminate the third, if it can he proven. This was achieved by

mixing two different halide complexes with the same type of tertiary phosphine ligand,
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such as (Bz3P)zNiClz and {Bz3P}zNiIz.. The solution 31p NMR. spectra, Fig. 9.8, indicate

the presence of a new peaks which increase in intensity as the concentration of

(Bz3P)zNiClz. increase. Therefore, it is safe to say that the cis-tra1IS isomerization occurs

by dimerization of two nickel centres forming an 18-electron five-coordinate nickel

centre that is responsible for the dipole moment obtained by Browning et OI.lCdl
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• Figure 9.7. (continued)

trans cis
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Figure 9.8. Proton decoupled J1p NMR spectra of mixed (Bz3P)zNiClzand (Bz3P)zNiIzin CDzClz.
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Contributions to Knowledge

X-ray crystallography, vibrational and multinuclear magnetic resonance

spectroscopy have been used to study the structures the bonding interactions of alkyl-,

acyl-, silyl-, stannyl- and plumbly-carbonylmanganese(D complexes. The vibrational

spectra in the carbonyl region, 2250-1850 cm-l, were discussed in tenns of vibrational

group theory. Complex solid-state splittings, induced by the interaction of manganese-55

with the spin-1/2 nuclei, have been detected in me IJe. Z9Si. 3lp. 117811, 1198n and 207Pb

CP-MAS NMR spectra. In all cases, the isotropic chemical shifts. me chemical shift

tensors, the spin-spin coupling constants, the "effective" dipolar coupling constants and

the quadrupole coupling constants, along with the anisotropies in the spin-spin coupling

and the chemical shia have been extracted from the solid-state spectra. These

interactions could not be observed by manganese-55 NMR spectroscopy in solution due

to fast quadrupolar relaxation of the manganese nucleus. The spin-spin coupling constants

and the chemical shift anisotropies of the alkyl complexes have all been found to be

larger than are those for me acyl complexes. The solid-state IJMn-P shows little variation

within the series, and range from 196 to 204 Hz for the alkyl comPQunds and from 216 to

233 Hz for the acyl complexes. The IJMn-p values obtained from the5~ NMR spectra for

the alkyl complexes are -50Hz larger than are those obtained trom the 3lp solid-state

studies. The nuclear quadrupole coupling constants show linle or no variation for the

series of phosphine ligands used and range from 23 to 25 MHz.
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The crystal structures of teniary phosphine benzyl(tettaearbonyI)manganese(D

complexes. VU-X, have been determined for the tirst lime by three-dimensional X-ray

diffraction and were found to crystallize with cis geometry.

The solid-state Z9Si, 117Sn, 119Sn and 207pb, CP-MAS, NMR spectra of strong

covalent bimetallic complexes (featuring directIy bonded Metal atoms) involving a main

group Metal and a transition metal have been measured for the ïU'St time. The presence of

different polymorphs. obtained for Ph3PbMn(CO)s from octane and a benzeneloctane

mixture, was demonstrated from Z01pb solid-state NMR spectroseopy and conÎtmled by

preliminary single-crystal X-ray structural analysis. Three new spin-spin coupling

constants have been determined and the average absolute values of the reduce coupling

constants, IKsi•Mn, lKsn-Mn' and lKPb-Mn, for the triphenyl complexes, were compared with

the s-electron densities at the respective metal nuclei. The results obtained clearly

indicate that the Fermi contact term is the dominant factor in determining the isotropie

spin-spin coupling. The dominance of the Fermi contact contribution to the spin-spin

coupling was further demonstrated for a new series of panz-substituted

triaryltin(pentacarbonyI)manganese(I) complexes. The spin-spin coupling, IJSa-Mn' and

nuclear quadrupole coupling constants for these covalent bimetallic complexes show

linear correlation. and this is attributed mainly to the s-character of the hybrid used in the

bonding orbitais between the two Metal nuclei.

The crystal structures of Ph3SiMn(CO)s and (para-XC6HJ3SnMn(CO)s complexes

(X = CH3, OCH3, SCH3, F, CI) have been determined by single-crystal X-ray diffraction.

The magnitudes of the principal elements of the chemical shift tensors for these

complexes and Ph3PbMn(CO)s have been detennined and apPeal' to be strongly
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influenced by the ring torsion angles and the para-substituents on the pbenyl rings. The

electron-withdrawing ability of the panz-substituents has also been shown to play an

important role in detennining the magnitude and direction of the electric field gradienL It

has been shown tha~ in order to understand the nature of the metal-metal interactions, a

comparison of the reduced coupling constants and the shift tensors is much more

informative than is the use of the isotropie chemical shift and spin-spin coupling values

The solution phase 1H, I3C~ 2!ilSi, Dp~ sSMn, I19Sn and 2D7Pb NMR. spectra have been

measured for the thïrty-three complexes studied in this thesis. Tbe 13e. sSMn and 119Sn

chemical shifts, Ô-ISQ' and the one-bond spin-spin coupling, 1J(l19Sn_13C), for the para

substituted triphenyltin complexes have been shawn to show excellent correlation

(r>O.988) with pairs of Hammett and Taft inductive and resonanœ substituent constants,

(or, OR) and (ar• aRO).

Solid-state and solution 31p NMR spectroscopy have been used ta study three

series of bis(trialkylphosphine)dihalonickeHD> complexes, (Bz3P)~iXz, (CY3P)zNiXz and

[(CyCHz>JP]zNiXz (X = Cl, Br, 1). The solution 31p isotropie chemical shifts for the bromo

and iodo- compounds have been shawn to be very different than are those obtained from

solid-state measurements. The crystal structures of (BzJP>zNiXz have been detennined by

single-crystal X-ray diffraction, and the geometry of the nickel(D) complexes studied has

been estiblished as trans square-planar structure. Variable temperature J1p NMR

measurements for (Bz3P)zNiBrz and (Bz3P)zNiIz have demonsttated the presence of two

different structural isomers in solution. The two structural isomers are produced from the
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dimerization of two trans Molecules, where the halides interact with the nickel(II) centte

to form a bridged trigonal-bipyramidal intennediate•
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Suggestions for Future Work

(1) Solid-state NMR spectroscopy of a spin-l/2 nucleus bas been used ta determine

the manganese-55 quadrupole parameters from first-order perturbation theory. The

accuracy of these parameters, X and T'Ix' are not known, but can be detennined either by

single-crystal, sSMn solid-state NMR measurements or by 55Mn nuclear quadrupole

resonance spectroscopy. The second method requires a large amount of sample, -5.0g, in

order to detennine the magnitude of the NQR parameters, and the technique is difficult

for manganese complexes. The fust method was previously applied by Sheline et al. I for

Ph3EMn(CO)s (E = Sn, Ge, Pb) and should he used to study the alIcyl- and acyl

manganese(I) and complexes, ffi-IX, where the molecular symmetry is lower than c~ for

the manganese moieties.

(2) Triaryltin compounds have numerous important industrial applications,2 such as

antifouling paint biocides, agricultural fongicides and anti-feedants. However, no such

studies have been carried out on triorganotin-metal complexes. Therefore, it would be

important to investigate the series of para-substituted biaryltin(pentaearbonyl)

manganese(I) compounds studied in this thesis to see if they have any such properties.

(3) The absorption of alkyl thiols onto gold and silver surfaces is known 10 have

many electronic applications. One of the major problems encountered in coaling the

metal surfaces with thiols is forming a homogenous monolayer. It is also known that the

absorbed thiols cao he easily removed when a small amount of electrical current is
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applied to the surface. We believe tbat these problems cm be overcome by creating tripod

thiolsy where they can strongly anehor on to the gold and silver surfaces. compared to

regular thiols, to form a homogenous monolayer. These types of tripod thiols cm he

prepared by reduetive c1eavage of alkyl aromatie thioethers with calcium hexammine,3 in

which three or four aromatic rings are attach ta a group 14 (IVA) Metal or a group 15

(VA) atom, as shown below for group 14 metals.

(R-S-Ad]EX + 3 Ca(NHJ6 -+ (HS-Ad3EX + 3 Ca(NHJz + 12 NH] + 3 RH

where R is an aIkyl group, E is the group 14 metals and X could be any group such as Cl,

Br, 1, alkyl or metal-carbonyl fragments. Complexes which we think will have interesting

properties are (para-HSCJIJ]SnX, (para-HSCJlJ~Sn. (para-HSCJlJ3SnMn(CO)s,

trans-(jJara-HSC6HJ3SnMn(CO)~[P(para-HSCJIJJ.The most important electronic

properties of these complexes is that they are x-conjugated. The (para-HSCJlJ3SnX

compound May be of great importance, especially when the X group is a halide. because

it provides opportunity for Many possible reaction pathways after the thiols are anchored

onto Metal surfaces, for reactions with Grignard reagents, lithium reagents or any other

carbanion. It should he noted that the trans complex has two possible modes of

orientations; either the phosphine or the tin group can anchor to the metal surface (Fig.

10.1). If both groups can be anchored onto the Metal surfaces, then it May he used to

create a "nanowire" as shawn in Fig. lO.l(e). It should aIso he interesting ta see if these

groups would complex in a unifonn. alternating or random mode.
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(4) Solution and solid-state 31p NMR. spectroscopy were used 10 demonstrate

structural changes in solution for Ni(II) bis(phosphine) complexes. Variable temperature

31p NMR measurements of bis(tribenzylphosphine)nickel(II) halides in dichloromethane

d2 and toluene-ds have revealed that there are two different isomers present in solution,

whereas solid-state results indicate otherwise. The proposed mechanistic pathway and

experimental data c1early indicated that the two solution structures are produced by

dimerization of the complexes, where the halide nuclei act as the bridging ligands

between the two nickel centres. However, the enthalpy, .MIo, the entropy, âSo, and the

Gibbs free energy, âGo, for this conversion could not be detennined due 10 significant

temperature variation (+ 5 OC) on the Varian XL-300 instnlmenL These three quantities

should be determined from more accurate measurements in arder to determine the

thermodynamic parameters. We believe that the same type of interaction is also

responsible for the conversion of trans-(Et3P)zPdXz ta the ciS-isomers4 and the cis

isomers of (CYZPH)2NiXz (X = CI, Br, I) to the ttans complexes,5 and should he studied

for other nickel(II), palladium(ll) and platinum(ID phosphine and halides complexes. We

also believe that the unusually broad peaks observed in the solution 31p NMR by Edwards

et at.6 for [Bz(CzHsOCzHJzP]zNiClz and [Bz(CzHs0CzHJzP]z-Ni(Ph)Cl and Jarrett et al. 7

for (dppe)NiXz and (dppey)NiXz are due ta dimerization•
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Crystal Structures of some

Tertiary Phosphine Substituted

Denzyl(tetracarbonyl)manganese(I) Complexes

A-t
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Structural Data for

cis-Benzyl(triphenylphosphine)(tetraearbonyl)muganese

cis-(PhCHJ(Ph3P)Mn(CO)~

051

A·2
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C[ystal data for cis-(pbCHzlœh3lMo(CQ)i

• Empirical Formula: C29 H22 04 Mn P

Space group: Triclinic, P 1

Cell dimensions:

a = 10.118 (7)Â

b =10.336 (7)Â

c =14.424 (l4)Â

a = 71.63 (6)0

(3 =70.11 (6)0

Y=64.98 (5)°

Volume =1259 (2)A3

FW=520.38

Z=2

Dca.lc =1.373 g 1cm3

F(OOO) =536

Data collection

Rigaku AFC -65 diffractometer

(0/28 scans

Absorption correction: none

Tmin =1.0, Tmax =1.0

3S19 measured reflections

3296 independent reflections

2773 observed reflections [1> 20(1)]

Mo Ka radiation

A. =0.70930 A
Cell parameters from 25 reflections

29=37-45°

I.l = 0.621 mm-1

T=295 (2) OK

Pale yeUow black

0.50 x 0.40 x 0.25 mm

Rg.=0.014

9 =22.5°
~

h=-9~ 10

t=O~ Il

1=-14~ 15

standard intensities show no variation

over the course of collection.

•
Structure was solved by direct methods foUowed by a difference map.
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Ref'mement on P

R(Fz > 2(J(F~ = 0.0391

wR(F~ = 0.0749

GoF= 1.129

57 atoms

3296 reflections

where

317 paramelers

H atoms riding,

C-H=O.93 A
(âla) = -0.003

~IIIU=0.253 elA3
~1Ilin = -0.179 e/A3

A-4

•

R = l:(Fo-Fc) 1~o

wR = [l:(w(Foz-FcZ)~ 1l:[w(Fo"] 112

GoF = (l:(w(Fo2-Fc" 1 (No. of refms - No. of params.)]IJ2
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Table AI.l: Fraetional atomie coordinates and equivaient isotropie displacement

• parameters (Hf Â) for cis-(PhzCHJ<PbJP)Mn(CO)...

x y z Ueq

Mn(l) 0.42672(4) 0.78957(4) 0.19517(3) 4.20(2)
PU) 0.60335(6) 0.55217(6) 0.21374(4) 3.63(2)
0(31) 0.6617(3) 0.9188(2) 0.0930(2) 8.20(6)
0(41) 0.2087(3) 1.0910(2) 0.1683(2) 8.73(7)
0(51) 0.3816(3) 0.7472(2) 0.0158(2) 8.68(7)
0(61) 0.3834(2) 0.8049(3) 0.40S4(2) 8.17(7)
C(30) 0.5733(3) 0.8645(3) 0.1334(2) 5.28(7)
C(40) 0.2902(3) 0.9733(3) 0.1792(2) 5.70(7)
C{SO} 0.4033(3) 0.7631(3) 0.0830(2) 5.50(7)
C{60} 0.4059(3) 0.7969(3) 0.3242(2) 5.37(7)
C(2I) 0.7360(2) 0.5091(2) 0.2890(2) 4.00(6)
C(22) 0.7576(3) 0.6182(3) 0.3119(2) 4.58(6)
C(23) 0.8653(3) 0.5855(3) 0.3619(2) 5.53(7)
C(24) 0.9545(3) 0.4436(3) 0.3891(2) 6.39(8)
C(2S) 0.9350(3) 0.3339(3) 0.3670(2) 6.86(8)
C(26) 0.8260(3) 0.3662(3) 0.3187(2) 5.63(7)
C(4t) 0.7326(2) 0.4918(2) 0.0979(2) 3.96(5)
C(42) 0.7574(3) 0.5906(3) 0.0091(2) 4.95(6)
C(43) 0.8614(3) 0.5439(3) -0.0755(2) 5.84(7)
C(44) 0.9414(3) 0.3995(3) -0.0131(2) 6.12(7)
C(45) 0.9185(3) 0.2993(3) 0.0139(2) 6.06(7)
C(46) 0.8147(3) 0.3454(3) 0.0985(2) 5.14(6)
C(3t) 0.5190(2) 0.4120(2) 0.2723(2) 3.11(5)
C(32) 0.4767(3) 0.3603(3) 0.2139(2) 5.00(6)
C(33) 0.4026(3) 0.2622(3) 0.2519(2) 6.40(8)
C(34) 0.3705(3) 0.2148(3) 0.3603(2) 6.61(8)
C(35) 0.4096(3) 0.2665(3) 0.4191(2) 6.18(8)
C(36) 0.4836(3) 0.3641(3) 0.3761(2) 4.92(6)

CUU 0.2424(3) 0.7026(3) 0.2710(2) 5.41(7)
C(l) 0.0887(3) 0.8148(2) 0.2866(2) 4.71(6)
C(2) 0.0079(3) 0.8688(3) 0.2141(2) 6.49(8)
C(3) -0.1375(4) 0.9645(3) 0.2304(3) 8.36(10)
C(4) -0.2044(4) 1.0097(3) 0.3191(4) 9.23(13)
C(S) -0.1272(4) 0.9644(3) 0.3911(3) 8.69(11)
C(6) 0.0199(3) 0.8659(3) 0.3751(2) 6.46(8)

•
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Table Al.2: Bond lengths (Â) and angles (in degrees) for cû-(PhlCHJ(Ph3P)Mn(CO)4.

• Mn(1)-C(30) 1.798(3) Mn(I)-C(40) 1.814(3)
Mn(1)-C(60) 1.823(3) Mn(I)-C(SO) 1.8280)
Mn(l)-C(lI) 2.212(3) Mn(l)-P(l) 2.343(2)
P(U-C(3I) 1.823(3) P(t)-C(2I) 1.833(3)
P(1)-C(4I) 1.836(3) O(3l)-C(JO) 1.148(3)
O(4l)-C(40) 1.142(3) O(Sl)-C(SO) 1.136(3)
O(6l)-C(60) 1.137(3) C(2l)-C(26) 1.386(3)
C(2l)-C(22) 1.387(3) C(22)-C(23) 1.37S(4)
C(23)-C(24) 1.371(4) C(24)-C(2S) 1.372(4)
C(25)·C(26) 1.371(4) C(4l)-C(46) 1.383(3)
C(4l)-C(42) 1.386(3) C(42)-C(43) 1.378(4)
C(43)-C(44) 1.360(4) C(44)-C(45) 1.374(4)
C(45)-C(46) 1.374(4) C(3t)-C(J2) 1.379(3)
C(31)-C(36) 1.390(3) C(32)-C(3J) 1.380(4)
C(33)-C(34) 1.372(4) C(34)-C(3S) 1.J60(4)
C(35)-C(36) 1.380(4) C(lt)-C(l) 1.488(J)
C(l)-C(2) 1.379(4) C(l)-C(6) 1.380(4)

C(Z)-C(3) 1.370(4) C(1)-C(4) 1.355(5)
C(4)-C(S) 1.358(5) C(S)-C(6) 1.392(4)

C(30)-Mn(1)-C(40) 88.61(14) C(30)-Mn(l)-C(60) 98.74(13)
C(40)-Mn(l)-C(60) 89.28(14) C(30)-Mn(1)-C(SO) 97.57(13)
C(40)-Mn(l)-C(SO) 90.12(14) C(60)-Mn(l)-C(SO) 163.67(12)
C(30)-Mn(l)-C(I1) 178.65(10) C(40)-Mn(I)-C(II) 90.04(12)
C(60)-Mn(l)-C(I1) 81.1S(l2) C(50)-Mn(I)-C(11) 82.53(13)
C(30)-Mn(t)-P(l) 91.29(11) C(40)-Mn(l)-P{l) 179.27(9)
C(60)-Mn(l)-P(l) 91.4S(ll) C(SO)-Mn(I)-P(l) 88.98(11)
CU l)-Mn(l)-P(l) 90.06(9) C(1l)-P(l)-C(2U 103.64(12)
C(3l)·P(t)-C(4l) 102.77(12) C(2l)-P(l)-eC41) 101.00(12)
C(3l)-P(l)-Mn(l) 113.56(9) C(2l)-P(l)-Mn(t) 117.13(9)
C(4l)-P(l)·Mn(l) 116.72(10) O(3l)-e(30)-Mn(I) 176.1(2)
o(4l)-C(40)-Mn(l) 177.3(2) O(5l)-e(SO)-Mn(I) 176.6(3)
O(6l)-C(60)-Mn(l) 175.7(2) C(26)-C(2l)-C(22) 117.7(2)
C(26)-C(2l)-P(l) 120.8(2) C(22)-C(2l)-P(l) 121.3(2)
C(23)-C(22)-C(21) 121.0(2) C(24)-C(23)-C(22) 120.2(2)
C(23)-C(24)-C(25) 119.7(3) C(26)-e(25)-C(24) 120.1(3)
C(25)-C(26)-C(2l) 121.3(3) C(46)-C(4l)-C(42) 117.9(2)
C(46)-C(4l)-P(l) 120.5(2) C(42)-C(4l)-P(l) 121.5(2)
C(43)-C(4Z)-C(4l) 120.8(2) C(44)-C(4J)-C(42) 120.3(3)
C(43)-C(44)-C(4S) 120.0(3) C(44)-C(45)-C(46) 119.8(3)
C(45)-C(46)-C(41) 121.1(2) C(32)-C(3l)-C(36) 118.5(2)
C(32)-C(3l}-P(l) 119.8(Z) C(J6)-C(3l)-P(1) 121-5(2)
C(3l)-C(32)-C(33) 120.5(2) C (34)-C(33)-C(32) 120.3(3)
C(35)-C(34)-C(33) 119.9(3) C(34)-C(35)-C(36) 120.4(3)
C(35)-C(36)-C(3l) 120.3(Z) - C{l)-COl)-MD(l) 115.1(2)
C(2)-C(l)-C(6} 117.4(3) C(2)-C(l)-C(t1) 121.3(3)
C(6)-C(l)-C{ll) IZ1.3(3) C(3)-C(2)-C(t) 121.8(3)
C(4)-C(3)-C(2) 119.8(3) C(3)-e(4).c(S) 120.5(3)
C(4)-C(S)-C(6) 119.6(3) C(I)-C(6).cCS} 120.8(3)

•



Table A1.3: Torsion angles (in degrees) for cis-(Ph~CHz)(PhJP)Mn(CO)4.

•

•

C(30)-Mn(l)-P(l).c(31)
C(60)-Mn(l)-P(1)-C(31)
CCl I)-Mn(l)-P(U.c(3l)
C(40)-Mn(l)-P(t).c(zl)
C(SO)-Mn(l)-P(l)-C(zl)
C(30)-Mn(l)-P(l).c(4l)
C(60)-Mn(l)-P(l)-C(4t)
C(ll)-Mn(l)-P(l).c(4I)
C(60)-Mn(1)-C(30)-O(31)
C(l I)-Mn(l)-C(30)-O(3l)
C(30)-Mn(l)-C(40)-O(4l)
C(SO)-Mn(l)-C(40)-O(4l)
P(l)-Mn(1)-C(40)-O(41)
C(40)-Mn(l)-C(50)-O(5t)
C(ll)-Mn(l)-C(50)-O(5I)
C(30)-Mn(l)-C(60)-O(6l)
C(SO)-Mn(I)-C(60)-O(6t)
P(1)-Mn(1)-C(60)-O(61)
C(4l)-P(l)-C(2l)-C(Z6)
C(31)-P(l)-C(Zl)-C(ZZ)
Mn(l)-P(l)-C(Zl)-C(ZZ)
P(l)-C(21)-C(22)-C(23)
C(22)-C(23)-C(24)-C(25)
C(24)-C(25)-C(26)-C(ZI)
P(l)-C(21)-C(Z6)-C(25)
C(21)-P(l)-C(41)-C(46)
C(3l)-P(l)-C(4l)-C(42)
Mn(t)-P(1)-C(41)-C(42)
P(l)-C(4l)-C(42)-C(43)
C(42)-C(43)-C(44)-C(45)
C(44)-C(45)-C(46)-C(41)
P(l)-C(4l)-C(46)-C(45)
C(41)-P(l)-C(3l)-C(32)
C(2l)-P(l)-C(3l)-C(36)
Mn(l)-P(l)-C(3l)-C(36)
P(l)-C(3l)-C(32)-C(33)
C(32)-C(33)-C(34).c(3S)
C(34)-C(35)-C(36)-C(31)
P(l)-C(3l)-C(36)-C(35)
C(40)-Mn(t)-C(ll).c(l)
C(50)-Mn(l)-C(ll)-C(l)
Mn(I}-C(l1)-C(1)-C(Z)
C(6)-C(I)-C(2)-C(3)
<:(1)-C(2)-C(3)-C{4)
C(3)-C(4)-C(5)-C(6)
<:(1 l)-C(l)-C(6)-C(5)

-177.73(11)
83.49(13)
2.34(11)
143(7)
158.98(12)
-58.43(13)
-157.21(1Z)
121.64(12)
-95(4)
-9(8)
-16(5)
-114(5)
·98(8)
-66{4)
24(4)
135(3)
-4Z(3)
-133(3)
-63.6(2)
-142.2(Z)
-16.3(2)
-175.1(2)
-0.6(4)
1.6(4)
173.9(2)
67.5(2)
144.3(Z)
19.4(2)
176.1(2)
0.2(4)
-0.2(4)
-176.0(2)
-42.0(2)
39.0(2)
-89.2(Z)
-175.2(2)
1.0(4)
0.0(4)
175.1(Z)
-3.7(2)
-94.0(2)
88.2(3)
-2.9(4)
0.9(5)
-2.7(5)
-176.2(2)

C(40)-Mn(l)-P(1)-C(3t)
C(SO)-Mn(l}-P(I)-C(3l)
C(JO)-Mn(l}-P(I)-C(Zl)
C(60)-Mn(l)-P(l)-C(Zl)
C(ll)-Mn(l)-P(l)-C(Zt)
C(40)-Mn(l)-P(l)-C(4l)
C(SO)-Mn(I)-P(I)-C(41)
C(40)-Mn(l)-C(JO)-o(3l)
C(SO)-Mn(l)-C(JO)-o(JU
P(t)-Mn(t)-C(30)-o(3l)
C(60)-Mn(l)-C(40)-o(4l)
C(11)-Mn(1)-C(40)-()(41)
C(JO)-MD(l)-C(SO)-o(SU
C(60)-Mn(l)-C(SO)-o{S1)
P(1)-Mn(1)-C(SO)-o(51)
C(40)-Mn(l)-C(60)-o{6l)
C(lI)-Mn(U-C(60)-o(6l)
C(31)-P(I)-C(21)-C(26)
Mn(I)-P(I)-C(Zl)-C(26)
C(41)-P(I)-C(ZI)-C(22)
C(Z6)-C(ZI)-C(22)-C(23)
C(Zl)-C(22)-C(23)-C(24)
C(23)-C(24)-C(25)-C(26)
C(ZZ)-C(ZI)-C(26)-C(25)
C(3l)-P(I)-C(4l)-C(46)
Mn(l)-P(l)-C(4l)-C(46)
C(ZI)-P(I)-C(4l)-C(42)
C(46)-C{4I)-C(4Z)-C{43)
C(4l)-C(42)-C(43)-C(44)
C(43)-C(44)-C(45)-C(46)
C(4Z)-C(4t)-C(46)-C(45)
C(21)-P(I)-C(3U-C(3Z)
Mn(l)-P(I)-C(31)-C(32)
C(4l)-P(1)-C(3U-C(36)
C(36)-C(31)-C(3Z)-C(33)
C(31)-C(32)-C(33)-C(34)
C(33)-C(34)-C(35)-C(36)
C(3Z)-C(3I)-C(36)-C(35)
C(30)-Mn(l)-eUU-C(I)
C(60)-Mn(t)-CUU-e(t)
P(1)-Mn(l)-CUI)-C(l)
Mn(U-C(ll}-C(l}-C(6)
CUl)-C(l)-C{2)-C(J)
C(Z)-C(3)-C{4)-C(5)
C(Z)-C{I)-C(6)-C(S)
C(4)-C(5)-C(6)-C(1)

-96(7)
-80.19(13)
61.43(13)
-37.35(12)
-118.50(12)
24(7)
39.11(13)
-6(4)
85(4)
174(4)
82(5)
164(5)
-154(4)
23(4)
115(4)
47(3)
-44(3)
42.6(2)
168.5(2)
111.6(2)
0.3(3)
0.7(4)
.().6(4)
-1.4(4)
·39.4(2)
-164.3(Z)
-108.8(Z)
-0.3(4)
0.0(4)
-0.1(4)
0.4(4)
-146.9(Z)
85.0(2)
143.8(2)
-0.9(4)
-0.1(4)
-1.0(4)
0.9(3)
0(5)
85.6(Z)
177.0(2)
-93.6(3)
175.4(2)
2.0(5)
2.1(4)
0.6(5)
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Table Al.4: Anisotropie thermal factors uOZ A' for cis·(Ph2CHJ<Pb]P)Mn(CO)4.

• U11 U22 UJJ Utz Ut] Un

Mn(I) 4.52(2) 3.73(2) 4.36(2) -0.74(2) -1.34(2) -1.30(2)

PU) 3.94(4) 3.60(3) 3.40(3) -0.67(3) -0.78(3) -1.49(3)

0(31) 9.1(2) 8.1(2) 8.6(2) -0.32(12) -1.36(12) -5.67(13)
0(41) 8.5(2) 3.95(12) 12.4(2) -0.40(1) -3.62(14) -0.93(11)
0(51) 9.6(2) 10.6(2) 7.4(2) -3.19(3) -3.8UI3) -2.73(14)
0(61) 8.2(2) 12.1(2) 5.75(13) -4.04(13) -1.59(12) -1.85(14)

C(30) 6.0(2) 4.7(2) 5.4(2) -0.44(12) -1.83(14) -2.2UI4)
C(40) 6.5(2) 4.1(2) 6.7(2) -0.46(13) -2.3(2) -1.98(14)

C(50) 5.5(2) 5.1(2) 5.7(2) -0.97(13) -1.79(4) ·1.39(13)

C(60) 4.8(2) 5.1(2) 5.9(2) -1.48(3) -1.37(14) -1.16(13)

C(2I) 4.05(13) 4.43(14) 3.46(13) -0.11(10) -0.65(11) -1.71(11)

C(2Z) 4.52(14) 4.9(2) 4.50(14) -0.82(11) -0.97(12) -1.99(12)

C(2J) 5.6(Z) 7.1(2) 5.4(2) -1.91(14) -1.24(13) -3.2(2)
C(24) 5.4(2) 8.7(2) 5.7(2) -1.1(2) -2.35(14) -2.1(2)

C(ZS) 6.8(2) 6.5(2) 7.H2) -1.3(2) -3.4(2) -0.7(2)

C(Z6) 6.3(Z) 5.0(2) 6.1(2) -1.26(13) -2.82(14) ·1.31(14)
C(41) 4.04(13) 4.66(14) 3.49(13) -1.01(11) -0.55(10) -1.96(11)

C(4Z) 5.Z(2) 5.0(2) 4.2(2) -0.72(12) -0.75(12) -1.94(12)

C(43) 6.4(2) 7.2(2) 3.9(2) -0.66(13) -0.31(13) -3.3(2)
C(44) 5.6(2) 8.2(Z) 5.0(2) -2.9(2) 0.69(13) -3.2(2)
C(45) 5.9(2) 5.8(Z) 6.0(2) -2.6(2) 0.10(14) -1.68(14)
C(46) 5.7(2) 4.7(2) 4.18(14) .0.78(12) -0.53(12) -1.72(13)
C(31) 3.29(12) 3.47(1Z) 4.01(13) ·1.00(10) -0.60(10) -0.92(10)

C(32) 5.4(2) 5.1(2) 5.1(2) -0.54(12) -1.54(13) -2.57(13)
C(33) 5.8(2) 6.1(2) 8.7(2) -1.4(2) -2.4(2) -3.0(2)
C(34) 5.1(2) 5.7(2) 8.5(2) -0.3(2) -0.5(2) -2.97(14)
C(3S) 5.4(2) 5.8(2) 5.2(2) -0.15(13) 0.67(13) -2.16(14)
C(36) 5.2(2) 4.60(14) 4.3(2) -0.91(11) -0.49(12) -1.74(12)

CUI) 4.4(2) 4.4(2) 6.7(2) -0.87(12) -0.77(13) -1.48(12)

CU) 4.22(14) 3.51(13) 6.0(2) -0.72(12) -0.97(13) -1.33(11)
C(2) 6.2(2) 5.7(2) 8.2(2) -1.4(2) -2.5(2) -2.1(2)

C(3) 6.6(2) 5.4(2) 13.6(3) 0.0(2) -5.0(2) -1.8(2)
C(4) 4.4(2) 4.1(2) 16.9(4) -1.6(2) -1.5(2) -0.6(2)

C(S) 6.9(2) 6.5(2) 10.3(3) -3.5(2) 2.6(2) ·2.6(2)
C(6) 6.1(2) 6.2(2) 6.3(2) -1.3(2) -0.2(2) -2.4(2)

•



•

•

. Structural Data for ca-Benzyl.

(tri-p-tolylphosphine)(tetracarbonyl)mBDganese{l)

cis.(PhCHJ[~-CHJCJlJ3PIMn(CO).

C35

C37



• Empirical Formula: C32 828 04 Mn P

Space group: Triclinic. P 1

Cell dimensions:

a =10.733 (2)A

b =10.992 (2)A

c =14.174 (2)A

a =96.71 (2)0

f3 =93.05 (2)0

"( = 118.780 (10)0

Volume = 1444.1 (4)À3

FW= 562.45

Z=2

Dcale =1.294 g / cm3

F(OOO) =584

Data collection

Rigaku AFC -65 diffractometer

00 / 2e scans

Absorption correction: Psi scans

Tmin =0.89, Tmu = l.0

10148 measured reflections

5074 independent reflections

3394 observed reflections [1> 2a(/)]

A-tO

Mo Ka radiation

À =0.70930 A
Cell parameters from 15 reflections

29=27-330

f.L = 0.546 mm-l

T= 293 (2) oK

Colourless prism

0.46 x 0.35 x 0.12 mm

Ra=O.064

9_ = 50.00

h =-12~ Il

k=-13~ 13

/=-16~ 16

3 standard reflections were monitored

every 200 reflections

InteDSity decay: 0.64

•
Structure was solved by the direct methods followed by a differenœ map•



•
Rejinemem

Refinement on Fl

R(FZ > 2o(Fl) =0.0515

wR(F~ =0..1075

GoF = 1.023

66 atoms

5074 reflections

where

349 parameters

H aloms riding,

C-H = 0.93 - 0.97 A
(AJa) = 0.004

~au= 0.241 elÂJ

~mia = -0.245 elA3

A-Il

•

R = ~Œo-Fc) / »'0

wR = [1:(w(Foz-FcZ)~ /1:[wŒoZ)Zj]lIl

GoF = [l:(w(Foz-FcZ)Z) / (No. of refms - No. of params.)]l/Z
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Table AI.S: Fractional atomie coordinates and equivalent isotropie displacement

• parameters (lOZ Â> for cis-(PhlCHJ[(~-CH3CJlJ3P]Mn(CO)4·

U..x y z

Mn(l) 0.07293(5) 0.33825(5) 029745(4) 4.23(2)
PU) 0.29572(9) 0.53063(9) 0.28560(6) 3.27(2)
0(31) -0.0500(3) 0.5148(3) 0.3721(2) 7.28(8)
0(41) -0.2156(3) 0.0979(3) 0.3014(3) 10.80(13)
0(51) 0.0060(3) 0.3105(3) 0.0872(2) 7.54(9)
0(61) 0.1831(4) 0.3131(4) 0.4872(2) 10.29(12)
C(U 0.0340(4) 0.0390(4) 0.2259(3) 4.76(9)
C(2) -0.0013(4) -0.0470(4) 0.2959(3) 6.60(11)
C(3) -0.1092(6) -o.1857(S} 0.2757(4) 8.5(2)
C(4) -0.1850(5) -0.2394(5) 0.1865(6) 9.7(2)
C(5) -0.1538(5) -0.1581(5) 0.1167(4) 8.7(2)
C(6) -0.0441(4) -0.0192(4) 0.1365(3) 6.22(11)
C(tl) 0.1491(4) 0.1890(3) 0.2473(3) 4.83(9)
C(30) 0.0024(4) 0.4504(4) 0.3423(3) 4.99(9)
C(40) -0.1029(5) 0.1878(4) 0.3009(3) 6.9S(3)
C(SO) 0.0301(4) 0.3241(4) 0.1680(3) 5.12(10)
C(60) 0.1409(5) 0.3258(4) 0.4IS8(3) 6.29(11)
C(2I) 0.2947(3) 0.6536(3) 0.2089(2) 3.35(7)
C(22) 0.1729(3) 0.6637(3) 0.1873(2) 4.05(8)
C(23) 0.1778(4) 0.7686(4) 0.1405(2) 4.47(9)
C(24) 0.3031(4) 0.8682(3) 0.1140(2) 4.35(8)
C(lS) 0.4249(4) 0.8582(4) 0.1340(2) 4.69(9)
C(26) 0.4216(4) 0.7524(3) 0.1808(2) 4.28(8)
C(l7) 0.3074(5) 0.9858(4) 0.0651(3) 6.95(12)
C(31) 0.3972(3) 0.6552(3) 0.3947(2) 3.70(8)
C(32) 0.3268(4) 0.6742(4) 0.4690(2) 5.11(9)
C(33) 0.3996(5) 0.7828(5) 0.5457(3) 6.31(11)
C(34) 0.5442(5) 0.8726(4) 0.5522(3) 5.94(11)
C(35) 0.6152(4) 0.8523(4) 0.4795(3) 6.24(11)
C(36) 0.5431(4) 0.7461(4) 0.4013(3) 5.26(10)
C(37) 0.6222(6) 0.9903(5) 0.6371(3) 9.4(2)
C(4l) 0.4195(3) 0.4782(3) 0.2371(2) 3.20(7)
C(42) 0.4172(3) 0.4480(3) 0.1383(2) 3.64(8)
C(43) 0.5035(3) 0.3976(3) 0.1022(2) 4.1H8)
C(44) 0.5956(4) 0.3773(3) 0.161H3) 4.37(9)
C(45) 0.5948(4) 0.4032(4) 0.2587(3) 4.82(9)
C(46) 0.5074(3) 0.4519(3) 0.2966(2) 4.16(8)
C(47) 0.6971(4) 0.3311(S) 0.1222(3) 7.62(14)

•
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Table AI.6: Bond lengths (Â) and angles (in degrees) for ciS-(PhzCHJ[(P-

• CH3C6H.hP]Mn(CO)•.

Mn(I)-C(30) 1.806(4) Mn(U-C(40) 1.823(4)
Mn(t)-C(SO) 1.838(4) Mn(U-C(60) 1.840(5)
Mn(l)-C(ll) 2.223(3) Mn(I)-P(I) 2.3398(11)
P(U-C(4l) 1.820(3) P(U-C(31) 1.828(3)
P(U-C(2I) 1.835(3) O(31)-C(30) 1.155(4)
0(41)-C(40) 1.137(4) O(SI)-C(SO) 1.137(4)
0(6I)-C(60) 1.137(5) C(I}-C(6) 1.378(5)
C(U-C(2) 1.391(5) CCI}-C(ll) 1.490(5)
C(2)-C(3) 1.382(6) C(3)-C(4) 1.365(7)
C(4)-C(S) 1.358(7) C(5)-C(6) 1.389(6)
C(2l)-C(22) 1.385(4) C(21)-C(26) 1.388(4)
C(22)-C(23) 1.377(4) C(2])-C(24) 1.371(5)
C(24)-C(2S) 1.381(5) C(24)-C(27) 1.519(5)
C(25)-C(26) 1.392(5) C(31)-C(32) 1.382(4)
C(3l)-C(36) 1.384(5) C(32)-C(33) 1.388(5)
C(33)-C(34) 1.371(6) C(34)-C(35) 1.373(5)
C(34)-C(37) 1.519(5) C(3S)-C(36) 1.388(5)
C(4l)-C(46) 1.385(4) C(4U-C(42) 1.396(4)
C(42)-CC43) 1.380(4) C(43)-C(44) 1.376(5)
C(44)-C(4S) 1.380(5) C(44)-C(47) 1.511(5)
C(45)-C(46) 1.387(4)

C(30)-Mn(t)-CC40) 87.9(2) C(30)-Mn(l)-C(SO) UlO.O(2)
C(40)-Mn(l)-C(SO) 90.2(2) C(30)-Mn(l)-C(60) 95.6(2)
C(40)-Mn(l)-C(60) 92.0(2) C(50)-Mn(l)-C(60) 164.3(2)
C(30)-Mn(l)-C(lI) 176.10(14) C(~)-Mn(I)-C(ll) 88.7(2)
C(SO)-Mn(l}-C(Il) 81.8(2) C(60)-Mn(l)-C(t1) 82.6(2)
C(30)-Mn(l}-P(l) 92.43(11) C(4Q)-Mn(l)-P(l) 177.4(2)
C(SO)-Mn(l}-P(l) 87.24(12) C(60)-Mn(I}-P(t) 90.49(14)
CO l)-Mn(t)-P(t) 91.08(9) C(4t)-P(I)-C(3I) 104.52(14)
C(41)-P(I)-C(Zl) 103.91(14) C(Jt)-P(U-e(2I) 99.46(14)
C(4t)-P(l)-Mn(t) 112.68(10) C(3l)-P(U-Mn(l) 118.06(11)
C(2t)-P(I)-Mn(l) 116.31(11) C(6)-C(t)-C(2) 117.4(4)
C(6)-C(l)-C(ll) 121.3(3) C(2)-e(I)-C(1l) 121.4(4)
C(3)-C(2)-C(l) 121.1(4) C(4)-C(3)-C(2) 119.9(5)
C(S)-C(4)-C(3) 120.5(5) C(4)-C(S)-C(6) 119.6(5)
C(I)-C(6)-C(5) 121.5(4) C(I)-C(ll)-MnCl) 114.2(2)
0(3t)-C(30)-MnCl) 175.8(3) O(4U-eC40)-Mn(l) 176.4(4)
O(SI)-C(SO)-Mn(t) 176.5(3) O(6U-e(60)-Mn(l) 177.1(4)
C(22)-C(2l)-C(26) 117.6(3) C(22)-e(2l)-P(l) 121.7(2)
C(26)-C(2I)-P(I) 120.2(2) C(23)-e(22)-C(2l) 121.2(3)
C(24)-C(23)-C(22) 121.7(3) C(23)-e(24)-C(2S) 117.6(3)
C(23)-C(24)-C(27) 121.0(3) C(25)-C(24)-C(27) 121.4(3)
C(24)-C(2S)-C(26) 121.4(3) C(2I}-e(26)-e(2S) 120.5(3)
C(32)-C(3U-C(36) 117.4(3) C(32)-e(3U-P(I) 120.3(3)
C(36)-C(3l)-P(l) 121.8(2) C(3I}-e(32)-e(33) 120.9(4)
C(34)-C(33)-C(32) 121.6(4) C(33)-e(34)-e(35) 117.7(3)
C(33)-C(34)-C(37) 120.8(4) C(3S)-e(34)-C(37) 121.5(4)
C(34)-C(35)-C(36) 121.3(4) C(3U-e(36)-e(35) 121.1(3)

• C(46)-C(4t)-C(42) 117.9(3) C(46)-C(41)-P(t) 120.9(2)



•

•

C(42)-C(4l)-P(l)
C(44)-C(43)-C(42)
C(43)-C(44)-C(47)
C(44)-C(45)-C(46)

120.8(2)
121.8(3)
122.1(3)
121.5(3)

C(43)-e(42).c(4l)
C(43)-e(44)-e(4S)
C(4S)-C(44).c(47)
C(4U.c(46)-C(4S)

120.5(3)
117.7(3)
120.2(3)
120.6(3)
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•

•

C(30)-Mn(l)-P(l)-C(4I)
C(40)-MnU)-P(l)-C(41)
C(SO)-Mn(l)-PU)·C(4I)
C(60)-Mn(1)-P(I)·C(41)
CU I)-MnU)·PU)-C(41)
C(30)-Mn(l)-P(l)·C(3l)
C(40)-Mn(l)-P(l)-C(31)
C(SO)-Mn(l)-P(l)-C(3l)
C(60) -MnU)-P(I)-C(31)
C(ll)-MnU)-PU)-C(3U
C(30)-Mn(1)-P(l)-C(21)
C(40)-Mn(1)-P(I)-C(2l)
C(SO)-Mn(l)-P(1)-C(2l)
C(60)-MnU)-P{l)-C(2l)
CU l)-Mn(I)-PU)-C(2U
C(6)-C(l)-C(Z)-C{3)
cu l)-C(l)-C(2)-C(3)
C(I)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-e(5)
C(3)-C(4)-C(S)-e(6)
C(2)-C(l}-C(6)-C(5)
cu l)-C(l)-C(6)-C(S)
C(4)-C(S)-C(6)-C(t)
C(6)-C(l)-C(l t)·Mn(l)
C(2)-C(I}-CU l)-Mn(I)
C(30)-Mn(l)-C{ll)-C(I)
C(40)-Mn(l)-C(ll)-C(l)
C(SO)-MnU)-C{ll)-C(l)
C(60)-Mn(l)-CUl)-C(I)
P(l}-Mn(l)-C(ll)-C(l)
C(40)-Mn(l)-C(30)-O(3I)
C(SO)-Mn(l)-C(30)-o(3U
C(60)-Mn(l)-C(30)-0(3U
cu I)-Mn(l)-C(30)-0(3l)
P(l)-Mn(I}-C(30)-O(3l)
C(30)-Mn(1)-C(40)-O(4U
C(SO)-Mn(l)-C(40)-O(4l)
C(60)-MnU)-C(40)-O(4I)
cu l)-Mn(l)-C(40)-0(4l)
P(1)-Mn(I)-C(~)-()(41)

C(30)-Mn(l)-C(50)-0(5l)
C(40)-Mn(l)-CC~)-O(SI)

C(60)-MnCl)-CC50)-Q(51)
C(lI)-Mn(l)-C(~)-0(5l)

P(l)-Mn(1)-C(50)-0(Sl)
C(30)-Mn(l)-C(60)-0(6t)
C(40)-Mn(l)-C(60)-0(6l)
C(SO)-Mn(I)-C(60)-O(6l)
cu l)-Mn(t)-C(60)-O(6U
P(I)-Mn(l)-C(60)-O(6l)
C(4l)-P(l)-C(2l)-C(22)

-17S.2(2)
-8H3)
-78.2(2)
86.2(2)
3.5(2)
59.8(2)
157(3)
159.7(2)
-35.9(2)
-118.5(2)
-58.3(2)
39(3)
41.6(2)
-154.0(2)
123...(2)
0.9(6)
179.3(4)
-1.3(7)
0.9(S)
-0.1(8)
0.0(6)
-178.5(4)
-0.4(7)
88.3(4)
-90.1(4)
35(2)
6.8(3)
-83.5(3)
99.0(3)
-170.6(3)
11(5)
101(5)
-81(5)
-17(7)
-172(5)
40(7)
-60(7)
135(7)
-142(7)
-58(8)
-174(6)
-86(6)
12(6)
2(6)
94(6)
162(8)
7..{S)
-24(8)
-14(8)
-105(8)
146.8(3)

C(3l)-P(l}-C(21)-C(22)
Mn(l)-P(I)-C(2l)-e(22)
C(4l)-P(l)-C(21)-C(26)
C(3l)-P(l)-C(2l)-C(26)
Mn(I)-P{l)-C(Zl)-CC26)
C(26)-C(Zl)-C(22)-C(23)
P(I)-CC21)-C(U)-C(2.3)
C(21)-C(22)-C(23)-C(~)

C(22)-C(23)-C{24)-C(2S)
C(22)-C(23)-C(24)-e(27)
C(23)-C(24)-C(2S)-e(26)
C(27)-C(24)-C{2S)-C(26)
C(22)-C(2l)-C(26)-C(2S)
P(I)-C(21)-C(26)-C(2S)
C(24)-C(2S)-C(26)-C(21)
C(4l)-P(l}-C(3t)-C(32)
C(2l)·P(l}-C(3U-e(32)
Mn(l)-P(l}-C(3l}-C(32)
C(4l)-P(l}-C(3U-e(36)
C(21)·P(l)-C(3U-C(36)
Mn(l)-P(U-C(3l}-CC36)
C(36l-C(3l)-C(32)-C(J3)
P(l)-e(3l}-C(32)-CC33)
C(3I)-C(32)-C(33)-e(34)
C(32)-C(33)-C(34)-C(35)
C(32)-C(33)-C(34)-C(37)
C(33)-C(34)-C(35)-C(36)
C(37)-C(34)-C(3S)-C(36)
C(32)-C(3l}-C(36)-C(35)
P(l)-e(3U-C(36)-CC3S)
C(34)-C(35)-C(36)-C(3l)
C(3U-P(l)-C(4l)-C(46)
C(21)-P(l)-C(4l)-C(46)
Mn(l)-P(U-C(4U-C(46)
C(3I)-P(l)-C(4l)-C(42)
C(2t)-P(l)-C(4U-C(42)
Mn{l)-P(U-C(4I)-C(42)
C(46)-e{41)-C(42)-C(43)
P(U-C(4U-C(42)-C(43)
C(4t)-C(42)-C(43)-C(44)
C(42)-C(43)-C(44)-C(45)
C(4Z)-C(43)-C(4-t)-C(47)
C(43)-C(44)-C(45)-e(46)
C(47)-e{44)-C(45)-C(46)
C(4Z)-e(41)-C(46)-e(45)
P(l)-e(41)-C(46)-C(4S)
C(44)-C(45)-C(46)-C(4t)
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-105.S(3)
22.4(3)
-41.6(3)
66.1(3)
-166.0(Z)
-0.5(5)
171.3(2)
-0.7(5)
1.5(5)
-17S.U3)
-1.1(5)
17S.5(3)
0.9(5)
-171.1(2)
0.0(5)
-154.0(3)
98.9(3)
-Z7.9(3)
34.7(3)
-72.5(3)
160.8(3)
1.6(5)
-170.1(3)
-1.8(6)
0.4(6)
-179.6(4)
1.1(6)
-178.9(4)
-O.Z(5)
171.4(3)
-1.2(6)
41.2(3)
14S.0(3)
-88.2(3)
-146.0(2)
-42.2(3)
84.5(3)
-1.9(4)
-174.8(2)
-1.0(5)
2.S(5)
-176.0(3)
-1.8(5)
177.0(3)
2.9(S)
175.S(3)
-1.t(5)
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Table A1.8: Anisotropie thermal factors UOZ A' for cis-(Pb~CHJ[{P-CH3CJfJ~J-

• Mn(CO)...

Un Uzz Un U11 U13 UZ]

Mn(l) 3.86(3) 3.99(3) 5.13(4) 1.01(3) 157(3) 1.99(3)
P(I) 3.30(5) 3.55(5) 3.14(5) 0.30(4) 0.67(4) 1.85(4)
0(31) 6.7(2) 8.2(2) 8.9(2) 0.6(2) 2.7(2) 5.2(2)

0(41) 5.8(2) 6.5(2) 19.3(4) 2.0(2) 6.2(2) 2.0(2)
0(51) 8.5(2) 8.1(2) 5.3(2) -0.5(2) -1.2(2) 4.1(2)
0(61) 15.1(3) 13.5(3) 6.4(2) 4.3(2) 2.2(2) 9.6(3)
C(l) 3.8(2) 4.0(2) 6.6(3) 0.9(2) 1.4(2) 1.9(2)
C(2) 6.5(3) 5.7(3) 8.0(3) 2.1(2) 2.1(Z) 3.0(Z)
C(3) 8.0(4) 6.2(3) 12.3(5) 4.6(3) 4.4(3) 3.4(3)
C(4) 5.9(3) 3.7(3) 17.9(7) 0.9(4) 2.5(4) 1.2(2)
C(5) 6.6(3) 5.3(3) 11.7(4) -1.9(3) -2.0(3) 2.0(3)
C(6) 6.5(3) 5.U3) 7.2(3) 0.4(2) 0.2(2) 3.2(2)
C(ll) 4.1(2) 3.9(2) 6.3(3) 0.8(2) 1.2(2) 1.8(2)
C(30) 4.1(2) 5.1(2) 6.0(3) 1.4(2) 1.6(2) 2.2(2)
C(40) 5.3(3) 5.6(3) 10.9(4) 1.6(2) 3.6(3) 3.1(2)
C(SO) 4.0(2) 4.5(2) 6.6(3) 0.3(2) 0.1(2) 2.1(2)

C(60) 7.9(3) 6.3(3) 6.7(3) 2.3(2) 3.1(2) 4.6(2)
C(21) 3.8(2) 3.3(2) 3.1(2) 0.06(14) 0.72{l4) 1.9(2)

C(Zl) 4.0(2) 3.9(Z) 4.5(2) 1.0(2) 0.8(2) 1.9(2)
C(23) 5.0(2) 5.2(Z) 4.1(2) 0.6(2) 0.3(2) 3.2(2)
C(24) 6.2(2) 3.8(Z) 3.4(2) 0.3(2) 0.6(2) 2.8(2)
C(25) 5.3(2) 4.3(2) 4.3(2) 1.1(Z) 1.6(2) 2.0(2)
C(26) 3.8(2) 4.6(2) 4.5(2) 0.6(2) 0.6(2) 2.Z(2)
C(27) 9.1(3) 6.0(3) 7.4(3) 2.9(2) 2.3(3) 4.5(3)
C(31) 4.3(2) 4.5(Z) 2.8(2) 0.1(2) 0.4(2) 2.7(2)
C(32) 5.8(2) 6.2(Z) 4.Z(2) 0.4(Z) 0.9(2) 3.8(2)
C(33) 9.0(3) 8.5(3) 3.4(2) -o.7(Z) 0.7(2) 6.2(3)
C(J4) 8.7(3) 6.2(3) 4.1(2) -1.5(Z) -1.9(2) 5.4(3)
C(35) 5.9(3) 5.8(3) S.8(3) -1.4(Z) -1.0(Z) 2.6(2)
C(36) 5.1(2) 6.0{Z) 4.3(2) -0.8(2) 0.2(2) 2.8(2)
C(37) 13.9(5) 9.5(4) 5.5(3) -3.8(3) -3.3(3) 7.8(4)
C(4I) 2.7(2) 2.8(Z) 3.5(2) 0.21(14) 0.38(14) 1.01(14)
C(42) 3.5(2) 3.8(2) 3.5(2) 0.4(2) 0.1(2) 1.8(2)
C(43) 4.2(2) 3.7(2) 3.8(2) -0.3(2) 0.9(2) 1.7(2)
C(44) 4.1(2) 3.6(2) 5.4(2) -0.4(2) 0.8(2) 2.0(2)
C(4S) 4.3(2) 5.4(2) 5.6(3) 0.9(2) 0.1(2) 3.2(2)
C(46) 4.6(2) 5.1(2) 3.2(2) 0.5(2) 0.5(2) 2.7(2)
C(47) 7.0(3) 9.3(3) 8.0(3) -1.4(3) 1.4(2) 5.7(3)

•



• . Structural Data for cïs-Benzyl

(trls(p.ftorophenyI)phospbïne)(tetracarbonyl)manganese(I)

cis.(PbCHJ[~-FCJlj3P]Ma(CO)•
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•



C[ystal data for cif-<PbCHzl&-f~H;tlJ1Mn(CO)J

•

•

Empirical Formula: C29 819 04 Mn P F3

Space group: Triclinic, P 1

Cell dimensions:

a = 10.316 (l)A.

b = 10.344 (2)A.

c = 14.588 (2)A.

a = 70.03 (1)0

(3 = 74.89 (1)0

y = 64.04 (1)0

Volume = 1304.1 (4)ÂJ

FW= 574.37

Z=2

Dale = 1.462 g 1cmJ

F(OOO) = 584

Data collection

Rigaku AFC -68 diffractometer

ro /29 scans

Absorption correction: Psi scans

Taün =0.61, Tenu =1.0

7198 measured reflections

3599 independent reflections

2672 observed reflections [1:> 2a(l)]

Structure was solved by the Patterson metbod.

Cu Ka radiation

À= 1.54178 A
Cell parameters from 21 reflections

29 =45-60°

f.l =5.185 mm·1

T=295 (2) 01{

Colourless prism

0.37 x 0.20 x 0.05 mm

Rmc =0.053

Omu =60.0°

h =-12 --+ 12

é= -16 --+ 16

1= -12-+ 12

3 standard reflections were monitored

every 250 reflections

Intensity decay: 0.8



•
Refmement

Refinement on FZ

R(FZ > 2(J(F~ = 0.045

wR(FZ
) = 0.0884

GoF= 1.036

57 atoms

2672 refIections

where

344 parameters

H atoms riding.

C-H = 0.93 - 0.97 Â

(â1a) =-0.001

~ma = 0.508 e1Âl

4Q..... = -0.377 elÂl

A-19

•

R = l:(Fo-Fc) 1~o

wR = [l:(w(Foz-Fc~~ 11:[w(FOZ)ZJ]llZ

GoF = [l:(w(Foz-Fc~Z) 1 (No. of refins - No. of params.)]llZ
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Table AI.9: Fraetional atomie eoordinates and equivalent isotropie displacement

• parameters (101 Â) forctS-(PhzCHJ[~-FC6HJ~]Mn(CO) •.

x y z U..

MoCl) 0.49193(6) 0.07024(6) 0.20024(4) 4.24(2)
PU) 0.30014(9) 0.29450(9) 0.21599(6) 3.48(2)
F(2) 0.0350(3) 0.7246(3) -0.1401(2) 8.46(8)
F(3) -0.2517(3) 0.2697(3) 0.4595(2) 10.48(10)
F(4) 0.5179(3) 0.6130(3) 0.3689(2) 8.07(8)
0(31) 0.3219(4) -0.0092(4) 0.1094(2) 8.79(10)
0(41) 0.7288(3) -0.2150(4) 0.1774(3) 9.86(11)
0(51) 0.6250(3) 0.2313(4) 0.0184(2) 8.47(10)
0(61) 0.4324(3) -0.0718(4) 0.4126(2) 8.35(9)
C(U 0.7776(4) -0.0044(4) 0.2826(3) 4.88(9)
C(2) 0.8976(4) -0.0197(5) 0.2118(3) 6.56(11)
C(3) 1.0329(5) -o.1299(6) 0.2317(4) 7.87(14)
C(4) 1.0476(S) -0.2274(S) 0.3217(5) 8.8(2)
C(S) 0.9316(6) -O.2197{S) 0.3919(4) 8.5(2)
C(6) 0.7984(4) -0.1087(5) 0.3736(3) 6.59(11)
CUl) 0.6337(4) 0.1181(4) 0.2643(3) 5.SOUO)
C(30) 0.3831(4) 0.0249(4) 0.1456(3) 5.76(10)
C(40) 0.6395(5) -0.I04S(5) 0.1870(3) 6.21(11)
C(50) 0.5701(4) 0.1697(4) 0.0872(3) 5.30(10)
C(60) 0.4502(4) -0.0184(4) 0.3300(3) 5.26(10)
C(21) 0.2256(3) 0.4276(4) 0.1032(2) 3.74(8)
C(22) 0.1356(4) 0.574S(4) 0.1035(3) 4.93(9)
C(23) 0.0722(4) 0.6748(4) 0.0208(3) S.85(11)
C(24) 0.1003(4) 0.6263(4) -0.0604(3) 5.48(10)
C(2S) 0.1866(4) 0.4855(5) -O.064S(3) 5.61(10)
C(U) 0.2508(4) 0.3845(4) 0.0186(3) 4.78(9)
C(3I) 0.1345(3) 0.2829(4) 0.2975(2) 3.73(8)
C(32) 0.0297(4) 0.4048(4) 0.3281(3) 5.26(10)
C(33) -0.1015(4) 0.4016(5) 0.3820(3) 6.99(12)
C(34) -0.1242(4) 0.2738(5) 0.4054(]) 6.41(12)
C(35) -0.0244(4) 0.1495(5) 0.3785(3) 5.63(10)
C(36) 0.1066(4) 0.1547(4) 0.3234(2) 4.74(9)
C(4l) 0.3522(3) 0.4041(3) 0.2637(2) 3.35(8)
C(42) 0.3500(3) 0.3752(4) 0.3642(2) 3.99(8)
C(43) 0.4076(4) 0.4447(4) 0.3996(3) 4.86(9)
C(44) 0.4628(4) 0.5433(4) 0.3345(3) 4.97(9)
C(45) 0.4677(4) 0.5746(4) 0.2355(3) 5.30(10)
C(46) 0.4125(4) 0.5040(4) 0.2000(3) 4.42(8)

•
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Table AI.IG: Bond lengths CA) and angles (in degrees) for cis-<Ph1CH:J[(P-

• FC6HJ3P]Mn(CO)••

Mn(l)-C(30) 1.816(4) Mn(t)-C(40) 1.816(4)
Mn(l)-C(50) 1.817(4) Mn(l)-C(60) 1.829(4)
Mn(l)-C(I1) 2.217(3) Mn(1)-P(l) Z.3362(11)
P(l)-C(4l) 1.824(3) P(1)-C(3U 1.836(3)
P(1)-C(Z1) 1.839(3) F(2)-C(24) 1.358(4)
F(3)-C(34) 1.356(4) F(4)-C(44) 1.360(4)
0(31)-C(30) 1.140(4) O(4l)-C(4O) 1.138(5)
0(51)-C(50) 1.148(4) O(61)-C(60) 1.144(4)
C(1)-C(2) 1.378(5) C(1)-C(6) 1.392(5)
C(l)-CUl) 1.487(5) C(2)-C(3) 1.387(6)
C(3)-C(4) 1.352(7) C(4)-C(5) 1.350(7)
C(5)-C(6) 1.371(6) C(2l)-C(26) 1.377(5)
C(21)-C(22) 1.392(5) C(22)-C(23) 1.387(5)
C(23)-C(24) 1.355(5) C(24)-C(2S) 1.347(5)
C(25)-C(26) 1.395(5) C(3l)-C(JZ) 1.377(5)
C(31)-C(36) I.J85(4) C(JZ)-C(JJ) 1.385(5)
C(33)-C(34) 1.357(6) C(34)-C(JS) 1.357(6)
C(35)-C(36) 1.394(5) C(41)-C(46) 1.387(4)
C(41)-C(42) 1.388(4) C(42)-C(43) 1.387(4)
C(43)-C(44) 1.353(5) C(44)-C(45) 1.360(5)
C(45)-C(46) 1.379(4)

C(30)-Mn(I)-C(4O) 87.7(2) C(30)-Mn(l)-C(SO) 97.8(2)
C(40)-Mn(I)-C(SO) 90.2(2) C(JO)-Mn(1)-C(60) 100.0(2)
C(40)-Mn(l}-C(60) 89.5(2) C(50)-Mn(l}-C(60) 162.2(2)
C(30)-Mn(l)-C(1l) 177.4(2) C(40)-Mn(l}-C(l1) 89.8(Z)
C(50)-MnU)-C(ll) 81.5(2) C(60)-Mn(I}-C(ll) 80.8(2)
C(30)-Mn(1)-P(1) 91.46(12) C(40)-Mn(I)-F(l) 179.19(13)
C(50)-MnU)-P(l) 89.82(12) C(60)-Mn(I)-J»(l) 90.77(12)
C{ll)-Mn(I)-P(I) 90.98(10) C(4I}-F(l)-C(3l) 104.09(14)
C(41)-P(l)-C(2t) 102.66(14) C(Jl)-P(1)-C(2l) 101-54(14)
C(4l}-P(l)-Mn(t) 112.13(10) C(Jl)-P(l)-Mn(l} 117.21(11)
C(2l}-P(l)-Mn(1) 117.32(12) C(2)-C(l}-C(6) 116.5(4)
C(2)-C(1)-C(11) 122.2(4) C(6)-C(l)-C(ll) 121.3(4)
C(1)-C(2)-C(3) 121.5(4) C(4)-C(3)-C(2) 119.7(5)
C(5)-C(4)-C(3) 120.7(5) C(4)-C(S)-C(6) 119.9(5)
C(5)-C(6)-C(1) 121.7(4) C(l)-C(1l)-Mn(l) 115.3(2)
0(3l)-C(30)-Mn(1) 176.1(4) o(4l)-C(40)-Mn(l) 177.5(4)
O(Sl}-C(SO)-Mn(1) 176.4(3) O(6l)-C(60)-Mn(l) 174.8(3)
C(26)-C(21)-C(22) 118.5(3) C(26)-C(21)-P{t) 121.7(3)
C(22)-C(21)-P(l) 119.8(3) C(23)-C(22)-C(Zl) 120.7(4)
C (24)-C(Z3)-C(22) 118.4(4) C(25)-C(24)-C(23) 123.2(3)
C(25)-C(24)-F(2) 119.0(4) C(23)-C(24)-F(Z) 117.S(4)
C(24)-C(lS)-C(26) 118.5(4) C(21)--<:(26)--<:(25) 120.7(4)
C(32)-C(31)-C(36) 118.3(J) C(32)-C(3l)-P(l) 120.9(2)
C(36)-C(3l)-P(l) lZ0.6(J) C(3l)-C(3Z)-C(33) lZ1.5(3)
C(34)-C(33)-C(32) 11S.2(4) F(3)-CC34)-C(33) 118.3(4)
F(3)-C(34)-C(3S) 118.7(4) C(33)-C(34)-C(3S) 123.0(3)
C(34)-C(35)-C(36) 118.2(3) C(31)-C(36)-C(3S> 120.S(4)

• C(46)-C(4l)-C(42) 118.6(J) C(46)-C(4l)-F(I) 120.4(3)



•

•

C(42)-C(4l)-P(l)
C(44)-C(43)-C(42)
C(43)-C(44)-F(4)
C(44)-C(45)-C(46)

120.S(2)
118.7(3)
119.0(4)
118.6(3)

C(43)-C(42)-C(4t)
C(43)-C(44)-C(4S)
C(4S)-C(44)-F(4)
C(4S)-C(46)-C(4l)

120.4(3)
122.9(3)
118.2(3)
120.8(3)

A-22
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Table AI.II: Torsion angles (in degrees) forcis-(PhzCHJ[(P-FCJfJJI]Mn(CO)•.

• C(JO)-Mn(1)-P(l)-C(41) -176.3(2) C(40)-Ma(I)-P(I)-C(4U -169(10)
C(SO)-Mn(l)-P(l)-C(4l) -78.5(2) C(60)-Ma(I)-P(U-C(41) 83.7(2)
CU I)-Mn(l)-P(l)-C(41) 3.0(2) C(30)-Mn(1)-P(1)-C(3I) 63.4(2)
C(40)-Mn(l)-P(l)-C(31) 70(10) C(SO)-Mn(I)-P(I)-C(3I) 161.2(2)
C(6«))-Mn(1)-P(l)-C(3l) -36.6(2) C(lI)-Mn(1)-P(1)-C(31) -117.3(2)
C(JO)-Mn(1)-P(I)-C(2l) -57.8(2) C(40)-Mn(l)-P(l)-C(2l} -51(10)
C(SO)-Mn(l)-P(l}-C(2l) 39.9(2) C(60)-Mn(I)-P(l)-C(2l} -157.8(2)
C(lI)-Mn(l)-P(l}-C(2l) 121.4(2) C(6)-C(1)-C(2)-C(3) -2.3(6)
C(11)-C(l)-C(2)-C(3) 176.6(4) C(l}-C(2)-C(3)-C(4) 1.6(6)
C(2)-C(3)-C(4)-C(S) 0.9(7) C(3)-C(4)-C(S)-C(6) -2.6(7)
C(4)-C(5)-C(6)-C(l) 1.8(7) C(2)-C(l)-C(6)-C(5) 0.6(6)
C(lI}-C(l)-C{6)-C(5) -178.3(4) C(2)-C(l)-C(ll}-Mn(1) 88.1(4)
C(6)-C(l)-C(ll}-Mn(l) -93.1(4) C(30)-Mn(l}-C(ll)-C(l) -24(4)
C(40)-Mn(l}-C(l I)-C(l) -6.2(3) C(50)-Mn(t)-C(l I)-C(t) -96.5(3)
C(60)-Mn(I)-C(ll)-C(I) 83.3(3) P(l)-Mn(1)-C(1l}-C(l) 173.9(3)
C(40)-Mn(l}-C(30)-O(3l) -18(5) C(SO)-Mn(l)-C(30)-O(31) 72(5)
C(60)-Mn(I)-C(30)-o(31) -107(5) C(11)-Mn(I)-C(30)-o(31) 0(8)
P(l)-Mn(l)-C{30)-O(3t) 162(5) C(30)-Mn(1)-C(40)-o(41) -3(9)
C(50)-Mn(l)-C(40)-O(4l) -101(9) C(60)-Mn(l)-C(40)-o(4l) 97(9)
C(ll)-Mn(t)-C{40)-O(4l) 178(100) P(I)-Mn(l)-C(4D)-o(41) -10(19)
C(30)-Mn(1)-C{50)-O(Sl) -161(6) C(40)-Mn(1)-C(50)-o(5t) -73(6)
C(60)-Mn(I)-C(50)-O(Sl) 16(6) C(ll)-Ma(l)-C(50)-o(SI) 17(6)
P(I)-Mn(I)-C(SO)-O(Sl) 108(6) C(30)-Mn(I)-C(60)-O(61) 170(4)
C(40)-Mn(1)-C(60)-O(6l) 83(4) C(SO)-Mn(I)-C(60)-o(61) -6(4)
C(ll)-Mn(I)-C(60)-O(6l) -7(4) P(I)-Mn(I)-C(60)-()(61) -98(4)
C(4t)-P(l}-C(2I}-C(26) 141.0(3) C(3I)-P(l)-C(2I)-C(26) -111.5(3)
Mn(l)-P(l)-C(2I)-C(U) 17.6(3) C(4I}-P(l)-C(2l)-C(22) -42.0(3)
C(31)-P(I)-C(2l)-C(22) 65.5(3) Mn(I}-P(l}-C(21)-C(22) -165.4(2)
C(26)-C(2l)-C(22)-C(23) 0.4(5) P(I)-C(2I)-C(22)-C(23) -176.7(3)
C(21)-C(22)-C(23)-C(24) -0.2(5) C(22)-C(23)-C(24)-C(2S) 0.1(6)
C(22)-C(23)-C(24)-F(2) 178.5(3) C(23)-C(24)-C(2S)-C(26) -0.3(6)
F(2)-C(24)-C(25)-C(26) -178.7(3) C(22)-C(2I)-C(26)-C(2S) -0.6(5)
P(1)-C(2I)-C(26).c(25) 176.4(3) C(24)-C(2S)-C(26}-C(21) 0.5(5)
C(41)-P(I)-C(31)-C(32) 41.2(3) C(21)-P(I)-C(31)-e(32) -65.2(3)
Mn(I)-P(I)-C(3l)-C(32) 165.6(3) C(41)-P(1)-C(31)-C(36) -143.9(3)
C(21)-P(1)-C(31)-C(36) 109.7(3) Mn(1)-P(t)-C(3U-e(36) -19.5(3)
C(36)-C(31)-C(32)-C(33) -1.1(6) P(I)-C(31)-C(32)-C(33) 174.0(3)
C(31)-<:(32)-C(33)-C(34) 0.8(6) C(J2)-C(33)-C()4)-F(3) 178.9(4)
C(32)-C(33)-C(34)-C(3S) 0.2(7) F(J)-C(34)-C(35)-e(36) -179.6(3)
C(33)-C(34)-C(35)-C(36) -0.8(6) C(32)-C(3I)-C(36)-C(35) 0.3(5)
P(l)-CU1)-C(36)-C(3S) -174.7(3) C(34)-C(35)-C(J6)-C(31) 0.6(6)
C(3l}-P(l)-C(4l)-C(46) -143.8(3) C(21)-P(t}-C(41)-e(46) -38.3(3)
Mn(l}-P(1)-C(41)-C(46) 88.5(3) C(3t)-P(I)-C(4I)-C(42) 44.6(3)
C(2t)-P(l)-C(40-C(42) lSO.2(3) Mn(I)-P(1)-C(41)-e(42) -83.0(3)
C(46)-C(4l)-C{42)-C(4J) -0.2(5) P(I)-C(41)-C(42)-C(43) 171.4(2)
C(41)-e(42)-C(43)-C(44) 1.4(5) C(42)-C(43)-C(44)-C(4S) -1.7(5)
C(42)-C(43)-C(44)-F(4) 179.3(3) C(43)-C(44)-C(45)-C(46) 0.7(6)
F(4)-C(44)-C(4S)-C(46) 179.7(3) C(44)-C(4S)-C(46)-C{41) 0.6(5)
C(42)-C(41)-C(46)-C(45) -0.8(5) P(1)-C(41)-C(46)-C(45) -172.5(3)

•
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Table Al.l2: Anisotropie thermal faetors (lOZ A~ for cis-<Ph1CHJ[(P-FCJlj:JPl-

• Mn(CO)~.

Un U22 U33 U lZ Uu UZ]

Mn(I) 4.43(3) 4.27(3) 4.12(4) -1.17(3) -0.1.(3) -1.94(3)
pU) 3.91(5) 4.05(5) 2.84(5) -0.68(4) -0.38(4) -2.05(4)
F(2) 11.8(2) 8.6(2) 5.7(2) 1.88(13) -5.2(2) -5.2(2)
F(3) 5.8(2) 14.1(3) 11.0(2) -2.7(2) 2.SO(1.) -5.9(2)
F(4) 8.7(2) 10.2(2) 9.3(2) -4.7(2) -1.97(1.) ·5.2(2)
0(31) 10.4(2) 10.5(2) 10.0(3) -4.7(2) -1.6(2) -6.3(2)
0(41) 75(2) 6.8(2) 15.0(3) -5.4(2) -0.7(2) -1.0(2)
0(51) 8.7(2) 10.1(2) 6.1(2) -0.2(2) 0.8(2) -5.6(2)
0(61) 9.4(2) 8.8(2) 5.0(2) 0.7(2) -0.8(2) -3.9(2)
C(l) 4.6(2) 4.4(2) 6.0(3) -1.8(2) -1.0(2) -1.7(2)
C(2) 5.7(3) 7.0(3) 7.9(3) -2.1(2) -0.5(2) -3.4(2)
C(3) 4.5(3) 7.9(3) 12.3(5) -5.5(3) 0.6(3) -2.2(2)
C(4) 5.7(3) 5.4(3) 15.8(6) -3.5(3) -4.8(4) -0.2(2)
C(5) 7.7(3) 7.5(3) 9.3(4) 0.4(3) -4.6(3) -1.9(3)
C(6) 5.8(3) 7.0(3) 6.4(3) -0.9(2) -1.8(2) -2.1(2)

CUl) 5.1(2) 5.0(2) 6.6(3) -1.9(2) -1.4(2) -1.5(2)
C(30) 6.2(2) 5.2(2) 5.8(3) -1.7(2) 0.1(2) -2.5(2)
C(40) 6.3(3) 5.2(2) 7.8(3) ·2.)(2) -0.5(2) -2.5(2)
C(50) 5.3(2) 5.6(2) S.0(3) -1.8(2) -0.5(2) -2.0(2)
C(60) 4.9(2) 4.5(2) 5.8(3) -1.1(2) -1.1(2) -1.3(2)
C(21) 4.2(2) 5.0(2) 2.5(2) -0.4(2) -0.55(14) -2.6(2)
C(22) 6.4(2) 5.3(2) 3.4(2) -0.7(2) -1.3(2) -2.4(2)
C(23) 6.7(3) 4.9(2) 5.6(3) 0.1(2) -2.3(2) -2.2(2)
C(24) 6.7(3) 6.6(3) 3.9(3) 0.9(2) ·2.3(2) -4.0(2)
C(25) 7.2(3) 7.8(3) 3.2(2) -1.1(2) ·1.1(2) -4.1(2)
C(26) 5.2(2) 5.9(2) 3.6(2) -1.1(2) -0.6(2) -2.6(2)
C(31) 3.6(2) 4.9(2) 2.9(2) -0.5(2) -0.10(14) -2.0(2)
C(32) 4.6(2) 5.5(2) 5.2(3) -0.9(2) 0.1(2) -2.2(2)
C(33) 4.3(2) 8.0(3) 7.1(3) -2.1(2) 0.7(2) -1.8(2)
C(34) 4.2(2) 9.5(3) 5.7(3) -0.9(2) 0.2(2) -4.0(2)
C(35) 6.1(2) 7.4(3) 4.8(2) -0.6(2) -0.8(2) -4.6(2)
C(36) 5.2(2) 5.7(2) 4.0(2) -0.7(2) -0.9(2) -3.0(2)
C(4l) 3.1(2) 3.7(2) 3.0(2) -0.83(14) -0.37(13) -1.19(14)
C(42) 3.8(2) 4.5(2) 3.3(2) -0.1(2) -0.4(2) -1.6(2)
C(43) 4.9(2) 6.6(2) 35(2) -2.)(2) -1.1(2) -1.6(2)
C(44) 4.3(2) 5.4(2) 6.3(3) -2.5(2) -1.3(2) ·1.9(2)
C(45) 5.6(2) 5.9(2) 5.8(3) -1.6(2) -0.3(2) -3.6(2)
C(46) 5.2(2) 5.0(2) 3.7(2) -G.8(2) -0.6(2) -2.8(2)

•



• - Structural Data for cïs-Benzyl

(trl-eyclohexylphosphïne)(tetracarbonyl)manlaaese(I)

cïs-(PhCBz}(CJll1)JP)Ma(CO)4

A-25

•



• Empirical Formula: C29 H40 04 Mn P

Space group: monoclinic, P21/n

Cell dimensions:

a = 11.155 (3)A.

b = 24.500 (3)Â

c = 11.951 (4)A

a=90°

f3 = 117.72 (2)0

"( = 900

Volume =2891.3 (l3)ÂJ

FW=538.52

Z=4

Dale: =1.237 g / cmJ

F(OOO) = 1144

Data collection.

Rigaku AFC -6S diffractometer

CJ) 129 scans

Absorption correction: Psi scans

Tmin = 0.82, Tmax =1.0

7849 measured reflections

3775independentreflections

2218 observed reflections [1> 2a (1)]

A-26

Mo Ka radiation

À =0.70930 A.
CeU parameters from 24 reflections

29 =28-30°

I..l =0.542 mm·1

T=293 (2) oK

Colourless prism

0.51 x 0.48 x 0.29 mm

R.=O.073

9mu =45.0°

h =-12-+ 10

k=O -+ 26

1=0-+ 12

3 standard reflections were monitored

every 200 reflections

Intensity decay: 1.30

•
Structure was solved by the direct methods foUowed by a difference map•



•
Refinemenl

Refinement on FZ

R(FZ > 2a~ = 0.0665

wR(F~ = 0.1357

GoF =1.041

75 atoms

3775 reflections

where

317 parameters

H atoms riding,

C-H =0.93 - 0.97 A
(Aja) =-0.004

âQ~ = 0.212 elAJ

âQ.... =-0.240 elAJ

A-27

•

R =};(Fo-Fc) 1};Fo

wR = [l:(w(Foz-FcZ)Z) 1l:[w(FOZ)Z]]llZ

GaF = [l:(w(Foz-FcZ)Z) 1 (No. of retins - No. of params.)]lIZ
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Table AI.13: Fractional atomic coordinaleS and equivalent isotropie displaœment

• parameters (Hf Â) forcis-(PhzCHJ[(C6HlI)3P]Mn(CO)4O

x y z U..

Mn(1) 0.44443(9) 0.12291(4) 0.16181(8) 5.59(4)
PU) 0.6564(2) 0.11250(6) 0.35010(14) 4.56(5)
0(51) 0.3785(5) 0.0061(2) 0.0950(5) 10.1(2)
0(41) 0.1917(6) 0.1427(2) -0.0737(5) 11.2(2)
0(61) 0.4192(5) 0.2402(2) 0.2084(5) 9.9(2)
0(31) 0.5896(5) 0.1326(2) 0.0091(4) 8.7(2)
C(30) 0.5372(7) 0.1297(3) 0.0713(6) 6.2(2)
C(40) 0.2877(8) 0.1344(3) 0.0186(7) 7.3(2)
C(SO) 0.4116(7) 0.0504(3) 0.1264(6) 7.0(2)
C(60) 0.4355(6) 0.1944(3) 0.1941(6) 7.0(2)
CU) 0.1891(7) 0.0998(3) 0.2042(6) 6.3(2)
C(2) 0.0974(8) 0.1426(3) 0.1512(7) 8.7(2)
C(3) -0.0401(9) 0.1343(4) 0.0860(8) 10.6(3)
C(4) -0.0903(10) 0.0837(6) 0.0711(8) 10.9(4)
C(S) -0.0055(1 l) 0.0405(5) 0.1204(9) 11.8(3)
C(6) 0.1336(8) 0.0485(3) 0.1867(7) 9.2(2)
CCll) 0.3392(6) 0.1085(3) 0.2762(6) 7.2(2)
C(2U 0.7940(6) 0.1549(2) 0.3477(5) 5.2(2)
C(22) 0.9351(6) 0.1483(3) 0.4597(6) 7.0(2)
C(23) 1.0418(7) 0.1785(3) 0.4365(7) 9.4(3)
C(24) 1.0083(8) 0.2363(3) 0.4021(7) 9.4(2)
C(25) 0.8703(8) 0.2435(3) 0.2951(7) 8.6(2)
C(26) 0.7609(7) 0.2139(2) 0.3152(7) 8.4(2)
C(3l) 0.7292(6) 0.0433(2) 0.3733(5) 4.5(2)
C(32) 0.6478(6) 0.0005(2) 0.4045(5) 6.0(2)
C(33) 0.7132(7) -0.0566(2) 0.4249(6) 7.4(2)
C(34) 0.7305(8) -0.0733(2) 0.3108(7) 8.4(2)
C(3S) 0.8164(7) -0.0330(2) 0.2&46(6) 7.8(2)
C(36) 0.7528(6) 0.0245(2) 0.2632(6) 6.2(2)
C(4l) 0.6507(6) 0.1247(2) 0.5012(5) 4.9(2)
C(42) 0.7702(6) 0.1055(2) 0.6246(5) 6.4(2)
C(43) 0.7306(7) 0.1066(3) 0.7314(5) 7.6(2)
C(44) 0.6874(8) 0.1629(3) 0.7498(6) 8.2(2)
C(4S) 0.5749(7) 0.1845(2) 0.6269(6) 7.1(2)
C(46) 0.6125(6) 0.1826(2) 0.5198(5) 5.9(2)

•
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Table Al.14: Bond lengths (A) and angles (in degrees) for cü-(PhzCHJ[(CJlll)3P]-

• Mn(CO)4.

Mn(l)-C(60) 1.806(8) Mn(l)-C(40) 1.812(S)
Mn(l)-C(30) 1.820(7) Mn(I)-C(50) I.S23(7)
Mn(l)-C(ll) 2.206(6) Mn(I)-P(t) 2.402(2)
P(l)·C(3l) 1.845(5) P(1)-C(41) 1.860(5)
P(l)-C(2l) 1.865(5) o (51)-C(5O) 1.153(7)
O(4l)-C(40) 1.143(7) 0(6l)-C{60) 1.162(7)
O(3l)-C(30) 1.142(7) C(t)-C(6) 1.375(9)
C(U-C(2) 1.394(9) C{t}-C(11) 1.499(S)
C(2)-C(3) 1.375(10) C(3)-C(4) 1.339(11)
C(4)-C(5) 1.357(12) C(S)-C(6) 1.390(11)
C(21)-C(26) 1.496(7) C(21)-C(22) 1.528(7)
C(22)-C(23) 1.533(8) C(23)-C(24) 1.473(9)
C(24)-C(25) 1.485(9) C(2S)-C(26) 1.532(8)
C(31)·C(36) 1.527(7) C(31)-C(32) 1.542(7)
C(32)-C(33) 1.543(7) C(33)-C(34) 1.519(8)
C(34)-C(35) 1.505(8) C(35)-C(36) 1.545(7)
C(4l)-C(46) 1.529(7) C(41)-C(42) 1.531(7)
C(42)-C(43) 1.532(8) C(43)-C(44) 1.511(8)
C(44)-C(45) I.S16(8) C(45)-C(46) 1.522(7)

C(60)-Mn(l)-C(40) 85.8(3) C(60)-Mn(t)-C(30) 9S.1(3)
C(40)-Mn(1)·C(30) 89.4(3) C(60)-Mn(l)-C(50) 165.8(3)
C(40)-Mn(I)-C(SO) 86.0(3) C(JO)-Mn(I)-C(50) 93.4(3)
C(60)·Mn(I)-C(I I) 85.7(3) C(40)-Mn(l)-C(l1) 93.0(3)
C(30)-Mn(l)-C(I I) 175.6(3) C(SO)-Mn(l)-C(ll) 83.2(3)
C(60)·Mn(l)·P(t) 91.8(2) C(40)-Mn(l)-P(t) 176.9(2)
C(30)-Mn(l)-P(t) 89.0(2) C(50)-Mn(l)-P(l} 96.8(2)
C(ll)-Mn(l)-P(t) 88.7(2) C(3l)-P(l)-C(4l) 102.3(2)
C(3l)-P(l}-C(2l) 101.9(2) C(4l)-P(l}-C(2l) 109.0(3)
C(3l)-P(l)-Mn(l) 114.3(2) C(41)-P(I}-Mn(U 115.4(2)
C(2l)·P(l}·Mn(l) 112.6(2) 0(3l)-C(30)-Mn(1) 176.2(6)
O(4l)-C(40)-Mn(l) 177.2(6) 0(51)-C(50)-Mn(l) 173.3(6)
O(6l)-C(60)-Mn(l) 174.7(6) C(6)-C(1)-C(2) 115.8(7)
C(6)-C(I)-C(t1) 121.4(7) C(2)-C(1)-C(11) 122.7(7)
C(3)-C(2)-C(I) 122.4(8) C(4)-C(3)-C(2) 120.0(9)
C(3)-C(4)·C(5) 120.1(10) C(4)-C(5)-C(6) 120.4(10)
C(I)-C(6)-C(5) 121.3(8) C(I)-Cn U-Mn(t) 116.1(4)
C(26)-C(21)-C(22) 111.0(5) C(26)-C(21)-P(I) 115.9(4)
C(22)-C(21)-P(1) 116.6(4) C(21)-C(22)-C(23) 111.1(5)
C(24)-C(23)-C(22) 113.4(6) C(23)-C(24)-<:(25) 112.4(6)
C(24)-C(25)-C(26) 113.0(6) C(2l)-C(26)-<:(25) 112.3(5)
C(36)-C(31)-C(32) 11.1(4) C(36)-C(3l)-P(I) 112.8(4)
C(32)-C(31)-P(I) 113.2(4) C(31)-C(32)-<:(33) 111.5(5)

C(34)-C(33)-C(32) 110.5(5) C(35)-C(34)-C(33) 111.7(5)
C(34)-C(35)-C{36) 110.1(5) C(31)-C(36)-C(35) 112.5(5)

• C(46)-C(41)-C(42) 108.8(5) C(46)-C(4l)-P(l) 115.3(4)
C(42)-C(41)-P(1) 118.6(4) C(41)-C(42)-C(43) 109.7(5)
C(44)-C(43)·C(42) 111.8(5) C(43)-C(44)-C(45) 110.8(5)
C(44)-C(45)-C(46) 112.1(5) C(45)-C(46)-C(41) 110.8(5)

• C(45)-C(46)-H(46A) 109.5(3)
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Table Al.15: Torsion angles (in degrees) for cÏ8-(PhzCHz)[(CJlu)3P]Mn(CO)•.

•

•

C(60)-Mn(l)-P(l)-C(3l)
C(40)-Mn(l)-P(l)-C(31)
C(30)-Mn(1)-P(1)-C(3t)
C(SO)-Mn(l)-P(U-C(3t)
CU ])-Mn(l}-P(l)-C(3l)
C(60)-Mn(l}-P(I)-C(4U
C(40)-Mn(l)-P(1)-C(4U
C(30)-Mn(l)-P(J)-C(41)
C(SO)-Mn(1)-P(U-C(4t)
CU I)-Mn(I)-P(J)-C(4l)
C(60)-Mn(I)-P(l)-C(2t)
C(40)-Mn(l)-P(l)-C(2t)
C(30)-Mn(l)-P(l)-C(2t)
C(SO)-Mn(I)-P(I)-C(2l)
C(ll)-Mn(l)-P(l)-C(2t)
C(60)-Mn(l)-C(30)-O(3t)
C(40)-Mn(l)-C(30)-O(31)
C(SO)-Mn(l)-C(30)-O(3l)
CU l)-Mn(l)-C(30)-O(3l)
P(l)-Mn(l)-C(30)-O(3l)
C(60)-Mn(1)-C(40)-O(4l)
C(30)-Mn(l)-C(40)-O(41)
C(SO)-Mn(l)-C(40)-O(4l)
cu l)-Mn(l)-C(40)-O(4l)
P(1)-Mn(l)-C(4G)-O(4l)
C(60)-MnU)-C(SO)-O(5U
C(40)-Mn(l)-C(SO)-O{5U
C(30)-MnU)-C(SO)-O(51)
cu l)-Mn(l)-C(SO)-O(5U
P(l)-Mn(l)-C{SO)-O(5l)
C(40)-Mn(l)-C(60)-O(6l)
C(30)-Mn(I)-C{60)-O(6l)
C(SO)-Mn(l)-C{60)-O(6l)
cu l)-Mn(l)-C{60)-O(6l)
P(I)-Mn(I)-C(60)-O(6l)
C(6)-C(I)-C(2)-C(3)
C(ll)-CU)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(2)-C(3)-C(4)-C(5)
C(3)-C(4)-C(5)-C(6)
C(2)-C(1)-C(6)-<:(5)
C(ll)-C(l)-C(6)-C(S)
C(4)-CCS)-C{6)-C(I)
C(6)-C(l)-C(ll)-Mn(l)
C(Z)-C(l)-C(ll)-Mn(l)
C(60)-Mn(l)-C(l1)-C(l)

-178.5(3)
-140(4)
-80.4(3)
12.9(3)
95.9(3)
63.3(3)
102(4)
161.4(3)
-105.3(3)
-22.4(3)
-62.8(3)
-24(4)
35.3(3)
128.6(3)
-148.4(3)
-121(8)
-35(8)
5U8)
89(9)
148(8)
72(14)
-26(J4)
-119(14)
158(t4)
34(17)
44(6)
-11(5)
-100(5)
83(5)
171(5)
20(7)
109(7)
-35(7)
-73(7)
-162(7)
0.4(10)
-179.5(7)
-0.3(12)
0.0(14)
0.1(14)
-0.2(11)
179.7(7)
0.0(13)
101.6(7)
-78.5(7)
98.8(5)

C(40)-Mn(I)-CUU-C(1)
C(~)-Mn(l)-C(11)-C(1)

C(SO)-Mn(I)-CUI)-C(l)
P{t)-Mn(I)-C(ll)-C(1)
CU1)-P(1)-<:(21)-<:(26)
C(41)-P(1)-<:(2I)-e(26)
Mn(l)-P(U-<:(2I)-<:(26)
C(31)-P(I)-<:(2I)-e(22)
C(41)-P(1)-<:(21)-<:(22)
Mn(I)-P(I)-<:C2I)-e(22)
C(26)-C(2l)-C(22)-e(23)
P(I)-C(21)-<:(22)-e(23)
C(2U-<:(22)-C(23)-C(24)
C(22)-C(23)-C(24)-e(25)
C(23)-<:(24)-C(25)-C(26)
C(22)-e(21)-C(26)-C(25)
P(l)-C(21)-e(26)-C(25)
C(24)-C(25)-C(26)-C(21)
C(41)-P(1)-C(31)-C(36)
C(21)-P(I)-C(31)-C(36)
Mn(l)-P(l)-C(31)-C(36)
C{4l)-P(1)-C(31)-C(32)
C(2l)-P(I)-C(31)-e(32)
Mn(1)-P(U-<:(3U-e(32)
C(36)-C(31)-C(32)-C(33)
P(1)-<:(31)-<:(32)-C(33)
C(3U-C(32)-C(33)-e(34)
C(32)-C(33)-C(34)-C(35)
C(33)-C(34)-C(35)-e(36)
C(32)-e(31)-C(36)-C(35)
P(1)-C(3U-C(36)-C(35)
C(34)-e(35)-C(36)-C(3l)
C(3U-P(1)-e(41)-C(46)
C(21)-P(I)-e(41)-C(46)
Mn(l)-P(1)-C(41)-C(46)
C(31)-P(1)-C(41)-C(42)
C(21)-P{l)-C(4l)-C(42)
Mn(l)-P(1)-C(41)-e(42)
C(46)-C(41)-C(42)-C(43)
P(I)-C(41)-C(42)-C(43)
C(4t)-C(42)-C(43)-C(44)
C(42)-C(43)-C(44)-C(4S)
C(43)-C(44)-C(45)-C(46)
C(44)-C(4S)-C(46)-C(4t)
C(42)-C(41)-C(46)-C(45)
P(1)-C(41)-e(46)-C(4S)

13.2(5)
-111(3)
-72.4(5)
-169.3(5)
173.2(S)
-79.1(5)
50.3(5)
-53.3(5)
54.3(5)
-176.2(4)
-53.0(7)
171.4(5)
53.1(8)
-52.2(9)
51.3(9)
53.0(7)
-171.1(5)
-52.5(8)
-176.6(4)
-63.8(4)
58.0(4)
56.2(4)
168.9(4)
-69.3(4)
52.6(6)
-179.2(4)
-55.2(7)
58.4(8)
-57.9(7)
-52.8(7)
178.9(4)
55.3(7)
171.9(4)
64.5(5)
-63.4(5)
40.3(5)
-67.0(5)
165.1(4)
59.4(6)
-166.2(4)
·58.3(7)
54.6(8)
-53.6(7)
56.4(7)
·58.8(6)
165.1(4)
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Table AI.16: Anisotropie thermal factors (lOZ Al) forclS-(Ph2CHJ((CJlll)JP]Mn(CO)~ .

• Ull U22 UJ3 Ul2 Uu Un

Mn(l) 5.17(6) 6.75(7) 4.86(6) 0.19(5) 2.36(5) 0.50(5)

PU) 4.87(10) 4.67(10) 4.45(9) 0.03(7) 2...2(8) -0.16(8)
0(51) 9.3(4) 7.9(4) 9.8(4) ·1.2(3) 1.7(3) -2.4(3)

0(41) 8.3(4) 16.2(5) 6.5(3) 0.3(3) 1.2(3) 2.5(4)

0(61) 10.8(4) 8.3(4) 9.6(4) 1.2(3) 3.7(3) 4.1(3)
0(31) 10.1(4) 10.8(4) 8.0(3) 1.8(3) 6.4(3) 2.H3)
C(30) 6.6(5) 7.3(5) 4.7(4) 1.2(3) 2.5(4) 1.9(4)

C(40) 7.3(5) 9.3(5) 5.4(4) 0.2(4) 3.0(4) 1.1(4)

C(50) 6.5(5) 7.3(5) 5.9(5) .0.1(4) 1.9(4) -0.9(4)

C(60) 5.9(5) 8.4(5) 6.2(5) 1.7(4) 2.5(4) 2.6(4)

C(U 5.7(5) 8.3(5) 5.8(4) 0.0(4) 3.3(4) 0.2(4)

C(2) 7.2(6) 10.5(6) 8.9(6) -1.J(s) 4.3(5) O.t(S)

C(3) 6.3(7) 15.8(10) 9.9(7) -1.2(6) 4.0(6) 2.3(6)

C(4) 5.3(6) 21.1(13) 5.7(5) -1.9(7) 2.1(5) -1.4(8)
C(S) 9.6(8) 17.0(1 I) 10.5(8) -3.4(7) 6.1(7) -6.6(7)

C(6) 8.2(7) 9.7(6) 10.9(6) 1.4(5) 5.3(5) -0.1(5)

CUI) 4.8(4) 10.9(6) 5.7(4) 0.0(4) 2.1(4) -1.3(4)

CC2I) 5.8(4) 4.5(4) 5.9(4) 0.9(3) 3.2(4) -0.4(3)

C(22) 6.3(5) 6.7(4) 7.8(5) 0.7(4) 3.1(4) -1.5(4)

C(23) 6.8(5) 9.6(6) 10.7(6) 2.7(5) 3.0(5) -2.1(4)
C(24) 8.9(6) 8.7(6) 10.7(6) 0.7(5) 4.7(5) -3.6(5)
C(25) 9.3(6) 6.6(5) 11.8(6) 2.4(4) 6.4(6} -0.7(4)
C(26) 9.4(6) 4.0(4) 12.7(6) 1.7(4) 6.0(5) -0.3(4)
C(3I) 4.7(4) 3.9(3) 4.7(3) 0.2(3) 1.9(3) -0.1(3)
C(32) 6.9(5) 4.7(4) 6.4(4) 0.5(3) 3.0(4) -0.5(3)
C(33) 9.7(6) 4.1(4) 8.6(5) 0.4(4) 4.5(5) -0.8(4)
C(34) 11.1(6) 4.2(4) 9.2(6) 0.0(4) 4.1(5) 1.2(4)
C(35) 9.6(6) 5.0(4) 10.4(6) 0.0(4) 6.0(5) 1.0(4)

C(36) 6.6(5) 4.8(4) 8.1(5) 0.0(3) 4.2(4) 0.0(3)
C(41) 4.5(4) 6.0(4) 4.3(3) 0.2(3) 2.0(3) -0.4(3)
C(42) 6.8(5) 7.3(4) 4.9(4) 0.4(3) 2.4(4) 0.4(4)
C(43) 10.5(6) 7.9(5) 4.8(4) 1.2(3) 4.0(4) 0.7(4)
C(44) 13.9(7) 5.8(5) 6.8(5) .0.6(4) 6.4(5) -0.7(4)
C(45) 10.7(6) 4.9(4) 8.5(5) -0.9(4) 6.8(5) 0.0(4)
C(46) 6.9(4) 5.2(4) 5.7(4) .0.5(3) 3.1(4) -0.4(3)

•
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Crystal data for PblSiMn(CQ)~

• Empirical Formula: cn HIS 05 Mn Si

Space group: Triclinic, P 1

Cell dimensions:

a ::: 11.380 (2)A
b::: 11.541 (2)A

c = 17.111 (3)A

a::: 104.95 (2)0

f3 = 98.20 (2) 0

'Y =91.10 (2)0

Volume =2145.4 (6)ÂJ

FW =454.36

Z=4

Ocalc = 1.407 g 1cm]

F(OOO) =928

Daia collection

Rigaku AFC -6S cliffractometer

w 128 scans

Absorption correction: psi scan

Tmin =0.86, Tmu: =1.0

15186 measured reflections

7558 independent reflections

3921 observed reflections [1> 2a(l)]

Mo Ka radiation

À. = 0.70930 A
Cell parameters from 24 reflections

29 =28 ·34°

J.&. =0.702 mm·1

T= 295 (2) OK

colourless plate

0.45 x 0.36 x 0.10 mm

R.=0.071

9.... =25.0°

h =0 --+ 13

k= -13 -+ 13

1= -20 --+ 19

3 standard reflections were monitored

every 200 reflections

Intensity decay: 1.2 CJ(,

•
Structure was solved by direct methods foUowed by a differenœ rnap•



•
Reftnement

Refinement on P

R(FZ > 2(1(F~ =0.069

wR(FZ
) =0.1078

GoF =0.918

90 atoms

7558 reflections

where

542 paramelers

H atoms riding.

C-H=0.93 A
(!Jo) =-0.008

~IIIU =0.364 eJÂ3

~1IIia = -0.302 eJÂ3

A-35

•

R = l;(Fo-Fc) 1~o

wR = [l;(w(Foz-FcZ)Z) 1l:[w(Fo')l]]14

GaP =[l:(w(Foz-Fc')'> 1 (No. of retins - No. of params.)]lJZ
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Table Al.1: Fractional atomic coordinates and equivalent isotropie displacement

• parameters (Hf Â) for PhJSiMn(CO)s•

x y z Ueq

Mn(l) 0.08448(7) 0.81747(7) 0.35305(5) 4.03(2)
Si(l) 0.21406(13) 0.75672(12) 0.2440S(9) 3.57(4)
OU) 0.0767(4) 1.0625(4) 0.3264(3) 8.0(2)
0(2) 0.3028(4) 0.9104(4) 0.4741(3) 8.2(2)
0(3) 0.1139(3) 0.5644(3) 0.3606(3) 6.56(12)
0(4) -0.1250(4) 0.7524(4) 0.2221(3) 9.6(2)
0(5) -0.0768(4) 0.8694(4) 0.4782(3) 7.05(13)
CU) 0.0812(5) 0.9682(6) 0.3357(4) 5.7(2)
C(Z) 0.2215(5) 0.8715(5) 0.4276(3) 5.1(2)
C(3) 0.1034(4) 0.6602{S) 0.3573(3) 4.4(2)
C(4) -0.0437(5) 0.7739(S) 0.2701(4) 6.0(2)
C(S) -o.0138(S) 0.851lCS) 0.4307(4) 5.2(2)
CUl) 0.3753(4) 0.7656(4) 0.2920(3) 3.89(13)
CUl) 0.4629(5) 0.8346(5) 0.2733(4) 5.8(2)
C(3) 0.5803(6) 0.838l(6) 0.3095(5) 8.J(2)
C(t4) 0.6125(6) 0.7710(7) 0.3646(5) 8.6(3)
CUS) 0.5280(6) 0.7003(6) 0.3825(4) 7.1(2)
C(l6) 0.4115(5) 0.6976(5) O.3464(J) 5.2(2)
C(2l) O.1940(4) 0.8552(4) 0.1715(3) 3.77(1J)
C(Z2) 0.2327(4) 0.9756(5) 0.1950{J) 4.8(2)
C(23) 0.2159(5) 1.0495(5) 0.1423(4) 6.l(2)
C(24) 0.1598(5) 1.0019(6) 0.0634(4) 7.1(2)
C(25) 0.ll06(6) 0.8838(6) 0.0377(4) 7.3(2)
C(l6) 0.1373(5) 0.8105(5) 0.0905(3) 5.6(2)
C(3I) 0.1819(5) 0.5960(4) 0.1793(3) 4.26(14)
C(32) 0.0700(5) 0.5441(5) 0.1469(4) 7.l(2)
C(33) 0.0503(7) 0.4292(6) 0.0967(4) 8.9(2)
C(34) 0.1438(8) 0.3620(6) 0.0778(4) 8.3(2)
C(35) 0.2561(7) 0.4095(6) 0.1081(4) 7.5(2)
C(36) 0.2751(5) 0.5258(5) 0.1589(3) 5.6(2)
Mn(2) 0.15691(7) 0.68726(8) 0.64892(5) 4.49(3)
Si(Z) 0.34065(13) 0.74923(13) 0.75216(9) 3.82(4)
0(6) 0.1803(3) 0.9371(4) 0.6318(2) 6.32(12)
0(7) 0.0311(4) 0.7567(5) 0.7941(3) 10.9(2)
0(8) 0.1628(4) 0.4397(4) 0.6706(3) 9.7(2)
0(9) 0.3129(4) 0.6021(4) 0.5222(3) 9.0(2)
0(10) -0.0677(4) 0.6265(4) 0.5307(3) 8.0J(14)
C(6) 0.1713(5) 0.8421(5) 0.6391(3) 4.8(2)
C(7) 0.0789(5) 0.7318(6) 0.7378(4) 6.5(2)
C(S) 0.1622(5) O.5J6U6) 0.6650(4) 6.4(2)
C(9) 0.2543(5) 0.6355(5) 0.5708(4) 5.8(2)
CUO) 0.0182(5) 0.6495(5) 0.5758(4) 5.6(2)
C(4l) 0.4746(4) 0.7444(5) 0.6988(3) 4.10(13)
C(42) 0.4861(5) 0.8225(5) 0.6502(3) 5.6(2)
C(43) 0.5792(6) 0.8237(6) 0.6080(4) 7.0(2)
C(44) 0.6675(7) 0.746](7) 0.6130(5) 8.8(3)

• C(45) 0.6606(6) 0.6682(7) 0.6612(5) 9.8(3)
C(46) 0.5663(5) 0.6672(5) 0.7040(4) 6.8(2)
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C(S!) 0.3484(5) 0.9083(4) 0.8196(3) 4.41(14)
C(S2) 0.4607(5) 0.9544(5) 0.8606(3) 6.2(2)• C(53) 0.4786(7) 1.0668(6) 0.9149(4) 8.4(2)
C(S4) 0.3865(9) 1.1372(6) 0.9290(4) 9.3(3)
C(5S) 0.2731(8) 1.0963(7) 0.8904(4) 9.0(3)
C(S6) 0.2554(6) 0.9815(6) 0.8361(3) 6.8(2)
C(6t) 0.3550(4) 0.6504(5) 0.824ot(3) 4.26(14)
C(62) 0.3312(5) 0.6930(5) 0.9046(3) 5.8(2)
C(63) 0.3344(5) 0.6205(6) 0.9573(4) 7.3(2)
C(64) 0.3631(6) 0.5031(6) 0.9321(4) 7.9(2)
C(6S) 0.3874(5) 0.4583(6) 0.8543(4) 7.0(2)
C(66) 0.3840(5) 0.5304(5) 0.8014(4) 5.5(2)

•
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Table A2.2: Bond lengths (A) and angles (in degrees) for PhlSiMn(CO)s-

• Mn(l)-C{l) 1.839(6) Mn(2)-e(7) 1.834(7)
Mn(l)-C(4) 1.846(6) Mn(2)-e(8) 1.835(6)
Mn(l)-C(3) 1.850(6) Mn(2)-e(l0) 1.837(6)
Mn(1)-C(2) 1.852(6) Mn(2)-e(6) 1.844(6)
Mn(U-SiU) 2.S09(2) Mn(2)-e(9) 1.aw6(6)
Mn(l)-C(5) 1.827(6) Mn(2)-Si(Z) 2.498(2)
Si(l)-C(2l) 1.882(5) Si(2)-C(6l) 1.879(5)
Si(l)-C(ll) 1.89O(S) Si(2)-CC4l) 1.880(5)
Si(l)-C(3l) 1.898(5) Si(2)-CCSJ.} 1.892(5)
O(l)-CO) 1.141(6) O(6)-e(6) 1.139(6)
o (2)-C(2) 1.132(6) o(7)-C(7) 1.149(6)
O(3)-C(3) 1.130(S) 0(1)-C(8) 1.142(6)
O(4)-C(4) 1.123(6) 0(9)-C(9) 1.135(6)
O(5)-C(S) 1.142(S) 0(1O)-CCl0) 1.136(6)
C(ll)-C(l2) 1.386(6) C(4t)-C(42) 1.390(7)
C(lI)-C(l6) 1.389(6) C(4t)-C(46) 1.394(7)
C(tl)-CU3) 1.386(7) C(42)-CC43) 1.367(7)
C(ll)-H(l2) 0.93 C(42)-H(42) 0.93
C(l3)-C(l4) 1.382(9) C(43)-C(44) 1.366(1)
C(l3)-H(l3) 0.93 C(43)-H(43) 0.93
C(l4)-C(l5) 1.368(8) C(44)-C(45) 1.378(9)
C(l4)-H(l4) 0.93 C(44)-H(44) 0.93
C{l5)-C(l6) 1.376(7) C(4S)-C(46) 1.385(8)
C(l5)-H(l5) 0.93 C(45)-H(45) 0.93
C{l6)-H(l6) 0.93 C(46)-H(46) 0.93
C(Zl)-C(22) 1.387(6) C(5l)-C(56> 1.382(7)
C(ZI)-C(Z6) 1.402(6) C(5l)-C(52) 1.391(7)
C(22)-C(23) 1.390(7) C(5l)-C(S3) 1.379(7)
C(22)-H(22) 0.93 C(Sl)-H(S2) 0.93
C(23)-C(24) 1.374(7) C(S3)-C(S4) 1.350(8)
C(23)-H(23) 0.93 C(S3)-H(53) 0.93
C(24)-C(25) 1.365(7) C(54)-CC5S) 1.377(9)
C(24)-H(24) 0.93 C(54)-H(S4) 0.93
C(25)-C(26) 1.386(7) C(55)-C(56} 1.400(8)
C(25)-H(25) 0.93 C(55)-H(5S> 0.93
C(26)-H(26) 0.93 C(S6)-H(S6) 0.93
C(3U-C(32) 1.373(7) C(6l)-C(66) 1.398(6)
C(3l)-C(36) 1.377(6) C(6l)-C(62) 1.401(6)
C(32)-C(33) 1.376(7) C(62)-eC63) 1.377(7)
C(32)-H(32) 0.93 C(62)-H(62) 0.93
C(33)-C(34) 1.355(8) C(63)-e(64) 1.373(7)
C(33)-H(33) 0.93 C(63)-H(63) 0.93
C(34)-C(35) 1.357(8) C(64)-C(65) 1.367(7)
C(34)-H(34) 0.93 C(64)·H(64) 0.93
C(35)-C(36) 1.392(7) C(65)-C(66) 1.377(7)
C(35)-H(35) 0.93 C(65)-H(65) 0.93
C(36)-H(36) 0.93 C(66)-H(66) 0.93

•
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C(S)-Mn(t)-C(l) 94.2(2) C(25)-C(24)-8(24) 119.9(4)

C(S)-Mn(I)-C(4) 91....(3) C(23)-C(24)-8(24) 119.9(4)

• C(l)-Mn(l)-C(4) 87.0(3) C(24)-CCZS)-C(26) 120.5(6)

C(S)-~(I)-C(3) 95.1(2) C(24)-C(25)-8(25) 119.8(4)

C(l)-Mn(t)-C(3) 170.7(2) C(26)-C(25)-8(25) 119.8(4)

C(4)-Mn(I)-C(3) 92.5(2) C(25)-C(26)-C(21) 121.3(5)

C(S)-Mn(l)-C(2) 94.0(2) C(25)-C(26)-H(26) 119.4(4)

C(l}-Mn(l)-C(2) 87.6(3) C(21)-C(26)-H(26) 119.4(3)
C(4)-Mn(l)-C(2) 172.6(3) C(32)-C(31)-C(36) 116.0(5)

C(3)-Mn(l)-C(2) 92.0(2) C(32)-C(3U-Si(J) 124.5(4)

C(S)-Mn(l)-Si(l) 176.1(2) C(36)-C(3U-Si(l) 119.4(4)

C(l)-Mn(l)-Si(l) 89.2(2) C(31)-C(32)-C(33) 122.8(6)

C(4)-Mn(l}-Si(t) 86.8(2) C(31)-C(32)-8(32) 118.6(3)

C(3)-Mn(l)-Si(l) 81.5(2) C(33)-C(32)-H(32) 118.6(4)

C(2)-Mn(l)-Si(l) 88.0(2) C(34)-C(33)-C(32) 119.9(7)

C(2l)-Si(I)-C(ll) 110.0(2) C(]4)-C(33)-8(33) 120.0(4)

C(21)-Si(I)-C(3l) 106.6(2) C(32)-C(33)-8(33) 120.0(4)

C(ll)-Si(1)-C(31) 105.3(2) C(33)-C(34)-C(35) 119.4(7)
C{2l)-Si(l)-Mn{t) 110.7(2) C(33)-C(34)-8(34) 120.3(4)
C{ll)-Si(l)-Mn{l) 110.2(2) C(35)-C(34)-H(34) 120.3(4)

C(31)-Si(1)-Mn(1) 113.8(2) C(]4)-C(35)-C(36) 120.3(6)
()(I)-C(I)-~(I) 178.0(5) C(]4)-C(35)-H(35) 119.9(4)

()(2)-C(2)-Mn(I) 176.3(5) C(36}-C(35)-H(35) 119.9(4)

()(3)-C(3)-Mn(l) 179.1(5) C(31)-C(36)-C(35) 121.5(6)
()(4)-C(4)-Mn(l) 176.1(6) C(31)-C(36)-H(36) 119.2(3)

()(S)-C(S)-Mn(l) 178.3(5) C(35)-C(36)-8(36) 119.2(4)
C(l2)-C(ll)-C(l6) 117.0(5) C(7)-Mn(2)-C(8) 88.2(3)

C(l2)-C(l I)-Si(1) 122.9(4) C(7)-Mn(2)-CUO) 93.3(3)

C(16)-C(1 I)-Si(l) 120.1(4) C(8)-Mn(2)-C{lO) 93.2(3)
C(l3)-C(12)-C(ll) 121.1(6) C(7)-Mn(2)-C(6) 93.2(3)
C(l3)-C(12)-H(l2) 119.4(4) C(8)-Mn(2)-C(6) 172.7(2)
C(1 I)-C(12)-H{l2) 119....(3) C(l0)-Mn(2)-C(6) 93.8(2)
C(l4)-C(13)-C(12) 120.2(7) C(7)-Mn(2)-C(9) 170.9(3)
C(I4)-C(13)-H(13) 119.9(4) C(8)-Mn(2)-C(9) 86.8(3)
C(12)-C(13)-H(13) 119.9(4) C(l0)-Mn(2)-C(9) 94.6(3)
C(l5)-C(I4)-C(13) 119.6(7) C(6)-Mn(2)-C(9) 90.8(3)
C(I5)-C(I4)-H(14) 120.2(4) C(7)-Mn(2)-5i(2) 84.4(2)
C(l3)-C(I4)-H(14) 120.2(4) C(8)-Mn(2)-Si(2) 89.0(2)
C(I4)-C(1S)-C(16) 119.8(7) CU0)-Mn(2)-Si(2) 176.8(2)
C(I4)-C(15)-H(15) 120.1(4) C(6)-Mn(2)-Si(2) 84.1(2)

C(16)-C(15)-H(15) 120.1(4) C(9)-Mn(2)-Si(2) 87.8(2)
C(1S)-C(16)-C(ll) 122.3(6} C(61)-Si(2)-C(4l) 111.3(2)
C(lS)-C(l6)-H(16) 118.9(4) C(6U-Si(2)-C(Sl) 105.4(2)

C(l I)-C(l6)-H(l6) 118.9(3) C(4l)-Si(2)-C(Sl) 104.1(2)

C(22)-C(21)-C(26) 116....(5) C(6U-5i(2)-Mn(2) 110.4(2)

C(22)-C(21)-Si(1) 122.2(4) C(4U-5i(2)-Mn(2) 109.9(2)

C(26)-C(21)-Si(l) 121.4(4) C(SU-Si(2)-Mn(2) 115.6(2)

C(21)-C(22)-C(23) 122.6(5) O(6)-e(6)-Mn(2) 178.9(5)

C(21)-C(22)-H(22) 118.7(3) O(7)-C(7)·Mn(2) 178.0(6}

C(23)-C(22)-H(22) 118.7(3) O(S)-C(8)·Mn(2) 176.3(6)

C(24)-C(23)-C(22) 119.1(6) O(9)-C(9)-Mn(2) 118.8(6)

C(24) -C(23)-H(23) 120.4(4) O(lO)-CUO)-Mn(2) 119.1(5)
C(22)-C(23)-H(23) 120.4(3) C(42)-C(41)-C(46) 115.9(5)• C(25)-C(24)-C(23) 120.2(6) C(42)-C(41)-Si(2) 119.4(4)
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C(,f6)-C(4l)-Si(2) 124.7(5) C(53)-C(S4)-H(S4) 119.9(5)
C(-43)-C(42)-C(4l) 123.3(6) C(55)-C(S4)-H(S4) 119.9(S)

• C(-43)-C(42)-H(42) 118.3(4) C(S4)-C(SS>-C(56} 119.0(7)
C("l)-C(42)-H(42) 118.3(3) C(S4)-C(S5)-H(5S) 120.5(5)
C(-44)-C(43)-C(42) 120.0(7) C(S6)-C(5S)-H(SS) 120.5(4)
C(-44)-C(43)-H(43) 120.0(5) C(5t)-C(56)-C(S5) 122.0(6)
C(-42)-C(43)-H(43) 120.0(4) C(5l)-C(56)-H(56) 119.0(4)
C(.cJ)-C(44)-C(45) 118.7(7) C(SS)-C(56)-H(S6} 119.0(4)
C(..3)-C(44)-H(44) 120.6(5) C(66)-C(6t)-C(6Z) 116.1(5)
C(..5)-C(44)-H(44) 120.6(5) C(66)-C(6U-Si(Z) 123.1(4)
C(.c4)-C(45)-C(46) 121.2(7) C{6Z)-C(6U-Si(2) 12O.7(4)
C(.c4)-C(45)-H(45) 119.4(5) C(63)-C(6Z)-C{6U 121.9(5)
C(.t6)-C(45)-H(45) 119.4(4) C(63)-C(6Z)-H(62) 119.0(4)

C(.f5)-C(46)-C(4U 120.8(6) C(6l)-C(62)·H(62) 119.0(3)
C(.f5)-C(46)-H(46) 119.6(4) C(64)-C{63)-C(62) 120.0(6)
C(4l)-C(46)-H(46) 119.6(4) C(64)-C(63)-H(63) 120.0(4)
C(56)-C(5l)-C(52) 116.3(5) C(62)-C(63)-H(63) 120.0(4)
C(56)-C(5l)-5i(2) 127.8(5) C(6S)-C(64)-C(63) 119.8(6)
C(S2)-C(5l)-Si(2) 115.8(4) C(6S)-C(64)-H(64) 120.1(4)
C(53)-C(S2)-C(SI) 122.0(6) C(63)-C(64)-H(64) 120.1(4)
C(53)-C(52)-H(S2) 119.0(4) C(64)-C(65)-C(66) 120.4(6)
C(Sl)-C(S2)-H(S2) 119.0(3) C(64)-C(6S)-H(65) 119.8(4)
C(S4)-C(S3)-C(52) 120.5(7) C(66)-C(65)·H(65) 119.8(4)
C(S4)-C(S3)-H(S3) 119.8(5) C(6S).C(66)-C(6I) 121.8(6)
C(52).C(53)-H(S3) 119.8(4) C(6S)-C(66)-H(66) 119.1(4)
C(53)·C(S4)-C(5S) 120.2(7) C(6l)-C(66)-H(66) 119.1(3)

•



Table A2.3: Torsion angles (in degrees) for Ph3SiMn(CO)s-

•

•

C(6)·Mn(Z)-C(S)-o(8)
C(9)-Mn(Z)-C(S)-o(8)
Si(Z)-Mn(2)-C(S)-o(8)
C(7)-Mn(Z)-C(9)-O(9)
C(S)-Mn(Z)-C(9)-O(9)
cuO)-Mn(2)-C(9)-o(9)
C(6)-Mn(Z)-C(9)-O(9)
Si(2)-Mn(2)-C(9)-Q(9)
C(7)-Mn(Z)-C(10)-o(10)
C(8)-Mn(Z)-C(10)-ono)
C(6)-Mn(2)-C(10)-oUO)
C(9)-Mn(Z)-C(10)-oUO)
Si(2)-Mn(Z)-cno)-oUO)
C(6l)-Si(Z)-C(4l)-C(42)
C(Sl)-Si(Z)-C(4l)-C(42)
Mn(Z)-Si(Z)-C(4l)-C(42)
C(61)-Si(Z)-C(4l)-C(46)
C(51)-Si(Z)-C(4l)-C(46)
Mn(2)-Si(Z)-C(4l)-C(46)
C(46)-C(4l)-C(4Z)-C(43)
Si(Z)-C(41)-C(42)-C(43)
C(4l)-C(42)-C(43)-C(44)
C(4Z)-C(43)-C(44)-C(45)
C(43)-C{44)-C(4S)-C(46)
C(44)-C(4S)-C(46)-C(4l)
C(4Z)-C(4l)-C(46)-C(45)
Si(Z)-C(4l)-C(46)-C(45)
C(61)-Si(Z)-C(Sl)-C(S6)

-133(8)
-61(9)
-149(9)
107(27)
50(27)
-43(27)
-137(27)
139(27)
58(100)
147(100)
-35(100)
-126(100)
IJUOO)
-172.6(4)
-59.5(5)
64.9(4)
7.2(5)
120.3(S)
-115.3(4)
1.5(8)
-178.1(4)
-0.7(9)
-0.1(10)
0.1(12)
0.8(11)
-1.5(8)
178.7(5)
-101.5(5)

C(4l)-Si(2)-C(Sl)-C(56)
Mn(2)-Si(2)-C(5U-C(56)
C(61)-Si(2)-C(SU-C(52)
C(4U-Si(2)-C(SU-C(S2)
Mn(2).·Si(2)-C(S1)-C(S2)
C(S6)-C(51)-C(52)-C(53)
Si(2)-C(SI)-C(52)-C(SJ)
C(5U-C(52)-C(SJ)-C(~)

C(52)-C(53)-C(~)-C(SS)

C(53)-C(54)-C(55)-C(S6)
C(S2)-C(SI)-C(56)-C(S5)
Si(2)-C(5U-C(56)-C(55)
C(SI)-C(SS)-C(56)-C(51)
C(41)-Si(2)-C(6l)-C(66)
C(5I)-Si(2)-C(6l)-C(66)
Mn(2)-Si(2)-C(6U-C(66)
C(4l)-Si(2)-C(6l)-C(62)
C(51)-Si(2)-C(6U-C(62)
Mn(2)-Si(2)-C(6l)-C(62)
C(66)-C(61)-C(62)-C(63)
Si(2)-C(6l)-C(62)-C(63)
C(61)-C(62)-C(63)-C(64)
C(62)-C(63)-C(64)-C(6S)
C(63)-C(64)-C(6S)-C(66)
C(64)-C(6S)-C(66)-C(6l)
C(62)-C(61)-C(66)-C(65)
Si(2)-C(61)-C(66)-C(65)

A~1

141.3(5)
20.7(5)
74.8(4)
-42.3(5)
-162.9(4)
0.1(8)
-176.6(5)
-1.2(10)
1.4(11)
-0.6(11)
0.1(8)
177.1(5)
-0.6(10)
-50.8(5)
-163.0(4)
71.S(5)
132.3(4)
20.1(5)
-105.5(4)
-0.9(8)
176.2(5)
0.9(10)
-0.5(10)
0.3(10)
-0.4(9)
0.7(8)
-176.3(4)
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Table A2.4: Anisotropie thermal factors (lot A%) for Ph1SiMn(CO)s·

• UII Un Un U1Z U13 Uu

Mn(l) 4.07(5) 3.93(5) 4.32(6) 1.35(4) 0.90(4) 0.51(4)

SHI) 3.85(9) 3.30(9) 3.31(9) 0.59(7) O.z.f(7) 0.02(7)

OU) 9.3(4) 5.6(3) 11.2(4) 3.9(3) 5.1(3) 2.6(3)

0(2) 6.9(3) 9.9(4) 5.7(3) -0.7(3) -0.1(2) -1.3(3)

0(3) 6.2(3) 4.9(3) 9.5(3) 3.6(3) 1.1(2) 0.9(2)

0(4) 7.5(4) 11.0(4) 9.1(4) 2.9(3) -3.1(3) 1.5(3)

0(5) 7.H3) 7.5(3) 7.2(3) 1.8(3) 3.5(3) 0.9(2)
C(l) 5.6(4) 5.9(4) 6.4(4) 2.0(4) 2.1(3) 1.7(3)

CCl) 5.3(4) 5.3(4) 4.2(4) 0.3(3) 1.3(3) 0.1(3)

C(3) 4.0(3) 5.0(4) 4.2(4) 0.9(3) 0.5(3) 0.0(3)
C(4) 5.4(4) 6.1(4) 6.7(5) 2.0(4) 0.6(4) 1.6(3)
C(S) 4.8(4) 5.1(4) 6.1(4) 1.8(3) 1.1(3) 0.5(3)

cuu 3.6(3) 3.7(3) 3.8(3) -0.1(3) 0.5(3) 0.3(3)

CUZ) 4.5(4) 5.0(4) 7.8(5) 1.8(3) 0.3(3) 0.0(3)
C(3) 4.6(5) 6.2(5) 13.1(7) 1.1(5) 1.0(4) -1.0(4)
C(4) 4.5(5) 8.6(6) 10.0(6) -1.0(5) -1.7(4) 1.4(4)

COS) 6.3(5) 7.9(5) 6.1(5) 0.6(4) -0.8(4) 2.3(4)
C(l6) 4.8(4) 6.6(4) 4.1(4) 1.3(3) 0.2(3) 1.4(3)

CC2I) 3.6(3) 3.4(3) 4.2(3) 0.9(3) 0.3(3) 0.2(2)
C(Z2) 5.3(4) 5.1(4) 3.6(3) 0.8(3) 0.3(3) -0.4(3)
C(23) 6.7(4) 4.6(4) 7.5(5) 2.6(4) 1.0(4) -0.5(3)
C(24) 8.4(5) 6.5(5) 7.2(5) 3.4(4) 0.3(4) 0.7(4)
C(2S) 10.3(6) 8.1(5) 3.6(4) 2.2(4) 0.0(4) 1.5(4)

C(26) 6.5(4) 4.6(4) 5.2(4) 1.3(3) -0.6(3) -0.2(3)
C(3I) 5.2(4) 4.3(4) 3.5(3) 1.5(3) 0.4(3) 0.0(3)

C(32) 6.4(5) 4.7(4) 8.6(5) -0.9(4) 1.1(4) -0.6(3)

C(33) 9.4(6) 6.7(5) 8.7(6) -0.8(4) 0.5(5) -2.7(5)

C(34) 13.4(8) 4.0(4) 6.4(5) -0.1(4) 0.7(5) -1.6(5)
C(35) 10.4(6) 5.1(5) 6.6(5) 0.4(4) 1.5(4) 3.0(4)
C(36) 6.4(4) 5.1(4) 4.7(4) 0.6(3) 0.3(3) 0.9(3)
Mn(2) 3.75(5) 4.81(6) 5.11(6) 2.01(5) 0.04(4) 0.08(4)

5HZ) 3.92(9) 3.81(9) 3.51(9) 0.74(8) 0.22(7) 0.56(7)
0(6) 6.4(3) 5.6(3) 7.6(3) 2.9(3) 1.0(2) -0.2(2)
0(7) 11.5(4) 14.9(5) 8.8(4) 5.4(4) 5.5(3) 2.5(4)
0(8) 8.1(3) 5.7(3) 15.0(5) 4.9(3) -2.9(3) -1.6(3)
0(9) 7.9(4) 11.4(4) 6.0(3) -1.2(3) 2.1(3) 0.3(3)
0(10) 5.4(3) 8.1(3) 9.8(4) 2.9(3) -2.5(3) -0.4(3)
C(6) 4.0(3) 6.4(4) 3.9(4) 1.5(3) 0.2(3) 0.0(3)
C(7) 5.1(4) 8.0(5) 7.5(5) 3.9(4) 0.9(4) 1.3(4)
C(8) 4.1(4) 6.2(5) 8.5(5) 2.7(4) -1.5(3) -0.9(3)
C(9) 4.9(4) 5.8(4) 6.1(5) 0.8(4) -0.2(3) -0.1(3)

CUO) 4.4(4) 5.0(4) 7.5(5) 2.1(4) 0.4(3) 0.3(3)
C(41) 3.7(3) 4.2(3) 3.5(3) 0.0(3) -0.5(3) -0.2(3)
C(42) 4.5(4) 6.1(4) 5.9(4) 1.0(3) 0.9(3) -0.4(3)
C(43) 6.6(5) 7.9(5) 5.8(5) 1.1(4) 0.7(4) -1.5(4)
C(44) 7.7(6) 8.2(6) 9.2(6) -1.4(5) 4.0(5) -1.7(5)
C(45) 6.7(5) 8.4(6) 14.2(8) 1.1(6) 4.2(5) 2.7(5)
C(46) 5.4(4) 7.2(5) 8.2(5) 2.3(4) 1.8(4) 1.4(4)

• C(5l) 6.1(4) 3.9(3) 3.7(3) 1.4(3) 1.6(3) 0.5(3)
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C(S2) 7.5(5) 4.1(4) 5.9(4) -0.4(3) 1.0(4) -1.0(3)
C(S3) 12.1(7) 5.7(5) 5.8(5) -0.7(4) 0.9(4) -3.2(5)• C(s4) 17.5(9) 4.2(5) 5.8(5) 0.2(4) 2.9(6) 1.6(6)
C{SS) 14.2(8) 7.5(6) 6.4(5) 2.3(5) 3.7(5) 5.8(5)
C(s6) 9.4(5) 6.7(5) 4.7(4) 1.5(4) 1.5(4) 2.9(4)
C(6I) 4.3(3) 4.3(4) 4.0(4) 1.2(3) -0.4(3) 0.3(3)
C(62) 8.2(5) 4.5(4) 5.0(4) 1.6(3) 1.4(3) 1.1(3)
C(63) 10.t(6) 7.8(5) 5.0(4) 3.0(4) 2.1(4) 1.9(4)
C(64) 10.0(6) 7.9(6) 7.6(5) 5.7(5) 0.9(4) 1.9(4)
C(6s) 7.5(5) 5.6(4) 8.1(5) 2.3(4) 1.1(4) 1.7(4)
C(66) 6.1(4) 5.3(4) 4.9(4) 1.4(3) 0.1(3) 1.0(3)

•



•

•

015

Structural Data for

Bis[(pentacarbonyl)manlanese]diphenyltin

[(CO),Mn]2SnPh2

03

os



• Empirical Formula: C22 HI0 010 Sn Mn2

Space group: Monoclinic, P 21/a

Cell dimensions:

a =15.352 (7)Â

b = 9.696 (3)A.

c =16.742 (7)Â

a=90°

f3 = 93.48 (4)0

1=90°

Volume =2488 (2)Â3

FW=662.87

Z=4

DcaJc =1.770 g / cm3

F(OOO) = 1288

Data collection

Rigaku AFC -68 diffractometer

w IZ8 scans

Absorption correction: psi scans

Tmin =0.69, Tmax =1.0

8907 measured reflections

4398 independent reflections

2961 observed reflections [1> 2a(/)]

A4S

Mo Ka radiation

Â =0.70930 A
Cell parameters from 18 reflections

29 =28 -320

f..l =2.048 mm-1

T=293 (2) OK

Colourless plate

0.35 x 0.40 x 0.20 mm

Ru. = 0.087

9max =25.0°

h =-18 -+ 18

hk=O-+ Il
_10......,.,.......;

.. 1=-19~ 19

3 standard reflections were monitored

every 200 reflections

Intensity decay: 0.016 %

•
Structure was solved by the Patterson method.



•
Refinement

Refinement on F2

R(Fl > 2a(FZ
) =0.0485

wR(Fl
) =0.1027

GoF = 1.036

57 atoms

4398 reflections

where

317 pararneters

H atoms riding.

C-H=0.93 A.
(Ma) =0.001

âQ... = 0.S03 elÂl

âQlIIiD =-0.653 elAl

A-46

•

R = 1:(Fo-Fc) 1~o

wR = [1:(w(FoZ-FcZ)Z) 1~[W(F02)ZJ]lJ2

GoF =[l:(w(Fo2-Fc2)Z) / (No. of retins - No. of params.)]1JZ
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• Table A2.S: Fractional atomic coordinates and equivalent isotropie displacement
parameters (102 Â> for [(CO>sMn]zSnPhz.

x y Z UIlI

So(1) 0.34122(3) 0.01046(4) 0.25169(2) 4.57(2)
MoU) 0.22224(7) 0.17659(11) 0.11334(6) 6.39(3)
Mn(2) 0.42402(7) -0.17623(0) 0.16297(6) 6.28(3)
0(1) 0.2307(4) 0.3377(6) 0.3260(3) 9.1(2)
0(2) 0.0919(4) -0.0195(7) 0.2332(4) 11.1(2)
0(3) 0.2185(4) 0.0047(7) 0.0269(3) 10.6(2)
0(4) 0.3737(5) 0.3396(7) 0.1209(4) 11.9(2)
0(5) 0.0858(6) 0.3520(9) 0.0951(5) 20.1(5)
OUI) 0.2453(5) -0.2767(8) 0.1149(4) 12.6(2)
OUZ) 0.4264(5) -0.3530(7) 0.3084(4) 13.3(3)
O(3) 0.5941(4) -0.0609(7) 0.2267(4) 10.1(2)
0(14) 0.4150(3) 0.0459(6) 0.0398(3) 9.4(2)
O(5) 0.5128(5) -0.3778(7) 0.0615(4) 13.4(3)
CU) 0.2284(5) 0.2750(8) 0.2697(4) 6.7(2)
C(Z) 0.1419(5) 0.0563(10) 0.2119(5) 8.3(2)
C(3) 0.2233(5) 0.0711(9) 0.0834(5) 7.7(2)
C(4) 0.3148(6) 0.Z748(8) 0.1392(4) 8.2(2)
C(S) 0.1385(7) 0.2862(11) 0.1262(5) 11.1(3)
CUI) 0.3140(6) -0.2387(9) 0.1326(4) 8.1(2)
CUl) 0.4253(5) -0.2863(8) 0.2520(5) 8.5(2)
C(3) 0.5279(5) -0.1030(8) 0.2026(4) 7.3(2)
C(I4) 0.4185(4) -0.0404(8) 0.0862(4) 6.6(2)
C(5) 0.4781(6) -0.3006(9) 0.1000(5) 9.2(3)
CC2I) 0.2713(4) -0.0905(6) 0.3447(3) 5.1(2)
C(22) 0.2566(4) -0.0182(6) 0.4136(4) 5.7(2)
CCZ3) 0.Z062(5) -0.0725(8) 0.4718(4) 7.1(2)
C(Z4) 0.1685(5) -0.1984(8) 0.4624(5) 8.2(2)
C(ZS) 0.1815(5) -0.2716(8) 0.3952(5) 8.6(2)
C(Z6) 0.2331(5) -0.2195(8) 0.3359(4) 7.6(2)
C(3l) 0.4364(4) 0.1263(6} 0.3255(3) 4.78(14)
C(3Z) 0.4504(4) 0.2674(7) 0.3250(4) 6.1(2)
C(33) 0.5109(5) 0.3301(7) 0.3782(5) 7.4(2)
C(34} 0.5603(4) 0.2525(8) 0.4321(4) 7.0(2)
CUS) 0.5491(4) 0.1136(8) 0.4332(4) 6.6(2)
C(36) 0.4876(4) 0.0487(7) 0.3811(4) 5.7(2)

•
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Table A2.6: Bond lengths (A) and angles (0) for [{CO)s~fn]1SnPhl•

• Sn(l)-C(3l) 2.169(6) Sn(l)-C(2t) 2.178(6)
Sn(I)-Mn(2) 2.7071(13) Sn(l)-Mn(1) 2.71JO(14)

Mn(l)-C(S) 1.812(9) Mn(l)-C(3) 1.822(8)

Mn(l)-C(4) 1.831(10) Mn(l)-C(2) 1.84J(9)
Mn(l)-C(l) 1.872(8) Mn(2)-CU3) I.83J(9)

Mn(2)-C(12) 1.833(9) Mn(2)-eUS) 1.83J(8)
Mn(2)-C(I 1) 1.837(8) Mn(2)-CU4) 1.839(8)
O(l)-C(l) 1.121(7) 0(2)-CC2) 1.135(9)
O(3)-C(3) 1.143(8) 0(4)-CC4) 1.156(9)
O(S)-C(5) 1.132(9) OU U-CUt) 1.138(9)
O(2)-C(l2) 1.143(8) OCl)-C(I3) 1.145(8)
O(l4)-C(l4) 1.140(8) OCl5)-C(l5) 1.141(8)
C(2I)-C(22) 1.379(8) C(2U-C(26) 1.385(9)

C(22)-C(23) 1.38S(8) C(23)-C(24) 1.356(10)

C(24)-C(25) 1.3S5(10) C(25)-C(26) 1.401(9)
C(3l)-C(32) 1.385(8) C(31)-C(J6) 1.401(8)
C(32)-C(33) 1.388(9) C(33)-C(34) 1.369(9)
C(34)-C(35) 1.358(10) C(35)-C(36) 1.395(8)

C(3l)-Sn(l)-C(2l} 99.8(2) C(31)-Sn(1)-Mn(2) 109.6(2)
C(2l)-Sn(l)-Mn(2) 111.1(2) C(3l)-Sn(l)-Mn(t) 112.3(2)
C(2l)-Sn(l)-Mn(l) 105.4(2) Mn(2)-Sn(l)-Mn(t) 117.16(4)
C(S)-Mn(l)-C(3) 90.6(4) C(5)-Mn(1)·C(4) 9S.9(4)
C(3)-Mn(1)-C(4) 89.3(3) C(5)-Mn{l}-C(2) 93.0(4)
C(3)-MnU)-C(2) 88.5(4) C(4)-Mn(I).C(2) 170.9(4)
C(S)-Mn(l)-C(I) 94.2(3) C(3)-Mn(l}-C(l) 175.1(3)
C(4)-Mn(l)-C(t) 90.2(3) C(2)-Mn(I)-C(I) 91.2(3)
C(S)-Mn(l)-Sn(1) 176.4(3) C(3)·Mn(U-5n(I) 91.5(2)
C(4)-Mn(l)-Sn(1) 87.0(2) C(2)-Mn(l}-5n(l) 84.3(3)
C(I)-Mn(l)-Sn(t) 83.6(2) C(13)-Mn(2)-CU2) 88.0(4)
C(13)-Mn(2)-C(lS) 92.8(4) C(l2)-Mn(2)-C(15) 9S.8(3)
C(l3)-Mn(2)-C(ll) 173.3(3) C(l2)-Mn(2)-C(l I) 89.9(4)
C(lS)-Mn(2)-C{ll) 93.7(4) C(13)-~(2)-e(14) 88.7(3)
C(l2)-Mn(2)-C(14) 169.6(3) C(15)-~(2)-e(l4) 94.I(J)
C(ll)-Mn(2)-C(l4) 92.3(3) C(3)-Mn(2)-5n(I) 88.3(2)
C(12)-Mn(2)-Sn(1) 85.7(2) C(l5)-Mn(2)-5n{l) 178.2(3)
C(ll)-Mn(2)-Sn{l) 85.3(2) C(l4)-Mo{2)-5n(l) 84.3(2)
O(l)-C(l)-Mn(l) 177.6(6) O(2)-C(2)-Mn(l) 177.8(7)
o(3)-C(3)-Mn(t) 175.7(7) O(4)-C{4)-Mn(l) 177.0(7)
O(S)-C(S)-Mn(t) 178.0(9) O(lU-CUt)-Mn(2) 179.0(7)
O(I2)-C(l2)-Mn(2) 178.8(8) O(l3)-eU3)-Mn(2) 177.9(7)
O(l4)-C(14)-Mn(2) 178.5(7) O(5)-C(lS)-Mn(2) 179.1(8)
C(22)-C(2I)-C(26) 117.3(6) C(22)-C(2U-Sn(l) 118.8(4)
C(26)-C(21)-Sn(l) 123.6(S) C(2l)-C(22)-e(2) 121.4(6)
C(24)-C(23)-C(22) 120.9(7) C(2S)-C(24)-C(2) 119.0(7)
C(24)-C(25)-C(26) 121.I(7) C(2U-C(26)-CC2S) 120.2(7)
C(32)-C(3l)·C(36) 117.0(6) C(J2)-C(3l)-8n(l) 127.4(5)
C(36)-C(3l)-Sn(l) 115.6(4) C(3l).c(32)-C(33) 121.8(6)
C(34)-C(33)-C(32) 120.3(6) C(35)-C(J4)-C(33) 119.2(7)

• C(34)-C(3S)-C()6) 121.4(7) C(35)-eC36)-C(3t) 120.3(6)
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Table A2.7: Torsion angles (in degrees) for [(CO)sMn]lSnPhl-

• C(3I)-SnU)-Mn(l)-C(S) -92(5) C(21)-Sn(l)-Mn(l)-C(5) 15(5)
Mn(2)-Sn(I)-Mn(I)-C(5) 140(5) C(3U-Sn(l)-Mn(l)-C(3) 140.3(3)
C(Zl)-Sn(1)-Mn(I)-C(3) -112..1(3) Mn(2)-Sn(U-Mn(l)-C(3) 12.1(3)
C(3 I)-Sn(l)-Mn(I)-C(4) 51.1(3) C(ZI)-Sn(l)-Mn(I)-e(4) 158.7(3)
Mn(2)-Sn(I)-Mn(l)-C(4) -77.HZ) C(3 U-Sn(l)-Mn(I)-C(Z) -131.4(3)
C(21)-Sn(l)-Mn(l)-C(Z) -23.7(3) Mn(2)-Sn(l)-Mn(l)-C(Z) 100.5(2)
C(31 )-Sn(I)-Mn(l)-C(l) -39.5(3) C(2U-Sn(l)-Mn(U-C(l) 68.2(3)
Mn(2)-Sn(l)-Mn(l)-C(l) -167.7(2) C(3U-Sn(l)-Mn(Z)-C(l3) -4.9(3)
C(2l)-Sn(l)-Mn(2)-e(l3) -114.2(3) Mn(1)-Sn(l)-Mn(Z)-eU3) 124.5(2)
C(3l)-Sn(l)-Mn(Z)-C(lZ) 83.Z(3) C(Z1)-Sn(l)-Mn(Z)-e(l2) -26.1(3)
Mn(l)-SnU)-Mn(Z)-C(l2) -147.4(3) C(3U-Sn(l)-Mn(2)-C(l5) -129(9)
C(21)-Sn(l)-Mn(2)-C(l5) 122(9) Mn(I)-Sn(I)-Mn(2)-C(1S) 1(9)
C(31)-Sn(l)-Mn(2)-eUU 173.5(3) C(2U-Sn(l)-Mn(2)-e(ll) 64.1(3)
Mn{U-Sn(l)-Mn(2)-C(ll) -57.H3) C(3l)-Sn(l)-Mn(2)-e(l4) -93.8(3)
C(21)-Sn(l)-Mn(2)-C(l4) 156.9(3) Mn(t)-Sn(I)-Mn(2)-C(14) 35.6(2)
C(5)-~(1)-C(1)-()(I) -17(16) C(3)-Mn(I)-C(I)-()(I) 163(14)
C(4)-Mn(l)-C(l)-()(l) 79(16) C(2)-Mn(1)-C(I)-()(I) -110(16)
Sn(l)-Mn(l}-C(l)-O(U 166(16) C(5)-Mn(I)-C(Z)-()(2) 74(ZI)
C(3)-Mn(l)-C(2)-()(2) -16(21) C(4)-Mn(I)-C(Z)-O(2) -92(20)
C(1)-Mn(I)-C(2)-()(Z) 169(21) Sn(l)-Mn(l)-C(Z)-o(2) -108(21)
C(S)-Mn(1)-C(3)-()(3) -48(10) C(4)-Mn(1)-C(3)-()(3) -144(10)
C(Z)-Mn(l)-C(3)-()(3) 45(10) C(1)-Mn(I)-C(3)-O(3) 132(9)
Sn(l)-Mn(l)-C(3)-()(3) 130(10) C(5)-Mn(l)-C(4)-()(4) 100(15)
C(3)-Mn{l)-C(4)-()(4) -170(5) C(2)-Mn(l)-C(4)-()(4) -94(15)
C(1)-Mn(1)-C(4)-()(4) 5(15) Sn(l)-Mn(l)-C(4)-O(4) -78(15)
C(3)-Mn(l)-C(S)-()(S) 14(30) C(4)-Mn(l)-C(5)-O(5) 103(30)
C(Z)-Mn(l)-C(S)-()(S) -75(30) C(I)-Mn(I)-C(5)-Q(S) -166(30)
Sn(l)-Mn(l)-C(S)-O(5) -114(28) C(l3)-Mn(2)-C(ll)-O(l1) -15(52)
C(l2)-Mn(2)-C(ll)-()(ll) 57(50) C(15)-Mn(2)-C(1l)-O(11) 152(50)
C(l4)-Mn(2)-C(ll)-O(1l) -113(50) Sn(l)-Mn(2)-C(t1)-0(11) -29(50)
C(13)-Mn(2)-C(l2)-()(l2) 5Z(38) C(1S)-Mn(2)-C(l2)-0(12) 144(38)
C(l I)-Mn(2)-C(l2)-()(12) -122(38) C(14)-Mn(2)-C(l2)-O(12) -20(40)
Sn(l)-Mn(2)-C(l2)-()(l2) -37(38) C(l2)-Mn(2)-CU3)-oU3) 75(19)
C(lS)-~(2)-C(l3)-()(l3) -21(19) C(ll)-Mn(2)-e(l3)-Q(13) 146(17)
C(14)-~(2)-C(13)-()(t3) -115(9) Sn(t)-Mn(2)-C(t3)-Q(l3) 161(t9)
CO3)-Mn(2)-C(14)·()(l4) -63(24) <:(12)·Mn(2).(:(14)-Q(14) 9(25)
C(l5)-Mn(2) -C(14)-<>(14) -155(24) C(t l)·Mn(2)-e(t4)-o(l4) 111(24)
Sn(l}-Mn(2)-C(14)·()(l4) 26(24) <:(13)-Mn(2).(:(15)-o(l5) 24(S5)
C(l2)-Mn(2)-C(1S)-()(l5) -64(55) C(ll)-Mn(2)-CU5)-o(lS) -154(55)
C(14)-Mn(2)-C(lS)-O(l5) 113(55) Sn(l)-Mn(2)·C(tS)-oUS) 148(49)
C(3l)-Sn(l)-C(21)-C(22) 37.8(5) Mn(Z)-Sn(U.(:(2U.(:(22) 153.4(4)
Mn(l)-Sn(l)-C(Zl)·C(22) -78.7(5) C(3U-Sn(t)-e(2U-C(26} -148.6(6)
Mn(Z)-Sn(l)-C(Zl)-C(26) -33.0(6) Mn(l)-Sn(l)-e(2l).(:(26) 94.9(6)
C(Z6)-C(21)-C(2Z)-C(23) 0.3(10) Sn(I)-C(21)-e(22).(:(23) 174.3(5)
C(21)-C(22)-C(23)-C(24) -0.7(11) C(22)-e(23)-e(24)-C(25) 0.5(12)
C(23)-C(24)-C(25)-C(26) 0.3(13) C(22)-e(2U-e(26)-C(2S) 0.4(11)
Sn(I)-C(21)-C(26)-C(25) -173.3(6) C(24)-C(25)-e(26)-C(21) -0.7(13)
C(2l)-Sn(l)-C(3l)-C(32) -123.1(5) Mn(2)-Sn(l)-e(3l)-C(32) 120.1(5)
Mn(l)-Sn(l)-C(3U-C(32) -11.9(6) C(2U-5n(t)-C(3t)-C(36) 55.0(5)
Mn(2)-Sn(l)-C(3U-C(36} -61.8(5) Mn(l)-5n(l)-C(31)-e(36) 166.Z(4)

• C(36)-C(3l)-C(32)-C(33) -1.2(9) Sn(l)-e(3U.(:(32)-C(33) 176.9(5)



•
CC31 )-C(32)-C(33)-C(34)
C(33)-C(34)-C(35)-CC36)
CC3Z)-CC31 )-C(36)-C(35)

1.3(10)
-0.7(11)
0.2(9)

C(32)-C(33)-C(34)-C(35)
C(34)-C(35)-C(36)-C(3U
Sn(1)-C(31)-C(36)-C(35)

-0.3(11)
0.8(10)
-178.1(5)

A-50

•

Table A2.S: Anisotropie thermal factors (lOZ AZ) for [(CO}sMnlzSnPhz•

Un UZ2 Un U1Z U13 UZ]

Sn(l) 4.55(2) 5.00(3) 4.17(2) 0.12(2) 0.45(2) -0.15(2)

Mn(I) 6.03(6) 8.51(8) 4.57(6) 0.02(S} -0.20(5) 1.93(6)

MnCZ) 6.64(7) 6.21(7) 6.10(7) -0.86(5) 1.27(5) 0.57(5)

00) 10.1(4) 10.4(4) 6.7(3) -1.9(3) 0.9(3) 2.1(3)

0(2) 6.3(4) 16.3(6) 10.8(5) -2.2(4) 1.4(3) -2.4(4)

0(3) 9.1(4) 14.9(6) 7.6(4) -3.3(4) -0.4(3) 0.1(4)

0(4) 14.8(6) 11.7(5) 9.1(4) 3.0(4) 0.9(4) -3.6(5)

0(5) 22.9(9) 23.6(10) 12.8(6) -0.7(6) -6.8(6) 16.4(8)

O(lI) 10.8(5) 15.7(6) 11.3(5) -3.5(4) 0.6(4) -5.1(5)

O(1Z) 16.1(6) 11.0(5) 13.3(6) 5.3(4) 5.5(5) 5.3(5)

0(13) 6.6(4) 13.3(5) 10.2(5) ·0.2(4) -0.7(3) 0.7(4)

0(14) 7.7(4) 11.5(5) 9.2(4) 2.6(4) 3.0(3) 1.0(3)

0(15) 16.3(6) 12.8(5) 11.4(5) -4.9(5) 3.4(5) 4.2(5)

Cn) 6.7(5) 8.3(5) 5.2(4) 0.8(4) 0.5(4) 2.0(4)

C(Z) 5.1(4) 13.8(7) 6.0(5) -1.8(5) 0.2(4) -0.2(5)

C(3) 6.7(5) 10.8(6) 5.7(5) -0.5(4) -0.5(4) 15(4)

C(4) 12.0(7) 6.9(5) 5.4(5) 1.1(4) -1.0(5) 0.3(5)

C(5) 14.0(9) 13.1(8) 6.1(5) -0.6(5) -0.8(5) 5.5(7)
C{Il} 8.4(6) 9.4(6) 6.6(5) -2.2(4) 1.2(4) -Z.2(5)

C(2) 9.6(6) 6.5(5) 9.8(6) 0.2(5) 3.3(5) 2.1(4)

C{I3) 6.9(5) 8.1(5) 6.9(5) 0.5(4) 1.1(4) 1.6(4)

C{I4) 5.0(4) 8.4(5) 6.4(5) 0.0(4) 1.9(4) 0.2(4)

C{I5) 11.6(7) 8.9(6) 7.2(5) -1.9(5) 2.4(5) 1.3(5)

C(ZI) 5.3(4) 5.6(4) 4.6(4) 0.9(3) 1.1(3) ·0.1(3)

C(Z2) 6.8(4) 5.8(4) 4.6(4) 0.4(3) 0.5(3) -0.1(3)

C(23) 9.5(6) 7.2(5) 5.0(4) 0.9(4) 2.5(4) 1.0(4)

C(Z4) 8.0(5) 9.5(6) 7.6(6) 3.1(5) 3.3(4) 0.9(5)

C(25) 9.2(6) 7.9(5) 8.8(6) 1.8(5) 1.9(5) -3.5(5)

C(Z6) 7.8(5) 7.9(5) 7.2(5) -0.1(4) 2.2(4) -2.3(4)

C(3I) 4.9(3) 5.1(4) 4.3(3) 0.3(3) 0.3(3) 0.1(3)

C(3Z) 6.5(4) 6.4(4) 5.3(4) 0.9(3) 0.5(J) -1.0(4)

C(33) 8.0(5) 5.6(4) 8.9(6) -0.4(4) 1.1(4) -2.1(4)

C(34) 5.5(4) 9.3(6) 6.1(5) -0.4(4) -0.4(4) -2.6(4)

C(35) 5.8(4) 8.0(5) 5.9(4) 0.3(4) -0.7(3) -0.7(4)

C(36) 5.9(4) 5.4(4) 5.8(4) 0.3(3) 0.1(3) -0.2(3)



•

•

o

Structural Data for

Tris(p-tolyl)tin(pentacarbonyl)manganese(l)

(jJ-CH:sC,HJ3SnMn(CO),

C37



•
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Empirical Formula: C26 H21 OS Sn Mn

Space group: Triclinic, P 1

Cel! dimensions:

•

a = 8.815 (2)À

b = 11.160 (3)À

c =13.689 (2)À

a =98.28 (2)0

(3 =91.11 (2)0

"( =106.31 (2)0

Volume =1276.4 (4);\3

FW = 587.06

Z=2

Dale = 1.527 g / cmJ

F(OOO) = 584

Data collection

Rigak.u AFC~S diffractometer

w /29 scans

Absorption correction: Azimuthal scans

Tmin = 0.67, Tmax =0.71

9016 measured reflections

4508 independent reflections

3314 observed reflections [1> 2a(/)]

Structure was solved by the Patterson method.

Mo Ka radiation

À=O.70930Â

Cell parameters trom 25 reflections

29 =28 -350

fol =1.505 mm-I

T=295 (2) OK

Colourless black

0.36 x 0.18 x 0.13 mm

Ra =0.0250

9mu =50.00

h =-10~ 10

k=-13 ~ 13

1=-16~ 16

3 standard reflections were monitored

every 200 reflections

Intensity decay: 0.9 %



•
Refinement

Refinement on FZ

R(FZ > 2a(Fl) = 0.040

wR(F~ = 0.0723

GoF = 1.044

54 atoms

4508 reflections

where

302 parameters

H atoms riding9

C-H =0.93 - 0.97 Â.

(!:Jo) =0.005

âQmu =0.396 e1Â.3

AQ_ = -0.399 elÂ.3

•

R = 1:(Fo-Fc) / ~o

wR = [~(w(Fo-Fc)~ /1:wFo2jlJ2

GoF = [1:(w(Fo-FC)2) 1 (No. of retins - No. of params.)



• Table A2.9: Fraetional alontie eoordinates and equivalent isotropie displaeement
parameters (102 Â) for (p-CH3C6HJ3SnMn(CO)s-

x y z Ueq

Sn 0.09138(4) -0.18048(3) 0.21038(2) 5.175(13)
Mn -0.19778(8) -0.34927(6) 0.18056(5) 6.03(2)
OU) -0.1482(5) -0.3754(4) 0.3908(3) 10.91(14)
0(2) -0.0193(5) -0.5341(4) 0.1132(3) 10.53(14)
0(3) -0.2033(5) -0.2839(5) -0.0225(3) 11.6(2)
0(4) -0.3382(4) -0.1398(4) 0.2472(3) 9.61(12)
0(5) -0.5150(5) -0.5348(4) 0.1523(4) 14.1(2)
CU) -0.1662(6) -0.3666(5) 0.3096(4) 7.21(14)
C(2) -0.0872(6) -0.4634(5) 0.1386(4) 7.41(14)
C(3) -0.1991(6) -0.3086(5) 0.0551(4) 8.0(2)
C(4) -0.2813(6) -0.2177(5) 0.2220(4) 6.95(13)
C(5) -0.3918(7) -0.4638(6) 0.1626(4) 9.1(2)
CUU 0.2428(5) -0.2276(4) 0.3144(3) 5.13(11)
C(2) 0.2798(6) -0.3409(4) 0.3048(3) 6.89(13)
C(3) 0.3768(6) -0.3664(5) 0.3755(4) 7.31(14)
C(4) 0.4387(6) -0.2817(5) 0.4590(3) 6.53(13)
C{IS) 0.4026(6) -0.1688(5) 0.4695(3) 7.21(14)
C(6) 0.3072(5) -0.1424(4) 0.3983(3) 6.64(13)
C(7) 0.5417(6) -0.3094(5) 0.5373(4) 9.7(2)
C(2I) 0.0726(5) 0.0038(4) 0.2717(3) 5.13(11)
C(22) 0.1272(5) 0.1082(4) 0.2255(3) 5.91(12)
C(23) 0.1022(6) 0.2225(4) 0.2621(3) 6.58(13)
C(24) 0.0206(5) 0.2370(4) 0.3451(3) 5.99(12)
C(25) -0.0289(6) 0.1353(4) 0.3938(3) 6.64(13)
C(l6) -0.0049(6) 0.0198(4) 0.3579(3) 6.40(13)
C(l?) -0.0171(7) 0.3600(5) 0.3812(4) 9.3(2)
CC3I) 0.2096(5) -0.1645(4) 0.0753(3) 5.35(11)
C(32) 0.3384(5) -0.2097(4) 0.0571(3) 6.81(13)
C(33) 0.4112(6) -0.2019(5) -0.0321(4) 7.8(2)
C(34) 0.3592(5) -0.1474(4) -0.1048(3) 6.53(13)
C(35) 0.2322(6) -0.1014(5) -0.0870(4) 7.01(13)
C(36) 0.1592(5) -0.1102(4) 0.0008(3) 6.46(13)
C(37) 0.4357(6) -0.1421(6) -0.2028(4) 9.6(2)

•
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Table A2.10: Bond lengths CA) and angles (0) for ~-CH3CJlS>3SnMn(CO)s·

• Sn-C(3I) 2.145(4) Sn-C(ll) 2.150(4)

Sn-C(2I) 2.159(4) Sn-Mn 2.6932(11)

Mn-C(s) 1.812(7) Mn-C(t) 1.829(5)

Mn-C(3) 1.839(6) Mn-C(4) 1.845(5)
Mn-C(2) 1.847(5) 0(1}-C(1) 1.141(5)
O(2)-C(2) 1.138(5) 0(3)-C(3) 1.137(6)
O(4)-C(4) 1.137(5) 0(5)-C(5) 1.143(6)
C(ll}-C(l6) 1.380(6) C(ll)-CUZ) 1.381(5)
C(l2)-C(l3) 1.391(6) C(l2)-HUZ) 0.93
C(l3)-C(l4) 1.368(6) C(l3)-HU3) 0.93
C(l4)-C(Is) 1.373(6) C(I4)-C(l7) 1.51Z(6)
C(lS)-C{l6) 1.391(6) C(5)-H(tS) 0.93
C(l6)-H(I6) 0.93 C(I7)-H(t7Al 0.96
C(l7)-H(l7B) 0.96 C(l7)-H(t7C) 0.96
C(ZI)-C(ZZ) 1.379(6) C(Zl)-C(26) 1.389(6)

C(22)-C(23) 1.380(6) C(22)-H(2Z) 0.93
C(23)-C(24) 1.371(6) C(23)-H(23) 0.93
C(Z4)-C(25) 1.368(6) C(24)-C(27) 1.519(6)

C(2S)-C(Z6) 1.387(6) C(2S)-H(2S) 0.93
C(Z6)-H(26) 0.93 C(27)-H(27A) 0.96
C(27)-H(27B) 0.96 C(l7)-H(27C) 0.96
C(3I)-C(32) 1.379(5) C(3l)-C(36) 1.385(5)
C(32)-C(33) 1.393(6) C(3l)-H(32) 0.93
C(33)-C(34) 1.372(6) C(33)-H(33) 0.93
C(34)-C(3s) 1.369(6) C (34)-C(37) 1.514(6)
C(35)-C(36) 1.377(6) C(35)-H(35) 0.93
C(36)-H(36) 0.93 C(37)-H(37A) 0.96
C(37)-H(37B) 0.96 C(37)-H(37C) 0.96

C(3l)-Sn-C(I1) 107.7(2) C(3l)-Sn-C(2l) 108.2(l)
C(1)-Sn-C(2l) 106.0(2) C(3U-5n-Mn 111.66(11)
C(lI )-Sn-Mn 112.63(12) C(lU-5n-Mn 110.34(11)
C(s)-Mn-C(l) 94.8(3) C(5)-Mn-C(3) 94.8(3)
C(I)-~-C(3) 170.2(2) C(S)-Mn-C(4) 92.5(2)
C(l)-Mn-C(4) 89.6(2) C(3)-Mn-C(4) 88.3(2)

C(S)-~-C(2) 95.5(2) C(l)-Mn-C(2) 91.H2)
C(3)-~-C(2) 89.6(2) C(4)-Mn-C(2) 171.8(2)
C(5)-~-Sn 179.0(2) C(t)-Mn-Sn 84.2(2)

C(3)-Mn-Sn 86.2(2) C(4)-Mn-5n 87.7(2)

C(Z)-Mn-Sn 84.3(2) ()(I)-C(I)-~ 178.4(4)
O(Z)-C(2)-Mn 179.6(5) ()(3)-C(3)-Mn 178.5(5)
O(4)-C(4)-Mn 177.S(5) (){S)-C(5)-Mn 178.9(5)
C(l6)-C(l t)-C(l2) 115.9(4) C(l6)-C{ll)-Sn 119.6(3)
C(l2)-C(1I)-Sn 124.4(3) C{l t)-C(l2)-C(l3) 121.1(4)
C(ll)-C(l2)-H(l2) 119.2 C(t3)-CCt2)-HU2) 119.2
C(l4)-C(l3)-C(l2) 121.9(4) C(14)-CU3)-H(l3) 119.1
C(l2)-C(l3)-H(l3) 119.1 C(l3)-C(l4)-C(l5) 117.0(4)
C(l3)-C(14)-C{t 7) 122.3(4) C{lS)-C(l4)-C(l7) 120.6(5)
C(l4)-C(lS)-C(l6) 121.2(4) C(14)-C(IS)-H(IS) 119.4
C(l6)-C(l5)-H(t5) 119.4 C{lU-C(l6)-C(lS) 122.3(4)•
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C(ll)-C(l6)-HU6) 118.9 C(l5)-C(l6)-H(l6) 118.9
C(l4)-CU7)-HU7A) 109.5 C(l4)-e(l7)-H(l7B) 109.5

• HU7A)-C(l7)-HU7B) 109.5 C(l4)·C(l7)-H(l7C) 109.5
HU7A)-C(l7)-H(l7C) 109.5 H(1711)-<:(I7)·H(17C) 109.5
C(22)-C(2l)-C(26) ll7.0(4) C(22)-<:{21)-Sn Ill.5(3)
C(26)-C(2l)-Sn IlO.4(3) C(l1)-C(22)-C(23) 121.3(4)
C(ll)-C(22)-H(l2) 119.4 C(23)-e(22)-H(22) 119.4
C(24)-C(23)-C(l2) 121.7(4) C(24)-C(23)-H(23) 119.2
C(2l)-C{23)-H{l3) 119.2 C(2S)-<:(24)-C(23) 117.6(4)
C(25)-C(24)-C(27) 120.8(4) C(23)-<:{24)-C(27) 121.7(4)
C(24)-C(25)-C(26) 121.4(4) C(24)-C(2S)-H{2S) 119.3
C(26)-C(25)-H(2S) 119.3 C(2S)-C(26)-C(21) 121.0(4)
C(25)-C(26)-H(26) 119.5 C(2l)-C(26)-H{26) 119.5
C(24)-C(27)-H(27A) 109.5 C(24)-C(27)-H(27B) 109.5
H(27A)-C{27)-H(27B) 109.5 C(24)-C(27)-H(27C) 109.5
H(l1A)-C{27}-H(27C) 109.5 H(2711)-C(27)-H{27C) 109.5
C(32)-C(3l)-C(36) 116.3(4) C(32)-C{3t)-Sn 121.9(3)
C(36)-C(3l)-Sn 121.9(3) C(3U-<:(3l)-C(33) 121.2(4)
C(3l)-C(32)-H(3l) 119.4 C(33)-C(3l)-H(32) 119.4
C(34)-C(33)-C(32) 121.4(4) C(34)-C(33)-H(33) 119.3
C(32)-C(33)-H(33) 119.3 C(35)-C(34)-C(33) 117.7(4)
C(35)-C(34)-C{37) Il0.9(5) C(33)-C(34)-C{37) 121.4(4)
C(34)-C(35)-C(36) 120.9(4) C(34)·C(35)-H(3S) 1195
C(36)-C(35)-H(35) 119.5 C(35)-<:(36)-C(3 t) 122.4(4)
C(35)-C(36)-H(36) 118.8 C(3I)-e(36)-H(36) 118.8
C(34)-C(31)-H(37A) 109.5 C(34)·C(37)-H(37B) 109.5
H(37A)-C(37)-H(37B) 109.5 C(34)·C(37)-H(37C) 109.5
H(37A)-C(37)-H(37C) 109.5 H(3711)-C(31)-H(37C) 1095

•



Table A2.11: Torsion angles (in degrees) for (p-CH3CJIs}JSnMn(CO)s.

•

•

C(31 )-Sn-Mn-C{s)
C(2l)-Sn-Mn-C(S)
C(ll)-Sn-Mn-C(t)
C(3l)-Sn-Mn-C(3)
C(2l)-Sn-Mn-C(3)
C(ll)-Sn-Mn-CC4)
C(3l)-Sn-Mn-C(2)
C(2l)-Sn-Mn-C{2)
C(2l)-Sn-C(ll}-C(l6)
C(3l)-Sn-C(ll)-C(lZ)
Mn-Sn-CU I}-C(IZ)
Sn-C(ll)-C(l2)-C(l3)
C(lZ)-C(l3)-C(l4)-C(tS)
C(13)-C(l4)-C(l5)-C(l6)
C(l2)-C(ll)-C(l6)-C(lS)
C(l4)-C(I5)-C(l6)-C(ll)
cu l)-Sn-C(2l)-C(22)
C(3l)-Sn-C(2l)-C(26)
Mn-Sn-C(21)-C(26)
Sn-C(ZI)-C(2Z)-C(23)
C(22)-C(23)-C(24)-C(25)
C(23)-C(Z4)-C(25)-C(Z6)
C(24)-C(25)-C(26)-C(2l)
Sn-C(21)-C(26)-C(Z5)
C(2I)-Sn-C(3l)-C(32)
C(1l)-Sn-C(3l)-C(36)
Mn-Sn-C(3l)-C(36)
Sn-C(3l)-C(32)-C(33)
C(32)-C(33)-C(34)-C(35)
C(33)-C{34)-C(35)-C(36)
C(34)-C(35)-C(36)-C(3l)
Sn-C(3! )-C(36)-C(3S)

141(9)
-99(9)
31.8(Z)
-28.5(Z)
91.9(Z)
121.6(2)
61.5(2)
-178.1(2)
-1.5(4)
-67.2(4)
56.4(4)
-179.0(4)
-0.8(8)
0.1(8)
-0.5(7)
0.6(8)
116.8(3)
177.5(3)
55.1(3)
174.6(3)
3.1(7)
-3.2(7)
0.9(7)
-174.8(3)
128.8(4)
-166.5(4)
69.4(4)
178.1(4)
-0.4(8)
-0.Z(7)
0.3(8)
-178.8(4)

C(ll)-Sn-Mn-C(5)
C(3U-Sn-Mn-C(l)
C(Zl)-Sn-Mn-CCl)
C(ll)-Sn-Mn-CC3)
C(3U-5n-Mn-C(4)
C(ZU-5n-Mn-C(4)
C(ll)-Sn-Mn-C(Z)
C(3U-5n-C(l I)-C(l6)
Mn-Sn-C(l I)-C(I6)
C(2l)-Sn-C(ll)-C(l2)
C(l6)-C(ll}-CU2)-C(l3)
C(ll)-C(I2)-C(l3)-C(l4)
C(l2)-CU3)-C(l4)-C(l7)
C(l7)-C(I4)-C(l5)-C(l6)
Sn-e(ll)-C(l6)-C(lS)
C(3t)-Sn-C(Zl)-C(Z2)
Mn-5n-CCZl}-C(22)
C(ll}-Sn-C(Zl)-C(26)
C(26)-CCZI)-C(22)-C(23)
C(21)-CCZZ)-C(23)-C(Z4)
C(22)-C(23)-C(24)-C(27)
C(27)-C(24)-C(ZS)-C(Z6)
C(2Z)-C(21)-C(Z6)-C(25)
C(ll)-Sn-C(3 I)-C(32)
Mn-5n-C(31)-C(32)
C(ZI}-Sn-C(3l)-C(36)
C(36)-C(30-C(32)-C(33)
C(31)-C(3Z)-C(33)-C(34)
C(32)-C(33)-C(34)-C(37)
C(37)-C(34)-C{35)-C(36)
C(32)-C(3l)-C(36)-C(35)

19(9)
153.2(2)
-86.4(2)
-149.9(2)
-117.0(2)
3.4(2)
-59.9(2)
114.2(4)
-122.2(3)
177.1(4)
-0.3(7)
1.0(8)
178.8(S)
-179.6(5)
178.3(4)
I.S(4)
-121.0(3)
-67.1(4)
-1.6(6)
-0.8(7)
-175.6(4)
175.5(5)
1.5(7)
14.7(4)
-109.S(4)
-52.3(4)
-o.B(7)
1.0(8)
-178.4(5)
177.7(5)
0.2(7)

A-S7
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Table A2.12: Anisotropie thennal factors (lOz Al) for (p-CH1CJIs}lSnMn(CO)s-

• UII Uzz U33 UIZ Uu UZ1

Sn 5.56(2) 5.43(2) 5.00(2) 0.632(13) .().292(l3) 2.48(2)

Mn 5.78(5) 6.16(5) 5.95(4) 0.08(4) .().07(3) 1.86(4)

00) 15.3(4) 12.9(4) 6.8(3) 3.1(2) 1.7(3) 6.8(3)

0(2) 12.9(4) 9.6(3) 9.9(3) -1.5(2) 0.4(3) 6.1(3)

0(3) 9.5(3) 18.5(5) 6.9(3) 2.6(3) -1.4(2) 3.8(3)

0(4) 8.3(3) 8.5(3) 13.0(3) 1.3(2) 0.8(2) 4.3(2)

0(5) 8.1(3) 10.8(4) 19.4(5) -4.6(3) 1.7(3) .().6(3)

C(U 8.7(4) 6.6(3) 6.9(3) 0.5(3) 0.7(3) 3.3(3)

C(2) 7.9(4) 7.0(4) 6.6(3) -0.7(3) .().J(3) 1.8(3)

C(3) 6.4(3) 10.7(4) 6.8(4) 0.4(3) .().9(3) 2.6(3)

C(4) 5.8(3) 7.0(3) 8.0(4) 1.J(3) 0.1(3} 1.7(3)

C(S) 8.0(4) 8.5(4) 9.8(4) -2.0(3) 0.8(3) 2.4(4)

CUI) 5.0(3) 6.0(3) 4.9(3) 1.1(2) -0.2(2) 2.2(2)

C(2) 8.5(4) 6.5(3) 5.9(3) 0.3(2) -1.6(3) 3.0(3)

C(3) 9.0(4) 6.6(3) 7.7(3) 1.7(3) -0.8(3) 4.2(3)

C(4) 7.1(3) 8.2(4) 55(3) 2.1(3) 0.0(2) 3.7(3)

CUS) 7.9(4) 7.6(4) 6.0(3) 0.0(3) -2.2(3) 2.6(3)

C(6) 7.5(3) 6.2(3) 7.0(3) 0.6(3) .().9(3) 3.4(3)

C(7) 11.2(5) 12.2(5) 7.8(4) 2.2(3) -1.9(3) 6.4(4)

C(2I) 5.3(3) 5.8(3) 4.9(3) 0.7(2) -G.l(2) 2.7(2)

C(22) 6.6(3) 5.9(3) 5.5(3) 0.8(2) 0.5(2) 2.3(2)

C(23) 8.1(4) 5.3(3) 6.7(3) 1.9(2) 0.0(3) 2.0(3)

C(24) 7.3(3) 5.7(3) 5.6(3) 0.5(2) -0.5(2) 3.0(3)

C(25) 8.4(4) 7.0(3) 5.3(3) 0.5(3) 1.3(2) 3.5(3)

C(26) 8.4(4) 5.7(3) 6.0(3) 2.0(2) 1.5(3) 2.7(3)

C(27) 13.1(5) 7.1(4) 9.1(4) 0.3(3) 0.7(4) 5.3(4)

C(3I) 5.2(3) 5.9(3) 5.2(3) 0.4(2) 0.0(2) 2.3(2)

C(32) 6.0(3) 8.4(4) 6.7(3) 05(3) -0.9(3) 3.7(3)

C(33) 6.0(3) 11.0(4) 7.3(4) -0.7(3} 0.4(3) 4.8(3)

C(34) 5.5(3) 7.1(3) 6.3(3) -0.3(3) 0.1(2) 1.3(3)

C(35) 6.3(3) 8.8(4) 6.9(3) 2.7(3) 0.8(3) 3.0(3)

C(36) 6.2(3) 7.6(3) 7.0(3) 2.U3) 1.0(3) 3.8(3)

C(37) 8.8(4) 13.3(5) 7.2(4) l.7(3) 2.5(3) 3.6(4)

•



• Structural Analysis of

Tris(p-Anisol)tin(pentacarbonyl)manganese(I)

(p-CH30C,Hj3SnMn(CO)s
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•

o



•

•

Empirical Formula: C26 H21 08 Sn Mn

Space group: Monoclinic. P2.Jc

Cell dimensions:

a = 14.096 (2)A

b =11.161 (2)A

c =17.000 (lO)Â

a=90°

13 =91.71 (2)0

y=90°

Volume = 2673 (2)ÂJ

FW=635.06

Z=4

DcaJc = 1.578 g / cm3

F(OOO) =1264

Data collection

Rigaku AFC -6S diffractometer

c.o / 2e scans

Absorption correction: Psi scans

Tmin =0.64, Tmax =0.76

9414 measured reflections

4716 independent reflections

2891 observed reflections [[> 2a(/)]

Structure was solved by the heavy atom method.

A-60

Mo Ka radiation

À =0.7093 A
CeU paramelers from 21 reflections

29=26-30°

J.l = 1.452 mm-1

T=295 (2) OK

Colourless thick plate

0.35 x 0.22 x 0.12 mm

Ra = 0.083

9 = 50.0°lII&lt

h=-17~17

é=O~ 13

1=-20~20

3 standard reflections were monitored

every 250 reflections

Intensity decay: 0.6 %



•
Refinement

Refinement on FZ

R(FZ > 2a(F~ =0.0546

wR(PZ
) =0.0918

GoF =1.023

57 atoms

4716 reflections

where

323 parameters

H atoms riding.

C-H =0.93 - 0.97 Â

(~a) =0.002

âQmu =0.570 e1Â3

AQmia = -0.595 elA3

A-61

•

R = ~(Fo-Fc) 1~o

wR =[l:(w(Fo-Fc)~ ll:wFo2] 1/%

GoF = [~(w(Fo-Fc)Z) 1 (No. of reïms - No. of params.)
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Table A2.l3: Fractional atomic coordinates and equivalent isotropie displacement

• parameters uOZ A) for (p-CH3OCJlJ3SnMn(CO)s.
x y z Ueq

Sn 0.70314(3) 0.73946(4) 0.52741(3) 4.40(2)
Mn 0.68048(7) 0.84336(9) 0.38672(6) 4.92(3)
0(1) 0.4755(4) 0.7813(7) 0.3973(4) 12.2(3)
0(2) 0.6384(5) 1.0645(5) 0.4785(3) 9.9(2)
0(3) 0.8895(4) 0.8771(6) 0.4000(4) 9.9(2)
0(4) 0.7116(4) 0.6027(5) 0.3179(3) 8.3(2)
0(5) 0.6667(5) 0.9543(5) 0.2302(4) 10.4(2)
0(14) 0.3457(4) 0.7712(5) 0.7411(3) 7.8(2)
0(24) 0.8533(4) 0.2066(4) 0.5024(3) 7.5(2)
o(34) 1.0039(4) 0.9779(5) 0.7646(3) 8.4(2)
C{l) 0.5529(6) 0.8051(8) 0.3927(4) 7.2(2)
C(Z) 0.6562(5) 0.9813(7) 0.4429(4) 6.4(2)
C(3) 0.8094(6) 0.8660(7) 0.3960(4) 6.5(2)
C(4) 0.70Z0(5) 0.6949(7) 0.3460(5) 6.2(2)
C(5) 0.6708(6) 0.9128(7) 0.2907(5) 7.3(2)
COl) 0.5772(4) 0.7447(6) 0.5951(4) 4.6(2)
C{l2) 0.5719(5) 0.8295(6) 0.6538(4) 5.2(2)
C(l3) 0.4945(5) 0.8351(7) 0.7033(4) 6.2(2)
C(l4) 0.4197(5) 0.7567(7) 0.6909(4) 5.5(2)
C(lS) 0.4217(5) 0.6731(6) 0.6327(4) 5.9(2)
C(l6) 0.5003(5) 0.6683(6) 0.5841(4) 5.4(2)
C(l7) 0.2717(4) 0.6863(6) 0.7385(6) 12.8(4)
C(ZI) 0.7517(3) 0.5572(4) 0.5185(3) 4.2(2)
C(22) 0.8333(3) 0.5337(4) 0.4778(3) 5.8(2)
C(Z3) 0.8691(5) 0.4188(7) 0.4700(4) 5.7(2)
C(24) 0.8236(5) 0.3244(6) 0.5040(4) 5.3(2)
C(Z5) 0.7409(5) 0.345l(6) 0.5438(4) 5.2(2)
C(26) 0.7067(5) 0.4607(6) 0.5504(4) 4.8(2)
C(Z7) 0.9341(6) 0.1782(7) 0.4592(5) 9.7(3)
C(3l) 0.8085(4) 0.8222(6) 0.6049(4) 4.6(2)
C(2) 0.8301(5) 0.9440(6) 0.6052(4) 5.3(2)
C(33) 0.8953(5) 0.9914(6) 0.6587(4) 5.6(2)
C(34) 0.9405(5) 0.9214(7) 0.7139(4) 5.8(2)
C(35) 0.9214(5) 0.7998(7) 0.7136(4) 6.2(2)
C(36) 0.8558(4) 0.7515(7) 0.6600(4) 5.7(2)
C(37) 1.0545(6) 0.9086(9) 0.8189(5) 10.8(3)

•
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Table A2.14: Bond lengths (Â) and angles (0) for (p-CHlOCJI.hSnMn(CO)s·

• Sn-CCl 1) 2.144(6) Sn-C(21) 2.153(4)

Sn-C(31) 2.163(6) Sn-Mn 2.669(2)
Mn-C(S) 1.808(9) Mn-C(4) 1.8204(8)
Mn-C(3) 1.837(8) Mn-C(2) 1.849(8)
Mn-C(l) 1.854(9) OU)-C(l) 1.129(8)
O(2)-C(2) 1.140(8) O(3)-C(3) 1.136(8)
O(4)-C(4) 1.144(8) O(S)-C(S) 1.129(8)
O(l4)-C(l4) 1.377(7) O(l4)-C(l7) 1.409(6)

O(24)-C(24) 1.379(8) O(24)-C(27) 1.410(8)
O(34)-C(34) 1.376(8) 0(34)-e(37) 1.387(9)
C(ll}-C(lZ) 1.380(9) C(lU-C(l6) 1.388(8)
C(12)-C(l3) 1.399(9) CUZ)-HU2) 0.93
C(13)-C{l4) 1.381(9) C(3)-H(I3) 0.93
C(l4)-C(l5) 1.360(9) C{lS}-e(l6) 1.403(8)
C(l5)-H(lS) 0.93 C(16)-HU6) 0.93
C(l7)-H(l7A) 0.96 CU7)-HU7B) 0.96
C(l7)-H(l7C) 0.96 C(Zl)-C(Z6) 1.370(7)
C(2l)-C(2Z) 1.38 C(22)-C(23) 1.386(8)
C(2Z)-H(2Z) 0.93 C(23)-C(24) 1.371(9)
C(23)-H(23) 0.93 C(24)-C(25) 1.385(8)
C(2S)-C(26) 1.383(8) C(25)-H(25) 0.93
C(26)-H(26) 0.93 C(27)-H(27A) 0.96
C(27)-H(27B) 0.96 C(27)-H(27C) 0.96
C(31)-C(36) 1.381(8) C(3I)-C(32) 1.393(S)
C(32)-C(33) 1.379(8) C(32)-H(32) 0.93
C(33)-C(34) 1.364(9) C(33)-H(33) 0.93
C(34)-C(3S) 1.384(9) C(35)-C(36) 1.388(9)
C(3S)-H(3S) 0.93 C(36)-H(36) 0.93
C(37)-H(37A) 0.96 C(37)-H(37B) 0.96
C(37)-H(37C) 0.96

C(ll)-Sn-C(Zl) 109.5(2) C(1l)-Sn-C(3U 103.0(2)
C(2l)-Sn-C(3I) 103.5(2) C(ll)-5n-Mn 113.0(2)
C(2l)-Sn-Mn 112.15(12) C(3l)-5n-Mn 115.0(2)
C(S)-Mn-C(4) 93.2(3) C(S)-Mn-C(3) 93.8(4)
C(4)-Mn-C(3) 89.0(3) C(S}-Mn-C(2) 95.7(3)
C(4)-Mn-C(2) 170.9(3) C(3)-Mn-e(2) 92.2(3)
C(S)-Mn-C(l) 95.8(4) C(4)-Mn-e(1) 89.1(4)
C(3)-Mn-C(l) 170.3(4) C(2)-Mn-e(l) 88.2(3)
C(5)-Mn-Sn 177.4(3) C(4)-Mn-Sn 85.9(2)
C(3)-Mn-Sn 83.8(2) C(2)-Mn-Sn 85.3(2)

C(U-Mn-Sn 86.7(3) C(14)-C>(14)-C(I7) l1S.3(S)
C(24)-O(24)-C(27) 118.4(6) C(34)-Q(34)-e(37) 118.2(7)
O(l)-C(l)-~ 179.1(8) o(2)-C(2)-Mn 177.6(8)
O(3)-C(3)-~ 177.8(8) O(4)-C(4)-Mn 176.5(7)
o(S)-e(S)-Mn 178.2(8) C(t2)-C(11)-C(16) 117.4(6)
C(l2)-e(ll)-Sn 11S.1(S) C(t6)-C(I1)-8n 124.5(5)
C(ll}-CC12)-C(l3) 121.7(6) CU1)-C(12)-H(12) 119.1
C(l3)-C(l2)-H(12) 119.1 C(14)-C(l3)-C(12) 119.1(7)
C(l4)-C(l3)-H(l3) 120.5 C(2)-C(l3)-H(tl) 120.5

• C(lS)-C(l4)-O(14) 124.3(7) C(lS)-C(l4)-CC1l) 120.8(6)
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O(l4)-C(I4)-C(l3) 114.8(7) C(l4)-CC15)-C(l6) 119.3(7)
CO4)-C(I 5)-H(15) 120.3 C(16)-C(15)-11(15) 120.3• C(ll)-C(I6)-C(l5) 121.6(6) C(ll)-C(t6)-1I(l6) 119.2
C(lS)-CC16)-H(l6) 119.2 O(l4)-C(l7)-1I(l7A) 109.5
O(I4)-CU 7)-H(l78) 109.5 HU7A)-CCl7)-II(l7B) 109.5
O(l4)-CC17)-H(l7C) 109.5 H(l7A)-Cn7)-H(l7C) 109-5
H{l7B)-C(I 7)-HU 7C) 109.5 C(26)-C(2l)-C(22) 116.8(3)
C(Z6)-C(2l)-Sn 124.2(4) C(22)-C(21)-Sn 119.01(l1)
C(Zl)-C(Z2)-C(23) 122.2(3) C(2l)-C(22)-H(22) 118.9
C(23)-C(22)-H(22) 118.9 C(24)-C(23)-C(22) 119.7(6)
C(24)-C(23)-H(23) 120.2 C(22)-C(23)-H(23) 120.2
C(23) -C(24)-O(24) 125.3(6) C(23)-C(24)-C(2S) 119.3(6)
o(24)-C(Z4)-C(2S) 115.4(7) C(26)-C(25)-C(24) 119.7(6)
C(26)-C(25)-H(2S) 120.1 C(24)-C(25)-H(25) 120.1
C(21)-C(26)-C(2S) 122.3(6) C(2l)-C(26)-H(26) 118.8
C(25)-C(26)-H(26) 118.8 o(24)-C(27)-1I(21A) 1095
O(24)-C(27)-H(27B) 109.5 H(27A)-C(27)-H(27B) 109.5
o (24)-C(27)-H(27C) 109.5 H(27A)-C(27)-1I(27C) 109.5
H(27B)-C(27)-H(27C) 109.5 C(36)-C(31)-C(32) 117.0(6)
C(36)-C(3l)-Sn 118.6(5) C(32)-C(3l)-Sn 124.4(5)
C(33)-C(32)-C(Jl) 121.2(7) C(33)-C(32)-H(32) 119.4
C(3l) -C(32)-H(32) 119.4 C(34)-C(33)-C(32) 121.5(7)
C(34)-C(33)-H(33) 119.2 C(32)-C(33)-1I(33) 119.2
C(33)-C(34)-O(34) 116.7(7) C(33)-C(34)-C(35) 118.2(7)
O(34)-C(34)-CC35) 125.0(7) C(34)-C(3S)-C(36) 120.6(7)
C(34)-C(35)-H(35) 119.7 C(36)-C(3S)-1I(35) 119.7
C(31 )-C(36)-C(35) 121.5(7) C(3l)-C(36)-1I(36) 119.2
C(35)-C(36)-H(36) 119.2 O(34)-C(37)-1I(31A) 109.5
O(34)-C(37)-H(37B) 109.5 H(37A)-C(37)-H(37B) 109.47
O(34)-C(37)-H(37C) 109.5 H(37A)-C(37)-H(37C) 109.5
H(37B)-C(37)-H(37C) 1095

•



Table A2.15: Torsion angles (in degrees) for (p-CH,lOC6HJ3SnMn(CO)s•

•

•

C(ll}-Sn-Mn-C(5)
C(31) -Sn-Mn-C(5)
C(2t)-Sn-Mn-C(4)
C(ll}-Sn-Mn-C(3)
C(3t)-Sn-Mn-C(3)
C(Zl)-Sn-Mn-C(Z)
C(I l)-Sn-Mn-C(l)
C(3 I)-Sn-Mn-C(l)
C(3l)-Sn-CU l)-CUZ)
C(ZI)-Sn-CU I)-C(l6)
Mn-Sn-CU l)-CU6)
Sn-C(I l)-C(l2)-CU3)
C(l7)-O(l4)-C(l4)-C(I5)
C(IZ)-C{t3)-C(14)-CU5)
O(t4)-C(I4)-C(l5)-C(l6)
C(l2)-C(I1)-C(l6)-C(I5)
C(l4)-C(I5)-C(l6)-C(ll)
C(31)-Sn-C(2l)-C(Z6)
C(I l)-Sn-C(Zl)-C(ZZ)
Mn-Sn-C(Zl)-C(2Z)
Sn-C(2l)-C(ZZ)-C(Z3)
C(22)-C(23)-C(Z4)-O(Z4)
C(27)-O(Z4)-C(Z4)-C(23)
C(Z3)-C(Z4)-C(25)-C(Z6)
C(22)-C(21)-C(Z6)-C(25)
C(24)-C(Z5)-C(Z6)-C(21)
C(Zl)-Sn-C(3l)-C(36)
C(ll)-Sn-C(31)-C(32)
Mn-Sn-C(31)-C(3Z)
Sn-C(3I)-C(32)-C(33)
C(3Z)-C(33)-C(34)-O(34)
C(37)-O(34)-C(34)-C(33)
C(33)-C(34)-C(35)-C(36)
C(3Z)-C(3l)-C(36)-C(35)
C(34)-C(35)-C(36)-C(3l)

174(6)
56(6)
8.1(3)
154.4(3)
36.5(3)
-174.1(3)
-Z6.9(3)
-144.8(3)
23.3(5)
-47.0(6)
78.8(6)
-176.7(5)
7.4(11)
1.5(11)
178.7(6)
-2.7(10)
1.7(11)
110.5(5)
-179.1(2)
54.64(10)
179.6(5)
-178.1(6)
-3.5(11)
-1.5(11)
0.9(7)
0.1(10)
-28.4(6)
-92.0(6)
31.3(6)
177.1(5)
-179.7(6)
-176.9(7)
-1.9(11)
0.5(10)
0.7(11)

C(21)-Sn-Mn-C(5)
CU l)-Sn-Mn-C(4)
C(3l)-Sn-Mn-C(4)
C~2l)-Sn-Mn-C(3)

C(ll)-Sn-Mn-C(2)
C(3l)-Sn-Mn-C(Z)
C(2l)-Sn-Mn-C(l)
C(Zl)-Sn-C(lU-CUZ)
Mn-Sn-eUl)-C(l2)
C(3l)-Sn-C(lU-C(l6)
C(t6)-CU t)-CUZ)-eU3)
C(t l)-CU2)-CU3)-CU4)
C(l7)-Q(l4)-CU4)-eU3)
CUZ)-C(l3)-C(14)-O(t4)
C(l3)-C(l4)-C(l5)-C(16)
Sn-C(ll)-C(l6)-C(l5)
C(1l)-Sn-C(Zl)-C(Z6)
Mn-5n-C(2l)-C(Z6)
C(3l)-Sn-C(Zl)-C(2Z)
C (Z6)-e(21)-C(22)-e(23)
C(ZI)-C(22)-C(23)-C(24)
C(2Z)-C(23)-C(24)-C(25)
C(27)-O(24)-C(24)-C(2S)
O(24)-C(Z4)-C(2S)-C(26)
Sn-C(2l)-C(26)-C(25)
C(ll)-Sn-C(3l)-C(J6)
Mn-Sn-C(3l}-C(36)
C(2l)-Sn-C(3l)-C(3Z)
C(36)-C(3l)-C(32)-C(33)
C(3l)-C(3Z)-C(33)-C(34)
C(32)-C(33)-C(34)-C(35)
C(37)-O(34)-C(34)-C(35)
o(J4)-e(34)-C(35)-C(36)
Sn-C(31)-C(36)-C(35)

-62(6)
-116.2(3)
125.9(3)
-81.3(3)
61.6(3)
-56.3(3)
97.4(3)
132.9(5)
-101.3(5)
-156.5(5)
3.2(10)
-2.6(10)
-172.8(8)
-178.3(6)
-1.0(11)
177.2(5)
1.2(5)
-125.1(4)
-69.8(2)
-o.7(4)
-0.7(8)
1.7(1l)
176.6(7)
178.4(6)
-179.4(5)
85.6(5)
-151.0(5)
153.9(6)
-o.5{tO)
-0.7(11)
1.9(11)
1.3(12)
179.9(7)
-177.3(5)
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Table A2.16: Anisotropie thermal factors uOZ Al) for ~-CH30CJlj]SnMn(CO)s·

• Uu Uzz U]] U)Z U13 UZ]

Sn 4.39(3) 4.15(3) 4.66(3) -0.08(3) 0.01(2) -0.11(3)

Mn 5.37(7) 4.72(7) 4.66(6) 0.02(S) O.08(S) 0.30(5)

OU) 5.7(4) 22.3(9) 8.8(4) ·2.0(S) 0.0(3) -2.2(5)

0(2) 13.8(6) 7.2(4) 8.5(4) ·2.8(4) -1.9(4) 3.9(4)

0(3) 6.1(4) 13.0(6) 10.8(S) -1.0(4) 0.8(4) -3.H4)

0(4) 11.6(5) 6.4(4) 6.9(4) -1.4(3) -0.8(3) 1.0(4)

0(5) 17.2(7) 7.1(4) 6.8(4) 0.2(4) 0.4(4) 2.2(4)

0(14) 6.3(3) 8.1(4) 9.0(4) -2.1(3) 3.0(3) 0.0(3)

0(24) 6.6(4) 5.0(3) Il.0(S) 0.7(3) 2.3(3) 1.1(3)

0(34) 8.1(4) 8.8(4) 8.1(4) -o.3(3) -3.3(3) -1.3(3)

CU) 6.0(5) 9.8(7) 5.8(S) -1.8(4) .().t(4) 0.0(5)

C(l) 7.9(6) 5.9(5) 5.2(5) -05(4) -1.4(4) 1.3(4)

C(3) 6.8(5) 6.4(5) 6.3(5) -0.3(4) 0.6(4) -1.4(5)

C(4) 6.4(5) 5.2(5) 6.9(6) ·0.2(4) -0.8(4) 0.1(4)

C(5) 10.1(7) 5.4(5) 6.2(6) O.O(S) -G.3(5) 1.0(5)

CUl) 4.4(4) 4.4(4) 5.0(4) 0.1(4) 0.1(3) 0.0(4)

C(2) 4.5(4) 5.6(5) 5.5(4) 0.1(4) -0.1(4) -0.5(4)

C(3) 6.0(5) 6.3(5) 6.3(5) -1.3(4) 0.1(4) 0.2(4)

C(4) 4.9(4) 5.9(5) 5.8(4) -0.6(4) 0.7(3) 0.5(4)

CUS) 5.3(5) 5.8(5) 6.6(5) -0.2(4) 0.9(4) -0.7(4)

C(l6) 5.3(5) 6.3(5) 4.7(4) -1.6(4) 0.3(4) 0.0(4)

C(7) 8.4(7) 13.9(9) 16.6(10) -65(8) 75(1) -3.8(7)

C(21) 4.9(4) 4.0(4) 3.8(4) 0.3(3) -0.2(3) -0.2(3)

C(22) 5.9(5) 4.4(4) 7.2(5) 1.8(4) 1.8(4) ·0.2(4)

C(23) 4.3(4) 6.9(5) 6.0(5) 1.2(4) 1.8(4) 1.0(4)

C(24) 4.8(5) 4.8(5) 6.3(5) -0.1(4) 0.3(4) 0.9(4)

C(25) 5.3(4) 4.0(4) 6.3(5) 0.8(4) 1.4(4) .().3(4)

C(l6) 4.5(4) 5.1(4) 4.9(4) 0.1(3) 1.2(3) -0.4(4)

C(27) 9.0(7) 7.0(6) 13.4(9) -0.6(6) 35(6) 2.1(5)

C(3!) 4.2(4) 4.0(4) 5.4(4) 0.1(3) -0.4(3) -0.2(3)

C(32) 5.3(4) 4.7(4) 5.7(5) 05(4) -1.3(4) 0.3(4)

C(33) 6.0(5) 4.9(4) 6.0(5) -0.3(4) -0.1(4) -0.7(4)

C(34) 5.6(5) 6.0(5) 5.6(5) -0.7(4) -0.9(4) -0.7(4)

C(35) 5.7(5) 6.8(5) 5.9(5) 0.7(4) -0.6(4) -0.1(4)

C(36) 5.8(4) 5.5(4) 5.8(4) -0.1(4) .().4(4) -0.6(4)

C(37) 11.2(8) 11.9(8) 8.9(7) -0.7(6) -4.5(6) -1.0(7)

•



• Structural Analysis of

TrisCp-Thioanisol)tin(pentacarbonyl)manganese(I)

(p-CH3SC,HJ3SnMn(CO),

A~7

•



•

•

Empirical Formula: C26 H21 04 S3 Sn Mn

Space group: Monoclinic, P2.Jn

Cell dimensions:

a =10.966 (UA

b =21.229 (2)A

c =12.297 (3)À

a=90°

f3 =101.22 (1)0

1=90°

Volume =2808.0 (8);\3

FW =683.24

Z=4

Dcalc = 1.616 g 1cmJ

F(OOO) = 1360

Data collection

Rigaku AFC -65 diffractometer

0) 128 scans

Absorption correction: Psi scans

Tmin =0.66, Tmu =0.57

9864 measured reflections

4961 independent reflections

3188 observed reflections [1> 2a(/)]

Structure was solved by the Patterson method.
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Mo Ka radiation

À. =0.7093 A
Cell parameters from 23 reflections

29 =25 -30°

J1 = 1.596 mm-1

T=295 (2) OK

Colourless black

0.45 x 0.25 x 0.22 mm

Ru. =0.077

Omu = 50.0°

h =-13~ 13

k=0-+25

1=-15 -+ 15

3 standard reflections were monitored

every 250 reflections

Intensity decay: 0.7 %



•
Reftnement

Refinement on FZ

R{FZ > 2a(F~ =0.0544

wR(F~ = 0.1079

GoF =1.037

57 atoms

4961 reflections

where

329 parameters

H atoms riding,

C-H = 0.93 - 0.97 A
(Ma) =-0.003

âQmu = 0.522 elA3

âQmiD =-0.673 elA3
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•

R = l:(Fo-Fc) / ~o

wR = [1:(w(Fo-Fc)Z) /1:wFOZ]lIZ

GoF =[~(w(Fo-Fc)~ / (No. of refins - No. of params.)
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Table A2.17: Fractional atomic coordinates and equivalent isotropic displacement

• paramelers (lOz Â) for tp-CH3SCJI.J3SnMn(CO)s"
x y z Ueq

Sn 0.08026(5) 0.13260(2) 0.21754(4) 3.74(2)
Mn -0.08421(10) 0.04537(5) 0.24730(9) 3.91(3)
5(2) 0.0695(2) 0.19783(12) -0.3188(2) 6.70(7)
SU) 0.0384(3) 0.42237(10) 0.4325(2) 7.08(7)
5(3) 0.6679(2) 0.10146(12) 0.4992(2) 6.69(7)
0(4) -0.1333(5) 0.0211(3) 0.0033(5) 6.9(2)
0(2) -0.0041(6) 0.0748(3) 0.4878(5) 6.7(2)
0(3) 0.1190(6) -0.0505(3) 0.2675(5) 7.0(2)
OU) -0.2626(6) 0.1523(3) 0.1996(6) 8.1(2)
0(5) -0.2771(6) -0.0404(3) 0.3012(6) 8.0(2)
C(4) -0.1150(7) 0.0300(4) 0.0958(7) 4.9(2)
C(2) -0.0339(7) 0.0637(3) 0.3963(7) 4.6(2)
C(3) 0.0427(7) -0.0144(4) 0.2601(6) 4.4(2)
CCI) -0.1940(8) 0.1109(4) 0.2208(7) 5.0(2)
C(5) -0.2017(8) -0.0096(4) 0.2781(7) 5.5(2)
CUI) 0.0479(6) 0.2247(3) 0.2801(6) 4.0(2)
C(2) 0.0244(7) 0.2354(4) 0.3845(6) 4.8(2)
C(3) 0.0221(8) 0.2954(3) 0.4284(6) 5.2(2)
C(4) 0.0435(7) 0.3487(3) 0.3682(7) 4.7(2)
C(I5) 0.0632(9) 0.3383(4) 0.2634(7) 7.0(3)
C(6) 0.0654(9) 0.2778(4) 0.2211(7) 6.9(3)
C(7) 0.0798(9) 0.4769(4) 0.3341(8) 7.4(3)
C(2I) 0.0822(7) 0.1493(3) 0.0458(6) 4.1(2)
C(22) 0.1853(7) 0.1370(4) -0.0022(6) 4.6(2)
C(23) 0.1851(7) 0.1514(4) -0.1112(6) 4.8(2)
C(24) 0.0799(7) 0.1769(4) -0.1774(6) 4.6(2)
C(25) -0.0242(7) 0.1867(4) -0.1332(6) 5.1(2)
C(26) -0.0229(7) 0.1735(3) .().0236(6) 4.6(2)
C(27) 0.2260(8) 0.1946(5) -0.3405(7) 7.5(3)
C(31) 0.2696(6) 0.1151(3) 0.3034(6) 4.0(2)
C(32) 0.3029(7) 0.0774(4) 0.3938(7) 5.2(2)
C(33) 0.4224(8) 0.0746(4) 0.4536(7) 5.4(2)
C(34) 0.5139(7) 0.1107(4) 0.4215(6) 4.3(2)
C(35) 0.4844(7) 0.1482(4) 0.3308(7) 5.8(2)
C(36) 0.3619(7) 0.1529(4) 0.2733(6) 5.2(2)
C(37) 0.7354(8) 0.1768(4) 0.4881(8) 7.6(3)

•
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Table A2.18: Bond lengths (Â) and angles (0) for (p-CH3SCJlJ3SnMn(CO)s·

• Sn-CC2l) 2.145(7) Sn-e(ll) 2.156(7)
Sn-CC3l) 2.171(7) Sn-Mn 2.6596(12)
Mn-C(l) 1.827(8) Mn-C(5) 1.832(9)
Mn-C(2) 1.849(9) Mn-C(4) 1.856(9)
Mn-C(3) 1.867(8) S(2)-C(24) 1.777(7)
S(2)-C(27) 1.789(9) S(U-eU4) 1.758(8)
So)-CU7) 1.796(9) S(3)-C(37) 1.779(10)
S(3)-C(34) 1.782(7) O(4)-C(4) 1.133(8)
o(2)·C(2) 1.133(9) O(3)-C(3) 1.125(8)
O(l)-C(l) 1.153(9) O(5)-C(5) 1.133(9)
C(ll)-C(l6) 1.375(10) CUU-e(2) 1.376(10)
C(12)-C(13) 1.386(10) C(l2)-HU2) 0.93
C(13)-C(l4) 1.396(10) C(l3)-H(l3) 0.93
C(l4)-C(l5) 1.365(10) C(l5)-e(l6) 1.386(11)
C(15)-H(l5) 0.93 C(I6)-H(l6) 0.93
C(l7)-H(17A) 0.96 C(l7)-H(l7B) 0.96
C(l7)-H{l7C) 0.96 C(2l)-C(26) 1.392(9)
C(2l)-C(22) 1.399(10) C(22)-C(23) 1.375(10)
C(22)-H(22) 0.93 C(23)-C(24) 1.386(10)
C(23)-H(23) 0.93 C(24)-C(2S) 1.372(10)
C(25)-C{26) 1.373(10) C(2S)-H(2S) 0.93
C(26)-H(26) 0.93 C(27)-H(27A) 0.96
C(27)-H(27B) 0.96 C(27)-H(27C) 0.96
C(31)-C(32) 1.361(10) C{3l)-C(36) 1.397(10)
C(32)-C(33) 1.374(10) C(32)-H(32) 0.93
C(33)-C{34) 1.380(10) C(33)-H(33) 0.93
C(34)-C(35) 1.358(10) C(35)-C(36) 1.394(10)
C(35)-H(35) 0.93 C(36)-H(36) 0.93
C(37)-H(37A) 0.96 C(37)-H(37B) 0.96
C(37)-H(37C) 0.96

C(Zl)-Sn-C(ll) 103.6(3) C(2I)-Sn-C(3l) 108.4(3)
CU l)-Sn-C{30 100.9(3) C(2I)-Sn-Mn 112.8(2)
C(ll)-Sn-Mn 114.8(2) C(3I)-Sn-Mn 115.1(2)
C(O-Mn-C(5) 93.2(4) C(l)-Mn-C(2) 94.3(3)
C(5)-Mn-C(2) 90.9(3) C(I)-Mn-C(4) 88.3(3)
C(5)-Mn-C(4) 95.6(3) C(2)-Mn-C(4) 172.9(3)
CU)-Mn-CC3) 170.7(3) C(5)-Mn-C(3) 95.3(4)
C(2)-Mn-C(3) 89.2(3) C(4)-Mn-C(3) 87.2(3)
C(l)-Mn-Sn 83.5(2) C(5)-Mn.sn 174.4(3)
C(2)-Mn-Sn 84.9(2) C(4)-Mn-Sn 88.9(2)
C(3)-Mn-Sn 88.3(2) C(24)-S(2)-C(27) 104.8(4)
C(l4)-S(1)-C(l7) 103.7(4) C(37)-S(3)-C(34) 103.0(4)
O(4)-C(4)-Mn 179.4(6) O(2)-C(2)-Mn 179.4(8)
O(3)-C(3)-Mn 179.8(8) O(I)-C(I)-Mn 177.1(7)
O(5)-C(5)-Mn 175.4(8) C(16)-C(l U-C(I2) 115.3(7)
C(l6)-C(lO-Sn 120.4(6) C(l2)-CU U-Sn 123.8(S)
C(Il)-C(lZ)-CU3) 122.4(7) C(ll)-C(I2)-H(12) 118.8
C(l3)-C(l2)-H(lZ) 118.8 C(t2)-C(l3)-CU4) 121.4(7)
C(l2)-C(l3)-HU3) 119.3 C(l4)-C(l3)-H(l3) 119.3

• C{lS)-C(l4)-C(l3) 116.3(7) CUS}-C(l4)-S(l) 126.4(6)
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C(t 3)-C(l4)-S(l) 117.3(6) C(14)-C(lS)·C(l6) 121.4(8)
C(l4)-C(lS)-H{IS) 119.3 C(I6)-C(I5)-H(lS) 119.3

• C(ll}-C(l6)-C(lS) 123.2(8) C(ll)-C(l6)·H(l6) 118.4
C{lS)-C(l6)-H(l6) 118.4 S(l)-C(l7)·H(l7A) 109.5
S{l)-C(l7)-H{I7B) 1095 H(17A)-C(I7)·H(I71J) 109.5
S(l)-C(l7)-H{I7C) 109.5 HU7A)-C(l7)-H(t7C) 1095
H(l7B)-C{I7)-HU7C) 109.5 C(26)-C(21)-C(22) 116.8(6)
C(26)-C{2l)-Sn 120.0(5) C(22)-C(21)-5n 123.3(5)
C(23)-C(22)-C{2l) 121.5(7) C(23)-C(22)~H(22) 119.3
C(2l)-C(22)-H(22) 119.3 C(22)-C(23)-C(24) 120.2(7)
C(Z2)-C(23)-H(23) 119.9 C(24)-C(23)-H(23) 119.9
C(25)-C(24)-C(23) 119.2(7) C(2S)-C(24)-S(2) 116.8(6)
C(23)-C(24)-S(2) 124.1(6) C(24)-C(2S)-C(26) 120.5(7)
C(24)-C(25)-H(25) 119.7 C(26)-C(25)-H(2S) 119.7
C(25)-C(26)-C(2U Il1.7(7) C(ZS)-C(26)-H(26) 119.1
C(2l)-C(26)-H(26) 119.1 S(2)-C(27)·H(27A) 109.5
S(2)-C(27)-H(27B) 109.5(3) H(27A)-C(27)-H(27B) 109.5
S(Z)-C(27)-H(27C) 109.5 H(27A)-C(27)-H(27C) 109.5
H(27B}-C(27)-H(27C) 109.5 C(3l)-C(3I)-C(36) 117.5(7)
C(32)-C(3U-Sn 125.l(6) C(36)-C(3I)-5n 116.5(5)
C(31)-C(32)-C(33) 122.6(8) C(3I)-C(32)-H(32) 118.7
C(33)-C(32)-H{32) 118.7(5) C(32)-C(33)-C(34) 119.6(7)
C(32)-C(33)-H{33) 120.l C(34)-C(33)-H(33) 120.2
C(3S)-C(34)-C(33) 119.4(7) C(3S)·C(34)-S{3) 123.7(6)
C(33)-C(34)-S{3) 116.8(6) C(34)·C(35)-C(36) 120.7(8)
C(34)-C(35)-H(3S) 119.6 C(36)-C(35)-H(35) 119.6
C(35)-C(36)-C{3l) 120.0(7) C(3S)·C(36)-H(36) 120.0
C(3l)-C(36)-H(36) 120.0 S{3)-C(37)·H(37A) 109.5
S(3)-C(37)-H{37B) 109.5 H{37A)-C{37)·H(37B) 109.5
S(3)-C(37)-H(37C) 109.5 H{37A)-C(37).H{37C) 109.5
H(37B)-C(37)-H(37C) 109.5

• •



•

•

C(Zl)-Sn-Mn-C(l)
C(3l)-Sn-Mn-C(l)
CU I)-Sn-Mn-C(5)
CC2I)-Sn-Mn-C(Z)
CC3 l)-Sn-Mn-C(Z)
CCl t)-Sn-Mn-C(4)
CCZI)-Sn-Mn-C(3)
CC3l)-Sn-Mn-C(3)
CC3l)-Sn-C(ll)-C{l6)
CCZt)-Sn-C{l I)-C{l2)
Mn-Sn-C(l I)-C{lZ)
Sn-C(ll)-C(l2)-C(l3)
C(l2)-C(13)-C(l4)-C(15)
C(t 7)-S(t)-C(l4)-C(I5)
C(13)-C(l4)-C(lS)-C(l6)
C(l2)-C(ll)-C(l6)-C(l5)
C(l4)-C(lS)-CU6)-C(ll)
CC3I)-Sn-C(2l)-CCZ6)
C(ll)-Sn-C(2l)-CCZ2)
Mn-Sn-C(2l)-C(22)
Sn-CCZl)-C(22)-C(23)
C(22) -C(23) -C(24)-C(2S)
C(27)-SC2)-C(24)-C(25)
C(23)-C(24)-C(2S)-C(26)
CCZ4)-C(2S)-C(26)-C(Z1)
Sn-C(21)-C(26)-C(25)
C(ll}-Sn-C(3l)-C(32)
CC2l}-Sn-CC3l)-C(36)
Mn-Sn-C(3l)-C(36)
Sn-C(31)-C(3Z)-C(33)
C(32)-C(33)-C(34)-C(35)
C(37)-S(3)-C(34)-C(35)
C(33)-C(34)-C(35)-C(36)
C(34)-C(35)-C(36)-C(31)
Sn-C(3l)-C(36)-C(35)

-8Z.Z(3)
152.8(3)
-18(3)
-177.1(3)
57.8(3)
124.6(3)
93.5(3)
-315(3)
95.6(7)
171.7(6)
48.3(7)
170.3(6)
1.7(12)
-504(9)
-1.9(14)
1.7(13)
0(2)
-167.7(6)
118.9(6)
-116.3(6)
-176.6(6)
-1.0{ll)
1685(6)
2.4{l2)
-0.9(12)
178.0(6)
102.2(7)
40.7(6)
168.1(5)
-171.1(6)
-004(12)
33.2(8)
3.3(12)
-S.l(3)
174.7(6)

CUl}-Sn-Mn-CU)
C(Zl)-Sn-Mn-C(5)
C(3l}-Sn-Mn-C(5)
CU l)-Sn-Mn-C(Z)
C(Zt)-Sn-Mn-C(4)
C(3U-Sn-Mn-C(4)
C(Il)-Sn-Mn-C(3)
C(Zl)-Sn-C(ll)-C{l6)
Mn-Sn-C(lU-CU6)
C(3l)-Sn-CUU-CUZ)
C(l6)-C(ll)--C(1Z)-C(13)
C(lI}-C(lZ)-C(13)-C(14)
C(l2)-C(l3)-C(14)-S(l)
C(l7)-S(l)-C(14)-C(l3)
S(l)-C(l4)-C(t5)-C(t6)
Sn-C(ll)-C(16)-CU5)
CU I)-Sn-C(ZU-C(26)
Mn-Sn-C(Zl)-C(26)
C(31)-Sn-C(2l)-C(ZZ)
C(Z6)-C(21)-C(22)..C(23)
C(21)-C(Z2)-C(23)-C(24)
C(ZZ)-C(23)-C(24)-S(Z)
C(27)-S(2)-C(24)-C(23)
S(Z)-C(24) ..C(2S)-C(Z6)
C(2Z)-C(21)-C(26)-C(2S)
C(2I}-Sn-C(3t)-C(3Z)
Mn-Sn-C(3l)-C(3Z)
C(l I)-Sn-C(3l)-C(36)
C(36)-C(31)-C(3Z)-C(33)
C(3t)-C(32)-C(33)-C(34)
C(3Z)-C(33)-C(34)-S(3)
C(37)-S(3)-C(34)-C(33)
S(3)-C(34)-C(35)-C(36)
C(3Z)-C(3l)-C(36)-C(35)

36.2(3)
-136(3)
98(3)
-58.8(3)
6.3(3)
-118.8(3)
-148.1(3)
-16.6(7)
-1..a.0(6)
-76.1(7)
-1.8UZ)
0.2(13)
-179.9(6)
176.4(7)
179.9(7)
-170.7(8)
-61.1(6)
63.7(6)
12.3(7)
3.4(11)
-Z.O(1Z)
179.5(6)
-12.0(8)
-178.1(6)
-2.0(11)
..149.4(6)
-22.0(7)
-67.7(6)
-1.3(12)
-0.6(13)
-176.9(6)
-150.5(6)
179.5(6)
4.0(1Z)
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Table A2.20: Anisotropie thermal factors (lOZ A~ for (p-CH3SCJf.hSnMn(CO)s-

• Ull Uzz U33 U I2 Uu U23

Sn 3.47(3) 3.93(3) 3.77(3) 0.41(3) 0.61(2) -0.02(3)

Mn 351(6) 3.77(6) 4.44(7) -0.05(5) 0.76(5) -0.06(5)
S(2) 6.9(2) 9.3(2) 3.63(12) 0.74(11) 0.33(11) -1.51(14)

SU) 9.6(2) 4.55(13) 7.5(2) -1.27(12) 2.7(2) -0.68(13)
S(3) 4.04(13) 7.8(2) 7.6(2) 0.11(13) -0.59(11) 0.82(2)
0(4) 6.3(4) 8.5(5) 5.3(4) -1.2(3) 0.0(3) 0.4(3)
0(2) 9.2(5) 5.9(4) 4.5(4) -0.8(3) 0.6(3) -0.7(3)
0(3) 5.9(4) 6.1(4) 8.5(5) 0.0(3) 0.4(3) 1.9(3)
0(1) 6.4(4) 8.0(5) 10.1(S) 0.6(4) 2.0(4) 3.2(4)
0(5) 6.5(4) 6.4(4) 11.6(6) 0.5(4) 3.3(4) -1.8(4)
C(4) 4.1(5) 4.5(5) 6.0(6) -0.3(4) O.5(4) -0.1(4)
C(2) 4.3(5) 3.6(4) 6.0(6) -0.2(4) 1.3(4) 0.0(4)
C(3) 4.2(5) 4.0(5) 4.8(5) -0.6(4) 0.7(4) -0.1(4)

C(U 4.8(5) 4.2(5) 6.1(5) -0.3(4) 1.5(4) 0.1(4)
C(5) 5.2(6) 5.2(5) 6.2(6) -0.8(4) 1.3(4) -1.4(4)
C(ll) 3.6(4) 4.0(4) 4.7(5) 0.1(4) 1.3(3) -0.2(3)
C(l2) 6.2(5) 4.8(5) 3.5(4) 0.8(4) 1.1(4) -1.0(4)
C(l3) 8.5(6) 3.6(5) 3.8(4) 0.2(4) 1.7(4) -0.1(4)
C(l4) 4.5(5) 4.1(5) 5.6(5) 0.0(4) 1.2(4) -0.5(4)
C(5) 11.3(8) 4.9(5) 6.3(6) 1.2(5) 5.0(6) -0.5(5)
C(6) 9.7(8) 6.4(6) 5.5(5) 0.0(5) 4.1(5) 0.1(6)
C(li) 8.7(7) 3.4(5) 10.2(8) 0.2(5) 2.3(6) -0.4(5)
C(2I) 4.8(5) 3.8(4) 3.6(4) 0.7(3) 0.6(4) -0.3(4)
C(22) 4.4(4) 4.7(5) 4.5(4) 0.3(4) 0.3(3) 0.7(4)
C(23) 4.6(5) 5.9(5) 4.1(4) -0.6(4) 1.1(4) -0.5(4)
C(24) 5.4(5) 4.6(5) 3.9(4) -0.2(4) 0.7(4) -1.8(4)
C(25) 4.4(5) 6.3(6) 4.2(5) 1.0(4) -o.2(4) -0.1(4)
C(26) 3.9(4) 5.3(5) 4.7(S) 0.8(4) 1.0(4) 0.3(4)
C(2i) 7.7(7) 9.7(8) 5.6(6) 1.5(S) 2.8(5) -0.4(6)

C(3I) 3.1(4) 3.8(4) 4.9(4) 0.7(3) 0.6(3) 0.3(3)
C(32) 4.5(5) 4.6(5) 6.4(6) 1.0(4) 1.0(4) 0.1(4)
C(33) 4.9(5) 5.1 (5) 6.0(6) 1.6(4) 0.4(4) 0.6(4)
C(34) 3.6(4) 5.1(5) 3.9(4) -0.3(4) 0.4(3) 0.8(4)
C(35) 4.4(5) 6.6(6) 6.4(6) 0.2(4) 1.2(4) ·1.4(4)
C(36) 4.8(5) 5.8(5) 4.8(5) 0.9(4) 0.3(4) -0.2(4)
C(37) 4.6(5) 9.1(7) 8.9(7) -3.8(6) 0.9(5) -1.0(5)

•



•

•

Structural Analysis of

TrisCp.nuorophenyl)tin(pentacarbonyl)manlanese(l)

(P-FC,HJ3SnMn(CO),
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Crystal data for kz-fCJi:t>~nMn(ÇQ)~

• Empirical Formula: C23 H12 OS Sn Mn F3

Space group: Triclinic, P 1

Cell dimensions:

a =10.636 (S)Â

b =11.4S0 (3)Â

c =21.992 (7)Â

a =83.20 (3)0

f3 =78.30 (4)0

y =63.03 (2)0

Volume =2336 (2)A.3

FW =598.96

Z=4

Dc:aIc: = 1.703 g 1cm3

F(OOO) =1168

Data collection

Rigaku AFC -68 diffractometer

Cl) 128 scans

Absorption correction: Psi scans

Tmin = 0.4S, Tmax = 0.66

16582 measured reflections

8291 independent reflections

5383 observed reflections [1> 2a(/)]

Mo Ka radiation

Â. =0.7093 Â

Cell parameters from 19 reflections

28=25-30°

J.l =1.664 mm-l

T=295 (2) OK

Colourless black

0.52 x 0.35 x 0.12 mm

Rw=O.079

a = 50.0°mas

h =-12 ~ 12

1=-13~ 13

1=-26~26

3 standard reflections were monitored

every 250 reflections

Intensity decay: 1.5 %

•
Structure was solved by the heavy atom method.



•
Reftnement

Refinement on P
R(Fz > 2a(FZ

) = 0.0518

wR(F~ = 0.0997

GoF= 1.101

90 atoms

8291 reflections

where

596 parameters

H atoms riding,

C-H=0.93 A
(â1a) = 0.004

~raa= 0.524 e/AJ

âQlDiIl =-0.550 e/ÂJ

A-77

•

R = 1:(Fo-Fc) / ~o

wR =[:E(w(Fo-Fc)Z) /1:wFolj1J2

GoF = [1:(w(Fo-Fc)~ 1 (No. of retins - No. of params.)
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Table A2.21: Fractional atomic coordinates and equivalent isotropie displacement
pararneters (lOZ Â) for (P-FCJlJ3SnMn(CO)s'• x y z li..

SoO) 0.2J022(5) 0.15580(4) 0.42670(2) 4.48(2)
Mn(l) 0.01555{l2) 0.30811(10) 0.36677(5) 5.36(3)
FU) 0.4238(6) -0.449O(4) 0.4314(2) 10.4(2)
F(2) 0.1179(6) 0.2843(5) 0.7063(2) 9.9(2)
F(3) 0.7811(5) 0.1967(5) 0.2854(3) 10.2(2)
0(1) -0.0778(7) 0.0982(6) 0.4046(3) 10.4(2)
0(2) 0.2075(8) 0.1532(7) 0.2573(3) Il.0(2)
0(3) 0.1574(7) 0.4830(6) 0.3298(4) 12.8(3)
0(4) -O.1300(7) 0.4442(6) 0.4869(3) 10.7(2)
0(5) -0.2306(6) 0.4753(6) 0.3040(3) 8.4(2)
CU) -o.044O(8) 0.1785(8) 0.3910(4) 7.2(2)
C(2) 0.1318(10) 0.2120(8) 0.2997(4) 7.3(2)
C(3) 0.1038(9) 0.4168(8) 0.3450(5) 7.8(3)
C(4) -0.0752(9) 0.3910(7) 0.4408(4) 7.1(2)
C(S) -0.1350(9) 0.4112(7) 0.3274(4) 6.H2)
CUl) 0.2891(7) -0.0500(6) 0.4265(3) 4.6(2)
C(12) 0.3271(7) -0.1264(6) 0.4797(4) 5.6(2)
C(13) 0.3732(8) -0.2605(7) 0.4813(4) 6.3(2)
C(14) 0.3780(9) -0.3170(7) 0.4301(4) 6.2(2)
C(lS) 0.3394(9) -0.2477(8) 0.3766(4) 7.6(2)
C(l6) 0.2941(8) -0.114U7) 0.3763(4) 6.7(2)
C(2!) 0.1912(8) 0.1992(6) 0.5228(3) 4.8(2)
C(22) 0.0774(8) 0.1922(7) 0.5639(4) 6.1(2)
C(23) 0.0512(9) 0.2200(8) 0.6264(4) 6.9(2)
C(24) 0.1411(10) 0.2572(7) 0.6450(4) 6.7(2)
C(25) 0.2547(9) 0.2646(7) 0.6078(4) 6.2(2)
C(26) 0.2806(8) 0.2351(6) 0.5459(4) 5.8(2)
C(3U 0.4227(7) 0.1710(6) 0.3832(3) 4.5(2)
C(32) 0.4382(8) 0.2832(7) 0.3820(3) 5.7(2)
C(33) 0.5589(8) 0.2938(7) 0.3491(3) 6.1(2)
C(34) 0.6635(8) 0.1874(7) 0.3177(4) 6.3(2)
C(35) 0.6528(8) 0.0745(7) 0.3177(4) 7.1(2)
C(36) 0.5312(8) 0.0671(6) 0.3504(3) 5.6(2)
Sn(2) 0.19062(5) 0.15305(5) 0.90706(2) 5.06(2)
Mn(2) 0.29780(12) 0.32074(10) 0.85987(5) 5.48(3)
F(4) -0.2884(5) 0.1854(5) 0.7706(2) 10.U2)
F(S) -0.0620(6) 0.2676(5) 1.1875(2) 11.5(2)
F(6) 0.6062(8) -0.4463(5) 0.9090(4) 17.8(3)
O(6) 0.0186(6) 0.4824(6) 0.8167(3) 8.9(2)
0(7) 0.4104(7) 0.1698(6) 0.7452(3) 9.6(2)
0(8) 0.5562(7) 0.1237(7) 0.9087(3) 10.7(2)
0(9) 0.1799(9) 0.4564(6) 0.9806(3) 11.8(3)
0(10) 0.4208(7) 0.5036(7) 0.8061(4) 11.U2)
C(6) 0.1239(9) 0.4196(8) 0.8337(4) 6.6(2)
C(7) 0.3649(9) 0.2269(8) 0.7891(4) 6.7(2)
CCS) 0.4569(10) 0.1996(9) 0.8908(4) 7.1(2)
C(9) 0.2244(10) 0.4031(8) 0.9354(4) 8.0(3)
CUO) 0.3746(9) 0.4341(9) 0.8263(4) 7.4(2)

• C(4l) 0.0251(7) 0.1637(7) 0.8616(3) 4.9(2)
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C(42) 0.0454(8) 0.0637(7) 0.8267(3) 5.7(2)
C(43) -0.0576(9) 0.0696(8) 0.7958(4) 6.9(2)

• C(44) -0.1851(9) 0.1788(9) 0.8012(4) 7.1(2)
C(4S) -0.2120(8) 0.2808(8) 0.8351(4) 7.3(2)
C(46) -0.1064(8) 0.2730(8) 0.8663(4) 6.6(2)
C(SU 0.1042(8) 0.1863(6) 1.0042(3) 5.2(2)
C(S2) 0.1882(9) 0.1865(7) 1.0438(4) 6.8(2)
C(S3) 0.1337(11) 0.2133(9) 1.1065(4) 8.4(3)
C(S4) -0.0037(12) 0.2385(8) 1.1265(4) 7.6(3)
C(SS) -0.0920(10) 0.2377(8) 1.0893(4) 7.8(3)
C(S6) -0.0357(9) 0.2112(7) 1.0274(4) 6.6(2)
C(6l) 0.3430(8) -0.0509(7) 0.9045(4) 6.1(2)
C(62) 0.3455(9) -0.1268(8) 0.9575(4) 8.0(3)
C(63) 0.4341(12) -0.2602(9) 0.9596(5) 10.2(3)
C(64) 0.5208(12) -0.3143(10) 0.9081(7) 11.0(4)
C(65) 0.5236(12) -0.2483(11) 0.8529(6) 11.7(4)
C(66) 0.4328(9) -0.1114(9) 0.8515(5) 9.4(3)

•
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Table A2.22: Bond lengths cA> and angles (0) for y.,-FC6HJJSnMn(CO)s•

• Sn(l)-C(2l) 2.143(7) Sn(l)-C{l1) 2.147(6)
Sn(I)-C(3 I) 2.151(7) Sn(l)-Mn(1) 2.656(2)
Mn(l)-C(5) 1.820(8) Mn(l}-C(2) 1.823(9)
Mn(l)-C(4) 1.838(9) Mn(t)-C(3) 1.842(9)
Mn(l)-C(l) 1.848(9) F(U-C(I4) 1.360(8)

F(2)-C(24) 1.366(8) F(3)-C(34) 1.350(8)
O(l}-C(l) 1.120(9) o (2)-C(2) 1.150(9)
O(3)-C(3) 1.126(9) o(4)-C(4) 1.151(9)
O(5)-C(5) 1.133(8) C(ll)-C(16) 1.375(9)

CUU-CUl) 1.389(9) C(I2)-C(t3) 1.382(9)
C(2)-HUl) 0.93 C(l3)-C(t4) 1.343(10)
C(I3)-H(13) 0.93 C(l4)-C(1S) 1.366(10)
C(l5)-C(l6) 1.379(9) C(I5)-H(l5) 0.93
C(I6)-H(l6) 0.93 C(2l)-C(22) 1.384(9)
C(2l)-C(26) 1.390(9) C(22)-C(23) 1.391(10)
C(22)-H(2l) 0.93 C(23)-C(24) 1.354(11)
C(23)-H(23) 0.93 C(24).C(2S) 1.346(11)
C(25)-C(26) 1.384(9) C(25)-H(2S) 0.93
C(26)-H(26) 0.93 C(3l)-C(32) 1.364(9)
C(3I)-C(36) 1.374(9) C(32)-C(33) 1.390(9)
C(32)-H(32) 0.93 C(33)-C(34) 1.363(9)
C(33)-H(33) 0.93 C(34)-C(35) 1.348(10)
C(3S)-C(36) 1.380(10) C(3S)-H(35) 0.93
C(36)-H(36) 0.93

Sn(2)-C(4t) 2.145(7) Sn(2)-C(51) 2.153(7)
Sn(2)-C(6l) 2.155(7) Sn(2)-Mn(2) 2.664(2)
Mn(2)-C(7) 1.826(8) Mn(2)-C(8) 1.834(9)
Mn(2)-C(lO) 1.841(9) Mn(2)-C(6) 1.847(9)
Mn(2)-C(9) 1.852(10) F(4)-C(44) 1.370(8)
F(5)-C(54) 1.370(9) F(6)-C(64) 1.366(10)
O(6)-C(6) 1.134(8) o(7)-C(7) 1.126(8)
O(8)-C(8) 1.131(9) O(9)-C(9) 1.131(9)
O(IO)-C(1D) 1.120(9) C(4l)-C(42) 1.366(9)
C(4l)-C(46) 1.385(9) C(42)-C(43) 1.374(10)
C(42)-H(42) 0.93 C(43).C(44) 1.360(10)
C(43)-H(43) 0.93 C(44)-C(45) 1.348(10)
C(45)-C(46) 1.395(10) C(4S)-H(4S) 0.93
C(46)-H(46) 0.93 C(5l)-C(52) 1.368(10)
C(S l)-C(56) 1.377(10) C(52)-C(53) 1.396(10)
C(52)-H(25) 0.93 C(53)-C(~) 1.342(12)
C(53)-H(53) 0.93 C(S4)-C(SS) 1.369(11)
C(55)-C(56) 1.382(10) C(SS)-H(5S) 0.93
C(S6)-H(56) 0.93 C(6l)-C(62) 1.J66(ll)
C(61)-C(66) 1.376(11) C(62)-C(63) 1.385(11)
C(62)-H(62) 0.93 C(63)-C(64) 1.319(14)
C(63)-H(63) 0.93 C(64)-C(65) 1.35(2)
C(6S)-C(66) 1.421(12) C(6S)-H(65) 0.93
C(66)-H(66) 0.93

• C(2I}-Sn(l)-C(Il) 104.8(3) C(21}-Sn(l)-C(3l) 101.8(3)
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COl)-Sn(])-C(3l) 104.0(2) C(21)-Sn(J)-Mn(J) 114.1(2)
COU-Sn(l)-MnU) 114.8(2) C(3U-Sn(t)-Mn(I) 110.5(2)

• C(S)-Mn(I)-C(2) 96.4(4) CfS)-Mn(l)-C(4) 93.1(4)
C(2)-Mn(I)-C(4) 170.4(4) C(5)-~(1)-C(3) 93.8(3)
C(2)-Mn(I)-C(3) 87.1(4) C(4)-~(I)-<:(3) 91.0(4)
C(S)-Mn(I)-C(l) 95.1(3) C(2)-~(I)-C(I) 89.0(4)
C(4)-~(1)-C(l) 91.S(4) C(3)-MnCl)-C(I) 170.6(3)
C(S)-Mn(1)-5n(t) 178.4(2) C(2)-~(I)-5n(l) 84.5(3)
C(4)-Mn(l)-Sn(l) 86.0(2) C(3)-~(I)~(I) 87.6(2)
C(I)-Mn(l)-8n(1) 83.6(3) O(I)-C:(l)-~(I) 178.4(S)
O(2)-C(2)-Mn(l) 178.1(9) O(3)-C:()-~(I) 177.9(10)
O(4)-C(4)-Mn(I) 178.4(9) O(S)-C:(S)-~(l) 178.5(7)
C(I6)-C(1l)-C(t2) 116.4(6) C(l6)-C(11)-Sn(l) 124.5(5)
C(I2)-C(1l)-SnU) 119.1(S) C(I)-C(12)-C(11) 121.7(7)
C(13)-C(12)-H(12) 119.2 CCl 1)-C(l2)-H(12) 119.2
C(l4)-C(I3)-C(l2) 118.7(7) C(4)-C(1)-H(l) 120.1
C(l2)-C{l3)-H(13) 120.7 CCl)-Cn4)-F{l) 118.S(7)
C(3)-C(14)-C(1S) 122.9(7) F(I)-C(l4)-C(1S) 118.3(7)
C(14)-C(lS)-C(16) 117.2(7) CU4)-C(15)-H(15) 121.4
C{l6)-C(lS)-H(I5) 121.4 cn 1)-C(16)-C(15) 123.2(7)
CU I)-C(16)-H(16) 118.4 C(I5)-C(16)-H(16) 11S.4
C(22)-C(21)-C(26) 117.8(7) C(22)-C{21)-Sn(l) 121.6(5)
C(26)-C(2I)-Sn(l) 120.7(5) C(21)-C{22)-C(23) 122.0(7)
C(21) -C(22)-H(22) 119.0 C(23)-C(22)-H(22) 119.0
C(24)-C(23)-C(22) 116.7(8) C(24)-C(23)-H(23) 121.6
C(22)-C(23)-H(23) 121.6 C(25)-C(24)-C(23) 124.4(8)
C(25)-C(24)-F(2) 117.9(8) C(23)-C(24)-F(2) 117.7(8)
C(24)-C(25)-C(26) 118.3(8) C(24)-C(25)-H(25) 120.8
C(26)-C(25)-H(25) 120.8 C(25)-C(26)-C(21) 120.8(7)
C(25)-C(26)-H(26) 119.6 C(21)-C(26)-H(26) 119.6
C(32)-C(31)-C(36) 117.7(6) C(32)-C(31)-8n(1) 123.1(5)
C(36)-C(3l)-Sn(l) 118.9(5) C(31)-C(32)-C(33) 121.9(7)
C(3I)-C(32)-H(32) 119.0 C(33)-C(32)-H(3Z) 119.0
C(34)-C(33)-C(32) 117.8(7) C(34)-C(33)-H(33) 121.1
C(32)-C(33)-H(33) 121.1 C(35)-C(34)-F(3) 119.5(7)
C(35)-C(34)-C(33) 122.3(7) F(3)-C(34)-C(33) l1S.3(7)
C(34)-C(35)-C(36) 118.6(7) C(34)-C(35)-H(35) 120.7
C(36)-C(35)-H(3S) 120.7 C(31)-C(36)-C(35) 121.6(7)
C(31)-C(36)-H(36) 119.2 C(35)-C(36)-H(36) 119.2

C(41)-50(2)-C(51) 107.8(3) C(41)-8n(Z)-C(61} 104.6(3)
C(51)-So(Z)-C(61) 104.0(3) C(4l)-Sn(2)-Mn(2) 1I3.S(2)
C(SI)-Sn(2)-Mn(Z) 1l0.5(Z) C(61)-Sn(Z)-Mn(Z) 115.3(2)
C(7)-Mn(Z)-C(8) 88.)(4) C(7)-Mn(Z)-C(lO) 92.6(4)
C(S)-Mn(Z)-C(IO) 96.0(4) C(7)-Mn(Z)-C(6) 90.2(4)
C(S)-Mn(Z)-C(6) 169.0(4) C(l0)-Mn(2)-C(6) 94.9(4)
C(7)-Mn(Z)-C(9) 174.3(4) C(S)-Mn(Z)-C(9) 90.3(4)
CU0)-Mn(Z)-C(9) 93.1(4) C(6)-Mn(Z)-e(9) 90.1(4)
C(7)-Mn(Z)-Sn(2) 86.5(3) C(S)-Mn(Z)-Sn(Z) 83.5(3)
CU0)-Mn(2)-Sn(2) 178.9(3) C(6)-Mn(2)-Sn(2) 85.6(2)

C(9)-Mn(Z)-5n(2) 87.9(3) O(6).c(6)·Mn(2) 178.1(8)
O(7)-C(7)-Mn(Z) 177.6(8) O(8).c(8)-Mn(Z) 17S.5(8)

• O(9)-C(9)-Mn(2) 178.1(8) O(lO).c{lO)-Mn(Z) 179.6(8)
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C(42)-C(41)-C(46) 117.3(7) C(42)-C(41)-Sn(2) 121.5(5)
C(46)-C(4I)-Sn(2) 121.2(S) C(4U-C(42)-C(43) 122.6(7)

• C(4t)-C(42)-H(42) 118.7 C(43)-C(42)-H(42) 118.7
C(44)-C(43)-C(42) 118.4(8) C(44)-C(43)-H(43) 120.8
C(42)-C(43)-H(43) 120.8 C(4S)-C(44)-C(43) 122.0(8)
C(45)-C(44)-F(4) 119.3(8) C(43)·C(44)-F(4) 118.7(8)
C(44)-C(4S)-C(46) 118.9(7) C(44)-C(4S)-H(4S) 120.6
C(46)-C(45)-H(45) 120.6 C(4U-C(46)-C(4S) 120.8(7)
C(4I)-C(46)-H(46) 119.6 C(4S)·C(46)-H(46) 119.6
C(52)-C(51)-C(56) 119.0(7) C(52)-C(SU-5n(2) 119.6(6)
C(56)-C(51)-5n(2) 121.4(6) C(5U-C(52)-C(S3) 121.0(8)
C(51)-C(52)-H(25) 119.S C(53)-C(S2)-H(25) 119.5
C(54)-C(53)-C(52) 117.6(9) C(54)-C(S3)-H(S3) 121.2
C(52)-C(53)-H(53) 121.2 C(53)-CCS4)-C(SS) 123.9(8)
C(53)-C(54)-F(S) 119.4(10) C(5S)-CC54)-F(S) 116.7(9)
C(54) -C(55)-C(56) 117.5(8) C(54)-CCSS)-H(SS) 121.3
C(56)-C(55)-H(55) 121.3 C(5l)-C(56)-C(SS) 121.0(8)
C(51)-C(56)-H(56) 119.5 C(S5)-C(56)-H(56) 119.5
C(62)-C(61)-C(66) 117.7(8) C(62)-C(6l)-Sn(2) 118.6(6)
C(66)-C(6I)-5n(2) 123.6(7) CC6t)-C(62)-C(63) 122.7(9)
C(61)-C(62)-H(62) 118.6 C(63)-C(62)-H(62) 118.6
C(64)-C(63)-C(62) 117.9(10) C(64)-C(63)-H(63) 121.1
C(62)-C(63)-H(63) 121.1 C(63)-C(64)-C(6S) 123.8(10)
C(63)-C(64)-F(6) 1185(12) C(65)-C(64)-F(6) 117.5(11)
C(64)-C(65)-C(66) 117.7(10) C(64)-C(65)-H(65) 121.1
C(66)-C(65)-H(65) 121.1 C(61)-C(66)-C(65) 120.1(10)
C(61 )-C(66)-H(66) 119.9 C(6S)-C(66)-H(66) 119.9

•
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Table A2.23: Torsion angles (in degrees) for (P-FCJlJ3SnMn(CO)s.

• C(2I)-Sn(t)-Mn(l)-C(2) 179.7(3) cnU-Sn(l)-Mn(l)-C(2) -59.3(3)
C(3t)-Sn(l)-Mn(l)-C(2) 58.0(3) C(21)-SnU)-Mn(l)-C(4) 1.2(3)
C(ll}-Sn(t)-Mn(I)-C(4) 122_3(3) C(31)-Sn(l)-Mn(I)-C(4) -120.4(3)
C(21)-Sn(l )-Mn(I)-C(3) 92.4(4) C(1l)-Sn(l)-Mn(l)-C(3) -146.6(4)
C(31)-Sn(l)-Mn(l)-C(3) -29.3(3) C(Zl)-Sn(l)-Mn(I)-C(l) -90.8(3)
C(ll)-Sn(t)-Mn(l)-C(l) 30.3(3) C(Jl)-Sn(I)-Mn(l)-C(I) 147.6(3)
C(ZI)-Sn(t)-C(1l)-CU6) 165.6(6) C(3l)-Sn(l)-CU U-C(l6) -81.3(7)
MnU)-Sn(l)-C(ll)-C(l6) 39.6(7) C(Zl)-Sn(l)-CU U-C(l2) -15.3(6)
C(31)-Sn(l)-C(l1)-C(lZ) 97.8(6) )(n(I)-Sn(1)-C(11)-C(12) -141.3(5)
C(16)-C(l t)-C(lZ)-CU3) 2.6(11) Sn(t)-C(I I)-CUZ)-C(13) -176.S(S)
C(ll}-C(lZ)-C(13)-CU4) -1.S(2) C(l2)-C(I3)-C(14)-F(l) 179.7(7)
C(l2)·C(I3)-C(14)-CUS) 0.1(13) C(13)-C(14)-C(l5)-C(l6) 0.1(13)
F(l)-C(l4)-CUS)-CU6) -179.6(7) C(12)-C(t I)-C(l6)-C(lS) -2.6(12)
Sn(l)-C(ll)-C(l6)-CUS) 176.6(6) C{l4)-C(tS)-CU6)-C(ll) 1.3(13)
C(ll}-Sn(t)-C(21)-C(22) -66.9(6) C(3t)-Sn(l)-C(2U-C(22) -177.3(5)
Mn(l}-Sn(I)-C(21)-C(22) 59.6(6) CU t)-Sn(l)-C(ZU-C(26) 11Z.8(5)
C(31)-Sn(l)-C(2l)-C(26) 2.4(6) Mn(l)-SnU)-C(ZI)-C(26) -IZ0.7(5)
C(26)-C{21)-C(22)-C(23) 0.1(10) Sn(l)-C(Z1)-e(ZZ)-C(23) 179.9(5)
C(21)·C(22)-C(23)-C(24) 1.4(11) C(ZZ)-C(23)-C(24)-C(25) -2.Z(1Z)
C (22)-C(23)-C(24)-F(2) -179.7(6) C(23)-C(24)-C(ZS)-C(26) 1.4(1Z)
F(2)-C(24)-C(25)-C(26) 178.9(6) C(Z4)-C(2S)-C(26)-C(21) 0.3(10)
C(22)-C(21)-C{26)-C(2S) -1.0UO) Sn(l)-C(21)-C(26)-C(25) 179.3(5)
C(2t)-Sn(t)-C(3l)-C(32) -S9.2(6) C(11)-Sn(l)-C(3U-C(32) -170.2(6)
Mn{l)-Sn(l)-C(3 t)-C(3Z) 66.0(6) C(2l)-Sn(l)-C(31)-C(J6) 126.S(5)
C(ll)-Sn(l)-C(3t)-C(36) 15.5(6) Mn(l)-Sn(l)-C(3l)-C(36) -108.2(5)
C(36)-C(3l)-C(32)-C(33) -0.1(11) Sn(l)-C(3U-e(32)-C(33) -174.5(6)
C(3l}-C(32)-C{33)-C(34) -o.1(IZ) C(3Z)-C(33)-C(34)-C{3S) O.O(1Z)
C(32)-C(33)-C(34)-F(3) 179.8(7) F(3)-C(34)-C(3S)-C(J6) -179.4(7)
C(33)·C(34)-C(3S)-C(36) 0.4(13) C(3Z)-C(31)-C(36)-C(35) 0.5(11)
Sn(l)-C(3 t)-C(36)-C(35) 175.1(6) C(34)-C(3S)-e{36)-C(31) -0.7(12)
C(4l)-Sn(2)-Mn(2)-C(7) -6S.S(3) C(Sl)-Sn(2)-Mn(2)-C(7) 17Z.9(3)
C(61}-Sn(2)-Mn{Z)-C(7) SS.3(3) C(41)-Sn(Z)-Mn(Z)-C(8) -154.Z(3)
C(Sl}-Sn(2)-Mn(Z)-C(8) 84.2(3) C(61)-Sn(Z)-Mn(Z)-C(8) -33.4(4)
C(4l)-Sn(2)-Mn(2)-C(6) 24.9(3) C(5l)-Sn(2)-Mn(Z)-C(6) -96.6(3)
C(6l)-Sn(2)-Mn(2)-C(6) 145.8(3) C(41)-Sn(2)-Mn(2)-C(9) 115.2(4)
C(51)-Sn(2)-Mn(2)-C(9) -6.3(4) C(6U-Sn(2)-Mn(Z)-C(9) -123.9(4)
C(Sl}-Sn{2)-C(4l)-C(4Z) -125.3(6) C(61)-Sn(Z)-C(4l)-C(42) -15.0(7)
Mn(2)-Sn(2)-C(41)-C(42) 11l.7(6) C(Sl)-Sn(2)-C(4l)-C(46) S5.Z(6)
C(61)-Sn(Z)-C(4l)-C(46) 165.5(6) Mn(Z)-Sn(Z)-C(41)-C(46) -67.8(6)
C(46)-C(41)-C(42)-C(43) 1.2(1) Sn(2)-C(4l)-C(4Z)-C(43) -178.3(6)
C(41)-C(42)-C(43)-C(44) -0.9(12) C(42)-C(43)-e{44)-C(4S) 0.8(13)
C(42)-C(43)-C(44)-F(4) 180.0(7) C(43)-C(44)-e(4S)-C{46) -1.0(14)
F(4)-C(44)·C(45)-C(46) 179.8(7) C(42)-C(4l)-C(46)-C{4S) -1.4(11)
Sn(2)-C(4l)-C(46)-C(45) 178.1(6) C(44)-C(4S)-C(46)-C{4l) 1.3(3)
C(4l)-Sn(2)-C(Sl)-C(5l) -179.0{S) C(61)-Sn(2)-C(5l)-C(52) 70.3(6)
Mn(2)-Sn(Z)-C(Sl)-C(SZ) -S4.0(6) C(4l)-Sn(Z)-C(SU-C{S6) -o.9(6)
C(6U-Sn(Z)-C(Sl)-C(S6) -111.6(6) Mn(Z)-Sn(Z)-C(Sl)-C(S6) 124.1(5)
C(56)-C(Sl)-C(SZ)-C(S3) -0.9(11) Sn(Z)-C(SU-eCS2)-CCS3) 177.Z(6)
C(Sl)-C(52)-C(53)-C(S4) 0.1(12) C(52)-C(53)-C(54)-CCSS) 0.9(13)
C(S2)-C(53)-C(S4)-F(S) -178.8(7) C(S3)-C(S4)-C(SS)-CCS6) -1.0(3)

• F(5)-C(S4)-C(5S)-C(S6) 178.7(7) C(S2)-CCSl)-C(S6)-C(SS) 0.8(11)



•
Sn(Z)-CC51)-C(S6)-C(S5)
C(4l)-Sn(Z)-C(61)-C(6Z)
Mn(2)-Sn(2)-C(61)-C(6Z)
C(Sl)-Sn(2)-C(6I)-C(66)
C(66)-C(61)-C(6Z)-C(63)
C(61)-C(62)-C(63)-C(64)
C(6Z)-C(63)-C(64)-F(6)
F(6)-C(64)-C(6S)-C(66)
Sn(Z)-C(6l)-C(66)-C(6S)

-177.3(6)
-103.2(7)
131.0(6)
-174.Z(7)
0.2(3)
1(2)
-178.3(9)
178.7(9)
-175.8(7)

C(54)-C(SS)-C(56)-C(51)
C(SI).sn(2)-C(61)-C(62)
C(41).sn(2)-C(6l)-C(66)
Mn(2)-Sn(2)-C(61)-C(66)
Sn(Z)-C(61)-C(62)-C(63)
C(62)-C(63)-C(64)-e(6S)
C(63)-C(64)-C(6S)-C(66)
C(62)-C(6l)-C(66)-C(6S)
C(64)-C(6S)-C(66)-C(61)

0.1(12)
9.8(7)
72.7(7)
-53.0(8)
176.4(7)
-3(2)
4(2)
0.1(13)
-Z(2)
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Table A2.24: Anisotropie thennal factors (lOz ÀZ) for (P-FC~J3SnMn(CO)5.

Un Uzz U 33 U12 U13 UZ3

SnO) 5.22(3) 3.80(3) 4.43(3) -0.29(2) -0.68(2) -2.01(2)
Mn(l) 5.71(7) 4.80(6) S.61(7) 0.S5(5) -1.26(6) -2.40(5)
F(l) 14.6(5) 4.0(3) 11.8(4) -0.7(3) -2.4(4) -3.1(3)
F(Z) 12.3(4) 12.2(4) 4.1(3) -1.6(3) -1.2(3) --4.4(3)
F(3) 7.8(3) 10.3(4) 12.5(5) -2.1(3) 3.0(3) -S.5(3)
OU) 9.0(5) 8.1(4) 15.7(7) 2.6(4) -1.6(4) -6.0(4)
O(Z) 13.3(6) 11.8(6) S.2(4) -1.1(4) -0.4(4) -3.3(5)
0(3) 9.4(5) 7.1(4) 23.5(9) 3.9(5) -4.9(5) -5.2(4)
0(4) 12.2(6) 7.6(4) 7.4(S) -1.6(4) -0.7(4) -0.2(4)
0(5) 8.2(4) 7.8(4) 9.7(5) 2.0(3) -4.1(4) -3.4(3)
C(l) 5.Z(5) 6.I(S) 9.6(7) 0.0(5) -0.7(5) -2.2(4)
CCZ) 103(7) 7.5(6) 4.3(5) 0.8(4) -2.2(5) -3.9(5)
C(3) 5.7(S) 4.6(5) 13.3(9) 1.2(5) -3.6(5) -2.0(4)
C(4) 7.6(6) 4.8(5) 7.0(6) 1.1(4) -1.9(5) -1.1 (4)
C(S) 7.1(6) 5.8(5) 6.5(5) 1.2(4) -2.2(5) -3.7(4)
CUl) 5.7(4) 2.9(3) 5.4(S) -0.5(3) -0.6(4) -2.2(3)
C(12) 6.6(5) 4.1(4) 6.0(5) -0.6(4) -0.6(4) -2.3(4)
C(3) 8.1(6) 4.8(5) 6.2(5) 0.8(4) -1.6(4) -3.0(4)
C(l4) 8.5(6) 4.0(4) 6.4(6) -0.7(4) -1.3(5) -2.8(4)
C(15) 10.6(7) 5.6(5) 7.2(6) -2.1(4) -1.I(5) -3.7(5)
C(l6) 8.6(6) 4.4(4) 7.4(6) 0.0(4) ·2.2(5) -2.8(4)
C(ZI) 5.3(5) 4.0(4) 4.8(5) 0.3(3) -1.0(4) -1.8(3)
C(ZZ) 7.4(6) 6.1(5) 5.4(5) -0.2(4) -1.8(4) -3.1(4)
C(Z3) 7.8(6) 7.5(6) 5.0(S) 0.1(4) -0.2(5) -3.5(5)
C(24) 8.4(6) 5.5(5) 4.1(5) ·1.0(4) -0.9(5) -1.1(5)
C(25) 7.7(6) 6.1(5) 4.8(5) -0.8(4) -2.3(5) -2.3(4)
C(Z6) 5.9(5) 5.3(4) 5.8(5) 0.3(4) -0.4(4) -2.S(4)
C(3I) 5.1(4) 4.0(4) 3.9(4) -0.3(3) -0.5(3) -1.6(3)
C(32) 5.7(5) 5.1(4) 6.0(5) -1.3(4) 0.3(4) -2.4(4)•
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C(33) 6.8(5) 6.0(5) 6.9(5) -0.9(4) .().2(4) -4.1(4)

C(34) 5.5(5) 5.8(5) 7.3(6) -0.7(4) 0.5(4) -2.8(4)

• C(35) 5.7(5) 5.1(5) 8.8(6) -1.4(4) 0.7(5) -1.4(4)

C(36) 6.2(5) 4.2(4) 6.4(5) -0.3(4) '().5(4) -2.6(4)

Sn(2) 5.03(3) 4.76(3) 4.83(3) -0.6H2) .().73(3) -1.62(2)

Mn(2) 5.82(7) 5.75(7) S.03(7) .().05(S) -1-35(6) -2-54(6)

F(4) 8.6(4) 13.4(5) 9.9(4) -1.3(3) -4.4(3) -4.8(3)

F(5) 16.0(5) 11.8(4) 5.6(3) -1.0(3) 1.9(3) -6.6(4)

F(6) 16.9(6) 6.0(4) 24.5(9) -4.0(4) -7.7(6) 2.7(4)

0(6) 6.4(4) 7.6(4) 11.6(5) 0.8(4) -3.2(4) -1.8(3)

0(7) 10.3(5) 11.2(5) 6.1(4) -2.1(4) -0.2(4) -3.7(4)

0(8) 8.8(5) 11.1(5) 11.8(6) 2.1(4) -5.7(5) -3.0(4)

0(9) 19.6(8) 7.4(4) 7.7(5) -2.4(4) -1.1(5) -5.4(5)

0(10) 10.U5) 10.1(5) 16.1(7) 3.7(5) -4.0(5) -7.2(4)

C(6) 6.6(6) 6.2(5) 7-3(6) 0.6(4) -1.2(5) -3..1(5)

C(7) 7.2(6) 8.1(6) 3.6(5) -1.0(4) -O.2(4) -2.5(5)

C(8) 7.8(6) 9.4(7) 5.7(5) 0.5(5) -2.7(5) -4.9(5)

C(9) 10.7(7) 5.3(5) 8.2(7) ·0.5(5) -1.8(6) -3.4(5)

CUO) 6.4(6) 7.8(6) 8.7(7) 0.6(5) -2.2(5) -3.7(5)

C(4I) 4.8(4) 5.5(4) 4.3(4) -0.3(3) -0.4(3) -2.4(4)

C(42) 6.0(5) 5.7(5) 5.7(5) ..().8(4) -1.1(4) -2.5(4)

C(43) 7.8(6) 6.3(5) 7.3(6) -0.8(4) -1.4(5) -3.6(5)

C(44) 6.4(6) 8.1(6) 7.2(6) ..().4(5) -1.8(5) -3.3(5)

C(4S) 5.2(5) 6.7(5) 9.0(7) -1.9(S) -1.1(5) -1.4(4)

C(46) 5.4(5) 7.0(5) 7.8(6) -1.7(4) -1.6(4) -2.5(4)

C(5l) 5.6(5) 4.7(4) 4.4(4) -0.4(3) -0.1(4) -1.7(4)

C(52) 7.6(6) 7.5(6) 4.6(5) -0.3(4) -0.8(4) -2.9(5)

C(S3) 9.3(7) 10.3(7) 5.3(6) 0.7(5) -O.9(S) -4.5(6)

C(54) 12.3(9) 6.4(5) 3.8(5) -0.3(4) 0.2(6) -4.5(6)

C(55) 7.8(6) 6.8(6) 7.l(7} -0.1(5) 1.5(5) -2.8(5)

C(56) 7.1(6) 7.0(5) 5.5(5) -0.3(4) -0.6(5) -3.US)

C(6I) 5.8(5) 4.9(4) 7.1(6) -1.t(4) -1.5(4) -1.6(4)

C(62) 9.8(7) 5.3(5) 7.9(7) -1.3(5) -3.3(6) -1.5(5)

C(63) 13.4(9) 5.9(6) 10.6(9) 0.4(6) -5.5(8) ·2.4(6)

C(64) 9.6(8) 7.0(7) 13.0(11) -3.6(7) -4.1(8) 0.9(6)

C(65) 10.0(8) 9.6(9) 12.9(11) -5.9(8) 0.4(8) -1.8(7)

C(66) 8.1(7) 6.6(6) 10.8(8) -2.2(5) 0.9(6) -1.4(5)

•



• Structural Analysis of

Tris(p-cblorophenyl)tïn(pentacarbonyOmanganese(l)

(p-CIC,Hj3SnMn(CO)s
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•

CL~



• Empirical Formula: C23 RI2 05 Sn Mn CI3

Space group: Monoclinic, P2/c

Cell dimensions:

a =9.918 (2)A.

b =22.940 (4)A.

c = 11.718 (2)Â

a=90°

{3 = 109.78 (1)0

y=90°

Volume = 2508.8 (8)ÂJ

FW =648.31

Z=4

Dale: = 1.716 g 1cm3

F(OOO) = 1264

Data collection

Rigaku AFC~S diffractometer

û) 128 scans

Absorption correction: Psi scans

Tmin =0.33, Tmu =0.62

8805 measured reflections

4412 independent reflections

3381 observed reflections [1> 2a(/)]

A.B7

Mo Ka radiation

À = 0.7093 Â

Cell parameters from 23 reflections

29 =32-35°

J.l =1.849 mm-I

T=295 (2) OK

Colourless plate

0.51 x 0.49 x 0.09 mm

Rmc = 0.062

9mu =50.0°

h=-12~ 12

k=O~27

1=-14~ 14

3 standard reflections were monitored

every 250 reflections

Intensity decay: Il %

•
Structure was solved by the heavy atom method.



•
Refinement

Refinement on FZ

R(FZ > 2a(FZ) = 0.0474

wR(Fl) =0.1192

GoF = 1.068

45 atoms

4412 reflections

where

299 parameters

H atoms riding,

C-H=O.93 A
(tJJa) =-0.003

~mu=0.958 elÂ3

~mia=-0.626 e/Â3

A-88

•

R =l:(Fo-Fc) 1~o

wR = [l:(w(Fo-Fc)~ ll:wFoz:J III

GoF = [l:(w(Fo-Fc)~ 1 (No. of refms - No. of params.)
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Table A2.2S: Fractional atomic coordinates and equivalent isotropie displacement
parameters HO l Â) for (p-CICJlJ3SnMn(CO)S"• x y z Ueq

Sn(l) 0.42518(5) 0.10504(2) 0.22113(4' 3.78(2)
Mn(l) 0.30610(12) ·0.00134(5) 0.18687(9' 4.61(3)
CI(3) 1.0595(3) 0.09955(14) 0.6622(2) 10.14(9)
C1(2) 0.5287(3) 0.22257(11) -0.2636(2) 7.58(7)
CIU) -0.0830(3) 0.24978(14) 0.3540(3) 10.11(9)
0(3) 0.5955(8) -0.0564(3) 0.2847(6) 9.9(2)
0(1) 0.0254(7) 0.0600(3) 0.1078(9) 12.5(3)
0(2) 0.3196(10) 0.0139(3) 0.4423(6) 11.1(3)
0(4) 0.3241(9) 0.0022(3) -0.0605(6) 10.8(3)
0(5) 0.1574(10) -0.1148(3) 0.1410(7) 10.8(3)
C(3) 0.4859(10) -0.0335(4) 0.2465(8) 6.5(2)
C(U 0.1353(9) 0.0370(4) 0.1367(9) 7.6(3)
C(2) 0.3154(10) 0.0084(4) 0.3453(8) 6.9(2)
C(4) 0.3172(10) 0.0019(4) 0.0347(8) 6.6(2)
C(5) 0.2176(10) -0.0721(4) 0.1613(8) 7.3(2)
CUl) 0.2790(7) 0.1591(3) 0.2724(6) 4.0(2)
C(2) 0.1780(8) 0.1927(3) 0.1849(7) 5.4(2)
C(3) 0.0673(8) 0.2207(3) 0.2101(7) 6.0(2)
C(4) 0.0585(8) 0.2169(3) 0.3236(8) 5.7(2)
C(5) 0.1588(9) 0.1866(4) 0.4129(7) 6.0(2)
C(l6) 0.2671(8) 0.1579(3) 0.3869(6) 5.5(2)
C(2I) 0.4548(7) 0.1422(3) 0.0635(5) 3.80(14)
C(22) 0.3457(8) 0.1497(3) -0.0451(6) 4.7(2)
C(23) 0.3653(8) 0.1753(3) -0.1463(6) 4.9(2)
C(24) 0.5003(8) 0.1918(3) -0.1366(6) 4.6(2)
C(25) 0.6135(8) 0.1868(3) -0.0309(7) 52(2)
C(26) 0.5908(7) 0.1622(3) 0.0692(6) 4.8(2)
C(3I) 0.6321(7) 0.1073(4) 0.3612(6) 5.1(2)
C(32) 0.6576(8) 0.1398(3) 0.4662(6) 4.9(2)
C(33) 0.7891(8) 0.1380(4) 0.5578(7) 5.9(2)
C(34) 0.8955(8) 0.1054(4) 0.5439(7) 6.0(2)
C(35) 0.8773(8) 0.0727(4) 0.4406(7) 6.2(2)
C(36) 0.7454(8) 0.0754(4) 0.3494(7) 5.6(2)

•
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Table A2.26: Bond lengths (Â) and angles (0) for (P-CIC6H.hSnMn(CO)s.

• Sn(1 )-CO 1) 2.142(6) SoU)-C(2I) 2.143(6)

Sn(1)·C{3l) 2.151(7) SnU)-MnU) 2.6814(12)
Mn(l)-C(1) 1.821(10) Mn(l)-C(S) 1.821(10)
Mn(l)-C(4) 1.824(9) Mn(l)-C(3) 1.836(9)
Mn(l)-C(2) 1.841(8) CI(3)-C(34) 1.749(7)

CI(2)-C(24) 1.753(7) CI(J)-C(l4) 1.734(7)

0(3)-C(3) 1.152(10) O(l)-C(l) 1.1S3(10)
0(2)-C(2) 1.130(9) O(4)-C(4) 1.14I(9)

0(5)·C(5) 1.130(10) C(1I)-C(l6) 1.386(9)

CO 1)·C(12) 1.398(9) CU2)-C(l3) 1.387(10)

C(2)-H(12) 0.93 C(13)-C(l4) 1.36S(l1)
C(13)-H(13) 0.93 C(l4)-C(l5) I.36S(11)

C(5)-C(16) 1.379(10) C(l5)-HU5) 0.93
C(16)-H(16) 0.93 C(21)-C(22) 1.374(9)

C(Z1)·C(Z6) 1.404(9) C(22)-C(23) 1.393(9)
C(22)-H(22) 0.93 C(23)-C(24) 1.360(10)

C(Z3)-H{Z3) 0.93 C(24)-C(25) 1.366(10)
C(25)-C(26) 1.387(9) C(25)-H(25) 0.93
C(26)·H(26) 0.93 C(31)-C(36) 1.387(10)
C(31) -C(3Z) 1.387(10) C(32)-C(33) 1.382(10)
C(3Z)-H(32) 0.93 C(33)-C(34) 1.348(11)
C(33)-H(33) 0.93 C(34)-C(35) 1.383(1t)
C(35)-C(36) 1.382(0) C(35)-H(35) 0.93
C(36)-H(36) 0.93

cn 1)-5n(1)-C(21) 108.3(2) CU t)-Sn(l)-C(3I) 109.5(3)
C(21)-5n(1)-C(31) 105.9(3) CU t)-Sn(l)-Mn(l) 10S.2(2)
C(Z1)-Sn(l)-Mn(1) 114.5(Z) C(3l)-Sn(l)-Mn(l) 113.2(2)
C(1}-Mn(l)-C(5) 91.9(4) C(I)-~(I)-C(4) 91.3(4)
C(S)-Mn(l)-C(4) 93.4(4) C(I)-Mn(I)-C(3) 174.3(4)
C(5)-Mn(l).C(3) 93.2(4) C(4)-~(I)-e:(3) 90.9(4)
C(I)-~(I)-C(2) 89.5(4) C(5)-Mn(I)-C(2) 97.5(4)
C(4)-Mn(l)·C{2) 169.0(4) C(3)-Mn(l)-C(2) 87.4(4)
CU)·Mn(1)-Sn(l) 85.6(3) C(5)-Mn(I)-Sn(l) 177.5(3)
C(4)-Mn(l}-So(l) 86.6(3) C(3)-Mn(l)-Sn(1) 89.3(3)
C{Z)·Mn(l)-Sn(l) 82.5(3) O(3)-C(J)-Mn(l) 176.5(9)
()(I)-C(I)-Mn{I) 177.4(10) O(2)-C(2)-Mn(1) 179.2(9)
()(4)-C(4)-Mn(l) 178.1(8) O(S)-C(S)-Mn(1) 176.6(10)
C(6)-e{ll)-C(l2) 116.5(6) C(l6)-C(ll)-Sn(1) 123.2(5)
C(2)-C(l1)-So(1) 119.9(5) C(t3)-C(l2)-C(11) 121.5(7)
C(13)-C(lZ)-H(l2) 119.3 C(t1)-C(l2)-H(l2) 119.3
C(l4)-C{13)-C{l2) 119.6(7) C(14)-C(13)-H(l3) 120.2
C(12)-C(13)-H(13) 120.2 C(13)-C(l4)-C(1S) 120.7(7)
C(I3)-C(14)-CI(l) 119.7(6) C(lS)-C(l4)-O(1) 119.7(6)
C(14)-C{IS)-C(l6) 119.6(7) C(14)-C(lS)-H(lS) 120.2
C{I6)-C(lS)-HU5) 120.2 C{l5)-C(l6)-C(l1) 122.2(7)
C(l5)-CU6)-H{l6) 118.9 C{ll)-C(l6)-H(l6) 118.9
C(22)-C{21)-C(26) 116.4(6) C(22)-C(21)-Sn(l) 123.1(5)
C(26)-C{2l)-Sn(l) 119.9(5) C(2l)-C(22)-C(23) 123.3(7)
C(21)-C(Z2)-H(22) 118.4 C(23)-C(22)-H(22) 118.4
C(24)-C(23)-C(22) 117.6(6) C(Z4)-C(23)·H(23) 121.2

•
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C(22)-C(23)-H(23) 121.2 C(23)-C(24)-C(2S) 122.4(6)
C(23)-C(24)-CI(2) 118.5(5) C(2S)-C(24).a(2) 119.0(6)

• C(24)-C(25)-C(26) 118.8(6) C(24)-C(2S)-H(2S) 120.6
C(26)-C(25)-H(25) 120.6 C(2S)-C(26)-C(2l) 121.4(6)
C(25)-C(26)-H(26) 119.3 C(2l)-C(26)-H(26) 119.3
C(36)-C(3l) -C(32) 117.5(6) C(36)-C(3l)-5n(l) 120.5(5)
C(32)-C(3l)-Sn(l) 122.0(5) C(33)-C(32)-C(3t) 120.9(7)
C(33)-C(32)-H(32) 119.5 C(3l)-C(32)-H(32) 119.5
C(34)-C(33)-C(32) 119.6(7) C(34)-C(33)-H(33) 120.2
C(32)-C(33)-H(33) 120.2 C(33)-C(34)-C(3S) 122.2(7)
C(33)-C(34)-CI(3) 120.2(6) C(35)-CC34)-Cl(3) 117.5(7)
C(36)-C(35)·C(34) 117.4(7) C(36)-C(35)-H(35) 121.3
C(34)-C(35)·H(35) 121.3 C(3S)-C(36)·C(3t) 122.3(7)
C(35)-C(36)·H(36) 118.9 C(3l)-C(36)-H(36) 118.9

•



Table A2.27: Torsion angles (in degrees) for (p-CICJlJ]SnMn(CO)s-

•

•

C(lI)-Sn(l)-Mn{l)-C(l)
C(3l)-SnU )-Mn(l)-C(l)
C(21)-Sn(I)-Mn(l)-C(4)
C(1)-Sn(l}-Mn(l)-C(3)
C(3l)-Sn(I )-Mn(l)-C(3)
C(21)-Sn(l}-Mn(l)-C(2)
C(21)-Sn(I)-C(I l)-C(l6)
Mn(l)-Sn(l)-C(ll)-C(l6)
C(3l)-Sn(l)-C(l l)-C{l2)
C(6)-C(1l}-C(l2)-CU3)
C(1l)-C(12)-C(l3)-C(l4)
C(12)-C(13)-CU4)-CIU)
CI(l}-C(14)-C(l5)-C(16)
C(I2)-C(I l)-CU6)-C(lS)
C(1l)-Sn(l}-C(2l)-C(22)
Mn(1}-Sn(l}-C(21)-C(22)
C(3l}-Sn(l)-C(2l)-C(26)
C(26}-C(2l)-C(22)-C(23)
C(21}-C(22)-C(23)-C(24)
C(22)-C(23)-C(Z4)-CI(Z)
Cl(2}-C(24)-C(25)-C(26)
C(22)-C(21)-C(26)-C(25)
C(ll}-Sn(I)-C(3l)-C(36)
Mn(I)-Sn(l}-C(31)-C(36)
C(2l)-Sn(I)-C(3l)-C(32)
C(36)-C(3l)-C(32)-C(33)
C(3l)-C(32)-C(33)-C(34)
C(32}-C(33)-C(34)-C1(3)
CI(3)-C(34)-C(35)-C(36)
C(32)-C(3l)-C(36)-C(35)

32.3(4)
151.9(4)
5.0(4)
-145.2(3)
-25.6(3)
-176.6(4)
-161.0(6)
76.1(6)
141.7(6)
-3.4(11)
1.8(12)
-177.8(6)
176.7(6)
2.2(11)
-61.1(6)
56.0(6)
-0.5(6)
0.3(10)
2.0(11)
178.6(5)
-179.7(6)
-1.5(0)
179.7(6)
62.6(6)
116.8(6)
-3.2(ll)
1.8(12)
-176.6(6)
177.2(6)
3.9(12)

C(2U-Sn{l)-Mn(I)-C(l) -86.5(4)
CU U-Sn(l)-Mn(l)-C(4) 123.9(3)
C(3U-Sn(I)-ltfn(I)-C(4) -116.6(4)
C(21)-Sn{l)-~fn(U-C(3) 96.0(3)
CU 1)~n(t)-Mn(t)-C(2) -57.7(4)
C(3U-Sn{l)-Mn(l}-C(2) 61.8(4)
C(3U-Sn(l)-CU U-C(6) -45.9(6)
C(2U-Sn(1)-CUl)-C(l2) 26.7(6)
Mn(U-Sn(t)-C(ll}-C(l2) -96.2(S)
Sn(l)-C(ll}-C(t2)-C(t3) 169.5(6)
C(l2)-CU3)-C(t4)-CUS) 1.2(13)
C(3)-C(l4)-C(tS}-CU6) -2.3(13)
C(I4)-C(I5)-C(16)-CUl) 0.6(13)
Sn(l}-C(1 J)-CU6)-CU5) -170.4(6)
C(3U-Sn(1)-C(2J)-C(22) -178.5(6)
CU U-SnU)-C(2U-C(26) 116.9(5)
Mn(l)-Sn(l)-C(2l)-C(26) -126.0(5)
Sn(t)-C(2l)-C(22)-C(23) 178.4(S)
C(22)-C(23)-C(24)-C(2S) -3.3(11)
C(23)-C(24)-C(2S)-C(26) 2.2(11)
C(24)-C(2S)-C(26)-C(2U 0.3(11)
Sn(t)-C(2I)-C(26)-C(2S) -179.6(6)
C(2l)-Sn(1)-C(3l)-C(36) -63.7(7)
C(ll)-Sn(l)-C(3l)-C(32) 0.2(7)
Mn(1)-Sn(l)-C(3l)-C(32) -116.9(6)
Sn(l)-C(3l)-C(32)-C(33) 176.3(6)
C(32)-C(33)-C(34)-C(3S) -0.9(13)
C(33)-C(34)-C(35)-C(36) 1.4(13)
C(J4)-C(35)-C(36)-C(3t) -3.0(3)
Sn(l)-C(3l)-C(36)-C(35) -175.7(6)
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Table A2.28.:. Anisotropie thermal factors (lOl Al) for <O-CICJIJ3SnMn(CO)s.

• Un Uzz UJ3 Utz Uu UZ]

Sn(l) 3.59(3} 4.19(3) 3.30(2) -0.02(2) 0.83(2) 0.10(2)
Mn(I) 5.25(7) 4.17(6) 4.23(6) -0.02(5) 1.39(5) -0.33(5)
C(3) 5.25(3) 13.9(3) 8.0(2) 0.9(2) -2.12(11) -1.1(2)
CI(Z) 8.4(2) 8.9(2) 6.35(13) 2.65(12) 3.67(11) 0.11(12)
CHU 9.6(2) 10.7(2) 12.0(2) 1.2(2) 6.3(2) 5.1(2)
0(3) 8.5(5) 9.2(5) 10.6(6) -0.2(4) 1.1(4) 3.2(4)
OU} 5.4(4) 9.7(6) 18.3(8) -3.3(6) -1.4(5) 0.8(4)
O(Z) ZO.1 (9) 8.7(5) 6.7(4) -0.4(4) 7.4(5) -2.1(5)
O(4) 16.8(8) 11.2(6) 4.8(4) -1.6(4) 4.3(4) -3.8(5)
0(5) 15.8(8) 6.6(5) 10.8(6) -1.6(4) 5.5(5) -4.8(5)
C(3) 7.3(6) 4.8(5) 6.5(5) -1.1(4) 1.3(4) ().9(4)
C(l) 4.8(5) 7.9(7) 8.8(6) -1.4(5) 0.8(5) -1.4(5)
C(l) 10.2(7) 5.6(5) 5.7(5) 0.4(4) 3.7(5) .().5(5)
C(4) 8.3(6) 5.4(5) 5.4(5) -0.9(4) 1.4(4) -1.8(4)
C(5) 8.2(6) 7.6(7) 6.7(6) 0.1(5) 3.1(5) -1.0(5)
CUI) 4.3(4) 2.8(3) 4.7(4) -0.2(3) 1.4(3) 0.1(3)
CUZ) 6.0(5) 5.7(5) 4.5(4) 0.3(3) 1.7(3) 1.2(4)
C(l3) 5.9(5) 5.0(5) 6.8(5) 1.0(4) 1.8(4) 1.7(4)
C(14) 5.5(5) 4.4(4) 7.6(5) -0.2(4) 2.9(4) 0.9(4)
COS) 7.3(5) 6.0(5) 5.6(5) 0.3(4) 3.4(4) 0.8(4)
C(16) 5.0(4) 6.6(5) 4.6(4) 0.2(4) 1.3(3) 1.0(4)
C(lI) 4.9(4) 3.2(3) 3.1(3) -0.2(3) 1.2(3) .().4(3)
C(ZZ) 4.6(4) 5.0(4) 4.3(4) 0.3(3) 1.4(3) -0.5(3)
C(23) 5.2(4) 5.0(4) 4.0(4) 0.7(3) 0.7(3) -0.2(3)
C(Z4) 5.9(4) 3.6(4) 4.5(4) 0.8(3) 2.1(3) 0.2(3)
C(25) 4.5(4) 5.8(5) 5.7(4) 0.1(4) 2.3(3) -0.7(3)
C(Z6) 3.7(4) 6.0(5) 4.3(4) 0.0(3) 0.9(3) .().3(3)
C(3!) 3.7(4) 7.4(5) 3.7(3) 0.5(4) 0.8(3) 0.0(4)
C{3Z) 5.0(4) 4.3(4) 4.9(4) -0.4(3) 1.1(3) -0.3(3)
C(33) 5.8(5) 6.9(5) 4.1(4) -0.9(4) 0.3(4) -1.3(4)
C(34) 3.9(4) 7.0(5) 5.3(4) 0.5(4) -0.7(3) -1.5(4)
C(35) 4.2(4) 7.1(6) 6.8(5) 0.2(4) 1.2(4) 0.7(4)
C(36) 4.9(4) 6.7(5) 5.0(4) -0.9(4) 1.2(3) 0.0(4)

•
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APPENDIX III

Crystal Structures of

trans-Dibromo- and trans-Dichloro

bis(tribenzylphosphine)nÏckel(II) Complexes



•

•

Structural Data for

trans-Dibromobis(tribenzylphosphine)nickel(D)

transe Brz[(PhCHJ)PJzNi

C12'

A-9S



• Empirica/ Formula: C42 H42 Br2 P2 Ni

Space group: Triclinic, P 1

Cell dimensions:

a = 10.497 (4)A.

b =10.538 (4)A

c =19.556 (9)A

a =84.58 (4)0

() = 76.42 (3)0

y =63.33 (2)0

Volume = 1878.9 (I2)Â3

FW=827.25

Z=2

Dc:alc =1.462 g 1cm3

F(OOO) =844

Data collection

Rigaku AFC -6S diffractometer

00 129 scans

Absorption correction: 4 psi scan

Tmin = 0.398, T max =0.550

5246 measured refIections

4925 independent refIections

3147 observed reflections [1> 2.5a(f)]

A-96

Mo Ka radiation

À =0.70930 A
Cell parameters from 25 reflections

29 = 30 - 35°

J.L =2.74 mm-I

T=295 (2) OK

brownplare

0.40 x 0.20 x 0.20 mm

Rmr =0.071

9 = 22.50
lI1alt

h =-9 -+ Il

k=0-+11

1=-20 -+ 21

standard intensities remained constant

throughout the course of collection

Average decrease: 0.7 %

•
Structure was solved by direct methods foUowed by a difference map•



•
Refinement

Refinement on F

R(F> 2.50F = 0.038

wR(F) = 0.033

GoF =1.33

90 atoms

3147 reflections

where

428 parameters

H atoms riding,

C-H = 0.93 to 0.97 A
(AJa) =0.077

~IIIU=0.47 elAl

~1IIia=-0.53 elAJ

A-97

•

R =1:(Fo-Fc) 1~o

wR = [l:(w(Fo-Fc)Z) 1 ~[w(FO)Z]]11Z

GoF = [l:(w(Fo-Fc)2) 1 (No. of refms - No. of params.)]11Z
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Table A3.1: Fractional atomic eoordinates and equivalent isotropie displacement

• parameters (Hf Â) for trans-Brz[(PhCHz}JP]zNi.
x y z Ueq

Ni 0 0 0 2.38(6)
Br 0.14119(S) -O.17076(S) 0.06757(4) 4.86(4)
p 0.16331(17) 0.08799(17) -o.03033(S) 2.55(9)
Cl 0.3465 (6) -0.0179 (6) -0.0140 (3) 2.7 (3)
C2 0.4354 (6) -0.1674 (6) -0.0451 (3) 2.9 (4)
C3 0.5256 (7) -0.2720 (6) -0.0057 (3) 3.3 (.c)

C4 0.6121 (7) -0.4100 (6) -0.0317 (3) 4.0 (4)
CS 0.6099 (7) -0.4459 (6) -o.fJ977 (3) 4.4 (4)
C6 0.5208 (S) -0.3434 (6) -0.1367 (3) 4.2 (4)
C7 0.4329 (7) -0.2063 (6) -0.1107 (3) 3.5 (4)
CS 0.1000(7) 0.2497 (6) 0.0220 (3) 3.3 (4)
C9 0.0658 (7) 0.2289 (6) 0.1010 (3) 3.3 (4)
CIO -0.0610 (7) 0.2167 (7) 0.1334 (3) 4.2 (4)
CH -0.0910 (S) 0.1957 (S) 0.2053 (4) 6.2 (5)

Cl2 0.0016 (9) 0.1889 (7) 0.2463 (3) 6.0 (6)

C13 0.1277 (S) 0.2007 (7) 0.2148 (4) 5.5 (5)
C14 0.1604 (7) 0.2201 (7) 0.1420 (3) 4.2 (4)
ClS 0.1887 (6) 0.1562 (6) -0.1210 (3) 3.1 (4)
Cl6 0.3009 (6) 0.2152 (6) -0.1417 (3) 2.9 (4)
CI7 O.4S04 (6) 0.1272 (6) -0.1635 (3) 3.0 (4)
C18 0.5507 (7) O.lS08 (7) -0.1846 (3) 3.S (4)
C19 0.5042 (7) 0.3270 (7) -0.IS52 (3) 4.1 (4)
C20 0.3584 (S) 0.4152 (6) -0.1634 (3) 4.6 (5)
C21 0.2573 (7) 0.3605 (6) -0.1422 (3) 3.9 (4)

Ni' 1 0 112 2.94(7)
Br 1.07239(S) 0.16497(7) 0.44050(4) 4.73(4)
P' 0.76927(19) 0.17335(1S) 0.51805(9) 3.13(10)
Cl' 0.7075 (7) 0.2556 (6) 0.4375 (3) 3.5 (4)
C2' 0.6772 (7) 0.1686 (6) 0.3922 (3) 3.4 (4)
C3' 0.55S9 (7) 0.23S5 (7) 0.3595 (3) 4.7 (4)
C4' 0.5242 (8) 0.1637 (9) 0.31S1 (4) 6.5(5)
CS' 0.6088 (S) 0.0195 (8) 0.3077 (3) 5.4 (5)
C6' 0.7265 (8) -0.0485 (7) 0.3380 (3) 4.8 (5)
C7' 0.7609 (7) 0.0240 (6) 0.3807 (3) 3.7 (4)
CS' 0.6228 (7) 0.1278 (6) 0.5678 (3) 3.6 (.c)

C9' 0.4683 (7) 0.2439 (7) 0.5803 (3) 4.1 (4)
CIO' 0.4156 (S) 0.3328 (7) 0.6389 (3) 5.0 (5)
CIl' 0.2703 (S) 0.4363 (7) 0.6528 (4) 6.3(5)
C12' 0.1789 (8) 0.4504 (8) 0.6108 (5) 7.6 (6)

CI3' 0.2315 (8) 0.3617 (8) 0.5533 (4) 6.3 (5)
C14' 0.3753 (7) 0.2580 (7) 0.5377 (3) 4.9 (5)
ClS' 0.7415 (7) 0.3352 (6) 0.5597 (3) 3.5 (4)
C16' 0.7991 (6) 0.3253 (6) 0.6251 (3) 3.1 (4)
C17' 0.8021 (7) 0.4462 (7) 0.6465 (3) 4.1 (4)
CI8' 0.8471 (8) 0.4454 (7) 0.7079 (4) 4.8 (5)
C19' 0.8897 (7) 0.3267 (7) 0.7488 (3) 4.7 (5)
C20' 0.8882 (7) 0.2062 (7) 0.7282 (3) 4.4 (4)

• CZ!' 0.8419 (7) 0.2054 (6) 0.6673 (3) 4.0 (of)
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Table A3.2: Bond lengths (Â) and angles (in degrees) for trans-Brz[<PhCHJJ']zNi•

• Ni-Br 2.2928(12) Ni'-Br' 2.3114(11)
Ni-Brb 2.2928(12) Ni'-Br'b 2.3114(11)

Ni-P 2.2352(18) Ni'-PO 2.2530(19)

Ni-Pb 2.2352(18) Ni'-P'b 2.2530(9)

P-CI 1.827(6) pt·CI' 1.836(6)

P-C8 1.840(6) P-C8' 1.847(7)

P-CI5 1.856(6) P-ClS' 1.833(6)

CI-C2 1.522(8) Cl'.a' 1.507(9)

C2-C3 1.396(8) CZ'-O' 1.399(9)

C2-C7 1.392(8) CZ'-e:r 1.384(8)

C3-C4 1.391(8) O'-C4' 1.388(10)

C4-CS 1.387(9) C4'-CS' 1.379(11)

CS-C6 1.377(9) CS'-C6' 1.364(10)

C6-C7 1.385(9) C6'-C7' 1.386(9)

CS-C9 1.521(8) CS'-C9' 1.509(9)

C9-CI0 1.389(9) cg'-CIO' 1.391(9)

C9-C14 1.384(9) C9'-CI4' 1.378(9)
CIO-CH 1.387(9) CI0'·Cll' 1.399(10)
CH-CI2 1.372(11) CU'-e12' 1.355(12)
C12-C13 1.377(11) CIZ'-C13' 1.373(12)
C13-C14 1.403(9) C13'-CI4' 1.390(10)
C15-C16 1.5Z4(8) CI5'-CI6' 1.514(8)
C16-C17 1.400(8) CI6'-CI7' 1.394(9)
C16-C21 1.387(8) C16'·C21' 1.396(8)
C17-C18 1.372(9) C17'-C18' 1.387(9)
C18-C19 1.391(9) CI8'-CI9' 1.312(10)
C19-C20 1.371(9) CI9'-e20' 1.376(10)
C20-C21 1.389(9) C20'-ClI' 1.389(9)

Br-Ni-Brb 179.9 Br'-Ni'-Br'b 180.0
Br-Ni-P 91.53(5) Br'-Ni'-P 87.37(6)

Br-Ni-Pb 88.47(5) Br'-Ni'-P'b 92.63(6)
Brb-Ni-P 88.47(5) Br'b-Ni'-P 92.63(6)

Brb-Ni-Pb 91.53(5) Br'b-Ni'.P'b 87.37(6)

P-Ni-Pb 180.0 P-Ni'-Ph 180.0
Ni-P-CI 118.75(20) Ni'-P-Cl' 114.62(21)
Ni-P-C8 109.41(21) Ni'-P-C8' 11752(20)
Ni-P-CI5 117.15(20) Ni'-P-CI5' 114.69(21)
CI-P-CS 101.9(3) CI'_P_CS' 104.3(3)
CI-P-CI5 106.1(3) CI'-P-ClS' 97.3(3)
C8-P-C15 101.0(3) cg'-P-CIS' 106.0(3)
P-CI-C2 118.9(4) P-Cl'-CZ' 117.2(4)

CI-C2-C3 118.1(5) Cl'-C2'-C3' 118.0(5)
CI-C2-C7 124.0(5) Cl'-C2'-e7' 123.6(5)
C3-C2-C7 U7.8(5) O'-C2'-C7' 118.3(6)
C2-C3-C4 121.1(5) CZ'-eJ'-e4' 120.7(6)

C3-C4-CS 120.2(6) eJ'-e4'-CS' 119.9(6)
C4-CS-C6 119.1(6) C4'-CS'-C6' 119.7(6)

C5-C6-C7 121.0(6) CS'-C6'-e7' 121.2(6)
CZ-C7-C6 120.9(5) C2'-e7'-C6' 120.2(6)
P-CS-C9 114.0(4) P-C8'-C9' 117.6(4)•
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CS-C9-CI0 120.4(5) CS'-C9'-CIO' 119.2(6)
CS-C9-CI4 120.9(6) CS'-C9'-Ct.., 121.5(6)

• CIO-C9-CI4 118.7(6) CIO'-C9'-C14' 119.2(6)
C9-CIO-CII 120.3(6) C9'-CIO'-CU' 119.6(7)
CIO-CII-CI2 IZ1.1(7) CIO'-Cll'-C12' 121.2(7)
CU-CI2-CI3 119.1(6) CIl'-CIZ'-C13' IIS.S(7)
CIZ-CI3-CI4 120.4(6) CIZ'-C13'-C14' IZ1.6(7)
C9-Cl4-CI3 120.4(6) C9'-CI4'-C13' 119.6(7)
P-ClS-CI6 117.0(4) P"-ClS'-C16' 120.1(4)
CIS-C16-C17 122.Z(5) C1S'-C16'-C17' 117.8(5)
CIS-CI6-CZI 120.7(S) CIS'-CI6'-C2l' 124.1(5)
C17-CI6-CZI 117.1(5) CI7'-C16'-C21' 117.9(5)
Cl6-C17-C18 122.1(5) C16'-CI7'-C18' 120.3(6)
C17-CI8-C19 119.8(6) C17'-C18'-C19' 121.3(6)
C18-CI9-C20 119.2(6) C18'-CI9'-C20' 119.1(6)
CI9-CZO-CZl lZ0.8(6) Ct9'-C20'-C21' 120.4(6)
CI6-C21-C20 lZ1.1(6) Ct6'-C21'-C20' 120.9(6)

Table A3.3: Torsion angles (in degrees) for trans-Brz[(PhCHJJP]zNi.

•

Br-Ni-P-C(l)
Br-Ni-P-C(lS)
Bra-Ni-P-C(S)
Br-Ni-Pa-C(l)a
Br-Ni-Pa-C{lS)a
Bra-Ni-Pa-C(8)a
Ni-P-C(l)-C(2)
C(lS)·p-C(l)-C(2)
C(l)-P-C(8)-C(9)
Ni-P-C(lS)-C(l6)
C(S)-P-C{lS)-C(16)
P-C(l)-C(2)-C(7)
C(7)-C(2)-C(3)-C(4)
C(3)-C(2)-C(7)-C(6)
C(3}-C(4)-C(S)-C(6)
C(S)-C(6)-C(7)-C(2)
P-C(S)-C(9)-C(l4)
C{l4)-C(9)-C(l0)-C(lI)
CUO)-C(9)-C{l4)-C(l3)
C(IO)-C(lI)-C{l2)-C(t3)
C(12)-C(13)-C(14)·C(9)
P-C{lS)-C(l6)-C(2l)
C(ZI)-C(l6)-C(l7)-C(tS)
C(l7)-C(l6)-C(2l)-C(2O)
C(l7)-C(lS)-C(l9)-C(2O)
C(19)-C(20)-C(21)-C(t6)

14.6(2)
144.2(3)
78.3(2)
165.4(3)
35.8(2)
101.7(3)
56.2(4)
-78.3(5)
-71.9(5)
-179.6(6)
61.7(5)
36.2(4)
1.2(5)
-2.0(5)
-0.2(5)
1.8(5)
104.2(7)
-0.2(5)
-0.6(5)
-1.2(5)
0.6(5)
-100.6(7)
-0.1(5)
0.0(5)
t.2(5)
0.7(5)

Br-Ni-P-C(8)
Bra-Ni-P-C(l)
Bra-Ni-P-C(5)
Br-Ni-Pa-C(S)a
Bra-Ni-Pa-C(I)a
Bra-Ni-Pa-C(l5)a
C(8)-P-C(l)-C(2)
Ni-P-C(8)-C(9)
C(l5)-P-C(8)-C(9)
C(l}-P-C(l5)-C(t6)
P-C(I)-C(2)-C(J)
C(t)-C{2)-C(3)-C(4)
C(I)-C(2)-C(7)-C(6)
C(2)-C(3)-C(4)-C(S)
C(4)-C(5)-C(6)-C(7)
P-C(8)-C{9)-CUO)
C(8)-C(9)-C(lO)-CUl)
C(8)-C(9)-C(14)-CU3)
C(9)-CU0)-C(l1)-CU2)
C(ll)-CU2)-CU3)-C(14)
P-C(15)-C(t6)-CU7)
C(l5)-C(l6)-CU7)-C(18)
C(15)-C(I6)-C(21)-C(20)
C(16)-C(l7)-C(IS)-C(l9)
CUS)-C(l9)-C(20)-C(2l)
Ni-Pa-C(l).-C(2)a

-101.7(3)
-165.4(3)
-35.8(2)
-78.3(2)
-14.6(2)
-144.2(3)
176.4(6)
54.7(4)
178.9(6)
-44.J(4)
-144.0(S)
-178.6(9)
177.7(10)
0.0(5)
-0.7(5)
-75.1(6)
179.0(10)
-179.9(10)
1.2(5)
0.3(5)
81.8(6)
177.6(9)
-177.7(10)
-O.S(S)
-1.3(5)
-56.2(4)



•

•

Br'-Ni'-P'-C(l)'
Br'-Ni'-P'-C(lS)'
Br'b-Ni'-P'-C(8)'
Br'_Ni'-P'b-C(I)'b
Br'-Ni'-P'b-CUS)'b
Br'b-Ni'-P'b-C(8)'b
Ni'-P'-C(t)'-CCZ)'
C(5)'-P'-C(l)'-C(Z)'
C(I)'-P'-C(8)'-C(9)'
Ni'-P'·CU5)'-C(l6)'
C(8)'·P'-C(l5)'-C(l6)'
P'-C(l)'-C(Z) '·C(7),
C(7)'·C(Z)'-C(3)'-C(4)'
C(3)'-C(2)'-C(7)'-C(6)'
C(3)'·C(4)'·C(S)'-C(6)'
C(5)'-C(6)'-C(7)'-C(Z)'
P'·C(8)'-C(9)'-C(l4)'
C(4)'·C(9)'-C(lO)'-C(ll)'
CUO)'·C(9)'-C(l4)'-C(l3)'
C(IO)'·C(I l)'-CU2)'-C(l3)'
C(2)'-C(l3)'·C(l4)'-C(9)'
P'-C(l5)'-C(l6)'-C(Zt)'
C(Zl)'·C(l6)'-CU7)'-CUS)'
C(l7)'·C(l6)'·C(Zl)'-C(ZO)'
C(17)'-C(l8)'·C(l9)'-C(ZO)'
C(l9)'·C(20)'-C(2l)'·C{l6)'

57.0(Z)
-54.4(Z)
0.1(2)
123.0(3)
-125.6(3)
179.9(3)
72.3(4)
-166.2(7)
-52.2(5)
-48.8(4)
82.6(5)
-38.3(4)
1.7(5)
-0.4(5)
·0.3(5)
-1.3(5)
97.1(7)
-l.U5)
0.9(5)
-0.6(5)
-0.5(5)
-16.4(4)
0.2(5)
-1.0(5)
0.3(5)
1.4(5)

Br'-Ni'-P'-C(S),
Br'b-Ni'-P'..e(U'
Br'b-Ni'-P-CUS)'
Br'-Ni'-Pb-C(S)'b
Br'b-Ni'-P'b-C(I)'b
Br'b-Ni'-Pb-C(lS)'b
C(S)'-P-C(I)'-C(2)'
Ni'-P-C(S)'-C(9)'
C(5)'-P'-C(8)'-C(9)'
C(l)'-P-C(lS)'-CU6)'
P-C(l)'-C(2)'-CC3)'
C(l)'-C(2)'-C(3)'-C(4)'
C(l)'-C(2)'-C(7)'-C(6)'
C(2)'-C(3),-e(4)'-C(5)'
C(4)'·C(5)'-C(6)'-C(7),
P -C(S)'·C(9)'-cno)'
C(8)'-C(9)'·CUO)'-e(t 1)'
C(S) '·C(9)'·C(I4)'·C(t3)'
C(9)'-C(lO)'·C(lI)'·C(I2)'
CU I)'-C(l2)'-C(l3)'-C(l4)'
P'-C(l5)'-C(l6)'·CU7)'
CUS)'-C(l6)'-C(l7)'·C(l8)'
C(lS)'·C(l6)'-C(Zt)'·C(ZO)'
C(I6)'-C(l7)'·CU8)'-C(19)'
CUS)'·C(19)'·C(20)'-C(2U'
Ni'-Pb-CCl)'b C(2)'b

-179.9(3)
-123.0(3)
125.6(3)
-0.1(2)
-57.0(2)
54.4(2)
-57.6(5)
179.7(6)
50.0(5)
-170.2(7)
142.4(S)
-179.0(10)
-179.7(10)
-1.4(5)
1.6(5)
-87.2(7)
-176.9(11)
176.6(11)
1.0(5)
0.4(5)
167.2(S)
176.9(10)
-177.4(10)
0.1(5)
-1.0(S)
-72.3(4)

A-lOI
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Table AJ.4: Anisotropie thennal factors (lOz AZ) for trans-Brz[(PhCHJJP]zNi.

• VII U2Z D33 U1Z U13 Uz]

Ni 2.63( 7) 3.20( 7) 3.28( 7) -1.27(6) -1.03(6) O.66(S)
Br 3.99( 4) 7.2I( 5) 7.39( 5) -2.72(4) -2.57(4) 4.23(4)

P 3.00(10) 3.55(10) 3.25UO) -1.48(9) -0.82(8) 0.17(8)

Cl 3.1 (4) 4.1 (4) 3.1 (4) -1.7 (3) -0.8 (3) 0.0 (3)

C2 3.4 (4) 4.7 (4) 3.6 (4) -2.3 (3) -1.0 (3) 0.6 (3)

C3 4.5 (4) 4.2 (4) 4.5 (4) -2.1 (4) -1.6 (4) .0.1 (3)

C4 5.3 (5) 3.9 (4) 6.0 (5) -2.0 (4) -1.7 (4) 0.6 (4)

CS 6.5 ( 5) 4.0 (4) 5.7 (5) -2.0 (4) -0.5 (4) -G.8 (4)

C6 8.0 (6) 4.4 (4) 4.4 (4) -3.4 (4) -1.1 (4) -G.8 (3)

C7 5.7 (5) 4.1 (4) 4.4 (4) -2.7 (4) -2.0 (4) 0.7 (3)

C8 4.5 (4) 3.2 (4) 4.5 (4) -1.6 (3) -0.6 (4) .0.1 (3)

C9 4.4 (4) 2.6 (4) 4.6 (4) -1.0 (3) -0.4 (3) -G.5 (3)

CIO 4.6 (5) 5.5 (5) 5.0 (5) -1.8 (4) -0.2 (4) -1.0 (4)

CIl 1.8 ( 6) 1.4 (6) 5.9 (5) -2.8 (5) 2.3 (5) -1.6 (4)

Cl2 10.7 ( 7) 6.8 (6) 3.3 (5) -2.7 (5) 0.0 (4) -1.0 (4)

C13 8.2 ( 6) 6.2 (5) 5.1 (5) -1.5 (5) -2.1 (5) -0.7 (4)

Cl4 5.1 ( 5) 5.3 (5) 5.6 (5) -1.9 (4) -1.3 (4) -1.7 (4)

C15 3.9 (4) 4.6 (4) 3.7 (4) -2.3 (4) -1.0 (3) 1.1 (3)

C16 4.5 (4) 4.8 (4) 2.5 (4) -2.5 (4) -1.2 (3) 0.6 (3)

C17 4.7 ( 4) 3.9 (4) 3.1 (4) -2.0 (4) ·0.7 (3) -0.5 (3)

Cl8 4.1 (4) 5.9 (5) 4.5 (4) -2.7 (4) 0.6 (4) -1.1 (4)

Cl9 5.6 (5) 6.2 (5) 4.7 (5) -3.7 (4) 0.0 (4) -0.2 (4)

CZO 7.6 (6) 3.6 (4) 6.0 (5) -2.8 (4) -G.l (4) 0.4 (4)

CZ1 4.4 (4) 3.8 (4) 5.7 (5) -1.8 (4) -0.1 (4) 0.5 (4)

Ni' 4.08( 8) 3.40( 7) 3.56( 7) .1.41(6) -1.24(6) 0.40(6)

Br' 5.5Z( 5) 4.47( 5) 7.51(6) -2.09(4) -1.36(4) 1.59(4)

P' 4.33 (1Z) 3.54(11) 3.87(11) -1.49(9) -1.22(9) 0.26(9)

Cl' 4.7 (4) 4.1 (4) 4.3 (4) -1.5 (4) -1.7 (4) 0.4 (3)

CZ' 4.4 (4) 5.3 ( 5) 3.0 (4) -2.2 (4) -0.4 (3) 0.7 (3)

C3' 6.0 (5) 6.1 ( 5) 5.4 (5) -1.5 (4) -2.5 (4) -0.6 (4)

C4' 7.0 (6) 11.3 ( 7) 6.6 (6) -3.1 (S) -4.2 (5) 1.0 (5)

CS' 9.9 ( 7) 10.5 (6) 3.0 (4) -6.6 (6) -2.2 (4) -0.1 (4)

C6' 8.3 (6) 6.1 (5) 3.9 (4) -3.4 (5) -0.6 (4) -0.5 (4)

C7' 5.3 (5) 4.4 (4) 4.4 (4) -1.8 (4) -1.5 (4) -0.1 (3)

CS' 45 (4) 4.7 (4) 4.8 (4) -2.0 (4) -1.3 (.4) 0.2 (3)

C9' 45 (5) 6.1 (5) 4.6 (5) -2.5 (4) -0.6 (4) 1.0 (4)

CIO' 6.5 (5) 6.7 (5) 5.0 (S) -2.7 (4) -0.7 (4) 0.8 (4)

CIl' 7.2 (6) 5.5 (5) 8.9 (6) -2.2 (5) 1.7 (5) -0.4 (5)

CIZ' 5.9 (6) 6.4 (6) 13.7 (8) -1.9 (5) 0.2 (6) 3.7 (S)

C13' 5.6 (5) 8.5 (6) 10.8 (7) -3.9 (5) -3.8 (5) 5.7 (5)

C14' 5.9 (5) 7.8 (6) 5.6 (5) -3.8 (5) -1.5 (4) 2.4 (4)

C15' 4.9 (5) 3.2 (4) 5.1 (5) -1.6 (4) -1.3 (4) 0.3 (3)

Cl6' 4.0 (4) 4.2 (4) 3.3 (4) -1.7 (3) -0.2 (3) -0.5 (3)

Cl7' 55 (5) 4.9 (5) S.O (5) -2.0 (4) -1.5 (4) -0.2 (4)

CIS' 65 (5) 6.6 (5) 6.2 (S) -3.5 (4) -1.5 (4) -1.4 (4)

CI9' 5.6 (5) 7.4 (6) 4.6 (5) -2.5 (4) -1.2 (4) ..cJ.8 (4)
CZOt 5.4 (5) 7.1 (5) 4.0 (4) -2.3 (4) -1.5 (4) 0.6 (4)

CZ!' 5.6 (5) 4.1 (4) 5.8 (S) -2.4 (4) -1.5 (4) 0.4 (4)•



•

•

Cl

Structural Data for

trans-Dichlorobis(tribenzylphosphiDe)nickel(D)

trans-Clz(PhCHJJP]zNi

CS·

A-t03



A-I04

C[ystaUQiOphjc data for trqns-CliCPbCHJ.ANi

• Empirica/ Formula: C42 H42 CI2 P2 Ni

Space group: Triclinic, P 1

Cell dimensions:

a = 9.505 (2)A.

b =10.503 (2)Â

c =18.876 (6)A.

a =82.66 (2)0

(3 = 82.09 (2)0

Y= 88.15 (2)0

Volume = 1850.9 (8)Â3

FW= 738.35

Z=2

Dca1c =1.325 g 1cm3

F(OOO) = 774

Dam collection

Rigaku AFC -68 diffractometer

ro / 28 scans

Absorption correction: none

Tmin=O, Tmu =1

5220 measured reflections

4866 independent reflections

3786 observed reflections [1> 2.5CJ(I)]

Mo Ka radiation

À=O.70930Â

Cell parameters from 25 reflections

29 = 29 - 37°

JI = 0.78 mm·1

T=295 (2) oK

dark-red plate

0.50 ~ 0.33 ~ 0.17 mm

Rinl =0.071

9mu = 22.50

h=-lO~ 10

k=O~ Il

1=-19~20

standard intensities remained constant

tbroughout the course of collection

Average variation: 0.25 %

•
Structure was solved by direct methods followed by a difference map•



•
Refinement

Refinement on F

R(F > 2.5aF) =0.037

wR(F) = 0.032

GoF= 1.88

90 atoms

3786 reflections

where

428 parameters

H alaOlS riding,

C-H =0.93 ta 0.97 A
CAla) = 0.129

~.. = 0.19 elAJ

âQ..=-0.24 elÂJ

A-lOS

•

R =~(Fo-Fc) 1~o

wR =[l:(w(Fa-Fc)l) 1~[w(Fo)ZJrlZ

GoF = [l:(w(Fo-Fc)~ 1 (No. of retins - No. of params.}jllZ
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Table A3.S: Fractional atomic coordinates and equivaIent isotropie displacement

• parameters (IOZ A) for trans-Clz[(PhCHJJP]zNi.
x y z Ueq

Ni 0 1/2 112 2.98( 3)
Cl 0.10903(12) 0.45266(9) 0.39876( 5) 4.93( 5)
p 0.04020(11) 0.70890(9) 0.47000( 5) 3.22( 5)
Cl -0.1214 (4) 0.8091 (3) 0.47315(19) 3.83(19)
C2 -0.2180 (4) 0.8034 (3) 0.41691 (18) 3.36(17)
C3 -0.2495 (4) 0.6901 (3) 0.39266(20) 4.24(21)
C4 -0.3455 (4) 0.6919 (4) 0.34327(21) 5.16(23)
CS -0.4106 (4) 0.8038 (4) 0.31816(20) 5.08(23)
C6 -0.3782 (4) 0.9164 (4) 0.34212(21) 5.05(21)
C7 -0.2835 (4) 0.9166 (3) 0.39124(20) 4.28(21)
C8 0.1389 (4) 0.7571 (3) 0.38031(19) 3.88(19)
C9 0.1555 (4) 0.8993 (3) 0.35642(19) 3.91(19)
CIO 0.0695 (4) 0.9628 (4) 0.30893(20) 4.70(22)
Cil 0.0873 (5) 1.0912 (4) 0.28406(22) 5.97(24)
C12 0.1911 (5) 1.1578 (4) 0.30712(22) 6.24(25)
Cl3 0.2772 (5) 1.0976 (4) 0.35406(23) 5.78(23)
Cl4 0.2610 (4) 0.9675 (4) 0.37875(20) 4.59(21)
CIS 0.1235 (4) 0.7858 (3) 0.53548(18) 3.60(18)
Cl6 0.2509 (4) 0.7240 (3) 0.56584(18) 3.53(18)
Cl7 0.3717 (5) 0.6846 (4) 0.52549(21) 5.7 (3)
C18 0.4898 (4) 0.6369 (4) 0.55631 (23) 6.18(25)
C19 0.4900 (5) 0.6284 (4) 0.62833(24) 5.88(25)
C20 0.370S (5) 0.6667 (4) 0.67029(23) 6.6 (3)
C21 0.2532 (S) 0.7137 (4) 0.63899(21) 5.35(23)
Ni' 1 0 0 3.34( 3)
Cl' 1.09961(12) 0.06704(11) 0.08398( 5) 5.l4( 6)
P' 0.83168(11) -0.08508(10) 0.08729( 5) 3.67( 5)
Cl' 0.8993 (4) -0.1958 (3) 0.15862(19) 4.24(19)
C2' 0.9565 (4) -0.3260 (3) 0.14299(20) 4.23(19)
C3' 0.9452 (5) -0.4240 (4) 0.19973(25) 7.6 (3)
C4' 1.0022 (6) -0.5443 (4) 0.1890 (3) 9.7 (3)
C5' 1.0682 (5) -0.5685 (4) 0.1234 (3) 7.9 (3)
C6' 1.0822 (5) -0.4708 (4) 0.0680 (3) 7.1 (3)
C7' 1.0256 (5) -0.3508 (4) 0.07810(23) 6.00(25)
CS' 0.6880 (4) -0.1658 (4) 0.05622(20) 4.67(21)
C9' 0.5707 (4) -0.2248 (4) 0.11268(19) 4.25(21)
CIO' 0.5797 (4) -0.3506 (4) 0.14341(21) 5.05(21)
CIl' 0.4657 (5) -0.4063 (4) 0.18983(22) 6.02(24)
C12' 0.3439 (5) -0.3358 (5) 0.20573(23) 6.6 (3)
C13' 0.3348 (4) -0.2101 (4) 0.17647(23) 6.0 (3)

• C14' 0.4467 (4) -0.1539 (4) 0.12952(21) 4.99(23)
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C15' 0.7457 (4) 0.0295 (4) 0.14594(19) 4.39(19)
C16' 0.6518 (4) 0.1334 (3) 0.11508(19) 4.06(19)• C17' 0.5266 (5) 0.1659 (4) 0.15470(22) 5.62(23)
Ct8' 0.4407 (5) 0.2650 (4) 0.12932(25) 6.8 (3)
Ct9' 0.4782 (5) 0.3338 (4) 0.06333(24) 6.2 (3)
C20' 0.6001 (5) 0.3010 (4) 0.02195(23) 6.11(25)
C21' 0.6862 (5) 0.2008 (4) 0.04747(22) 5.58(23)

•
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Table A3.6: Bond lengths (Â) and angles (in degrees) for trans-Clz[(PhCHJ3P)zNi.

• Ni-CI Z.IS34(12) Ni'-Cl' 2.1556(12)

Ni-Cla 2.1S34(12) Ni'-Cl'b Z.1556(12)

Ni-P Z.ZZ66(0) Ni'-P' Z.2501 (12)

Ni-Pa 2.2266(10) Ni'-Pb 2.2501(12)
P-C(l) 1.83Z(4) p'-Cn') 1.836(4)
P-C(8) 1.838(4) P'-C(S') 1.830(4)
P-C(15) 1.836(4) P'-CUS') 1.836(4)
CU)-C(Z) 1.503(S) C(l')-C(2') 1.504(5)
C(2)-C(3) 1.38S(S) C(Z')-C(3') 1.383(5)
C(2)-C(7) 1.387(5) C(Z')-C(7') 1.360(6)
C(3)-C(4) 1.389(6) C(3')-C(4') 1.387(6)
C(4)-C(S) 1.372(6) C(4')-C(5') 1.359(8)
C(S)-C(6) 1.377(6) C(5')-C(6') 1.364(7)
C(6}-C(7) 1.37S(6) C(6')-C(7') 1.380(6)
C(8)-C(9) 1.511(5) C(S')-C(9') 1.521(5)
C(9)-C(lO) 1.389(5) C(9')-C(IO') 1.37S(5)
C(9)-C(l4) 1.391(5) C(9')-C(14') 1.395(6)
C(IO)-C(ll) 1.378(5) C(lO')-C(tl ') 1.390(6)
CU I)-C(l2) 1.375(7) C(lI')-C(lZ') 1.373(7)
C(lZ)-CU3) 1.370(7) C(lZ')-C(l3') 1.369(7)
C(l3)-CU4) 1.393(5) C(l3')-C(I4') 1.383(6)
C(IS)-C(16) 1.504(5) C(l5')-C(I6') 1.498(5)
C(I6)-C(I7) 1.371(5) C(16')-C(l7') 1.374(5)
C(I6)-C(Zl) 1.374(5) C(l6')-C(ZI') 1.381(5)
CU 7)-CU8) 1.385(6) C(17')-C(l8') 1.380(6)
C(I8)-C(I9) 1.351(6) C(18')-C(I9') 1.366(6)
C(l9)-C(20) 1.370(7) C(l9')-C(20') 1.365(6)
C(20)-C(ZO I.3S3(6) C(20')-C(21') 1.390(6)

CI-Ni-Cla IS0.0 Cl'-Ni'-Clb 180.0
CI-Ni-P 92.71(4) Cr-Ni'-p' S7.19(5)

CI-Ni-Pa 87.29(4) Cr-Ni'-Pb 92.81(5)
P-Ni-Pa IS0.0 P'-Ni'-P'b 180.0
Ni-P-C(l) 113.94(12) Ni'-P'-C(l') 114.63(13)
Ni-P-C(8) 116.52(1Z) Ni'-P'-C(S') 115.41(13)
Ni-P-CUS) 115.05(12) Ni'-P'-C(15') 114.55(13)
C(I)-P-C(8) 104.S1(17) C(l')-P'-CCS') 107.53(1S)
C(I)-P-C(l5) 96.64(16) C(l')-P'-CU5') 96.65(17)
C(8)-P-C(IS) 107.65(17) C(S')-P'-CU5') 106.18(1S)
P-C(l)-C(2) 11S.86(24) P'-C(l')-C(Z') 119.9(3)
C(l)-C(Z)-C(3) 123.0(3) cn ')-C(2")-C(3') 117.4(3)
C(I)-C(Z)-C(7) 117.9(3) cn')-C(Z")-C(7') 124.1(3)
C(3)-C(Z)-C(7) 119.0(3) C(J')-C(2")-C(7') 118.4(4)
C(Z)-C(3)-C(4) 119.6(3) C(2')-C(3")-C(4') 119.6(4)
C(3)-C(4)-C(5) 121.4(3) C(3')-C(4")-C(5') 121.3(4)
C(4)-C(S)-C(6) 118.8(4) C(4')-C(5,-C(6') 118.9(4)
C(5)-C(6)-C(7) 120.7(4) CCS')-C(6')-C(7') 120.2(4)
C(Z)-C(7)-C(6) 120.6(3) C(Z')-C(7')-C(6') lZ1.5(4)

P-C(S)-C(9) 117.1S(25) P'-CCS')-C(9') 117.9(3)
C(8)-C(9)-C(l0) 120.3(3) C(8')-C(9')-eUO') 121.2(3)
C(8)-C(9)-C(l4) 120.8(3) C(S')-C(9')-C(14') 119.4(])

•
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C(l0)-C(9)-C(t4) 118.9(3) C(lcr)-C(§r)-C(14') 119.2(4)
C(9)-C(l0)-C(t 1) 121.1(4) C(9')-C(Icr)-C(ll') 120.2(4)

• C(l0)-C(ll)-C(t2) 119.5(4) C(lO')-C(Il')-C(l2') 120.1(4)
C(ll)-C(l2)-C(l3) 120.7(4) C(11')-C(l2')-C(l3') 120.1(4)
C(l2)-C(l3)-C(l4) 120.2(4) C(12')-C(l3')-C(l4') 120.4(4)
C(9)-C(l4)-C(l3) 119.7(4) C(9')-C(l4')-C(l3') 119.9(4)
p-cn5)-C(16) 120.07(24) P'-C(I5')-C(l6') 118.9(3)
C(l5)-C(16)-C(l7) 124.9(3) C(15')-C(16')-C(17? 120.0(3)
C(15)-C(16)-C(21) 118.7(3) C(15')-C(l6')-C(21') 122.6(3)
C(17)-C(t6)-C(2I) 116.2(4) C(17')-C(16')-C(21') 117.3(3)
C(l6)-C(l7)-C(l8) 122.2(4) C{l6')-C(17')-C(18') 121.6(4)
C(l7)-C(lB)-CU9) 120.5(4) C(l7')-C(lB')-C(19? 120.5(4)
C(18)-C(l9)-C(20) 118.8(4) C(l8')-C(19')-C(2O') 119.1(4)
CCI9)-C(20)-C(2t) 120.2(4) C(19')-C(20')-C(21') 120.3(4)
C(l6)-C(2l)-C(20) 122.0(4) CU6')-C{21')-C(20') 121.1(4)

Table A3.7: Torsion angles (in degrees) for trans-Clz[(PhzCHJ3P]zNi.

•

CI-Ni-P-C(I)
CI-Ni-P-COS)
CIa-Ni-P-C(8)
CI-Ni-Pa-C(I)a
CI-Ni-Pa-C(5)a
P-Ni-Pa-C(8)a
Cla-Ni-Pa-C(l)a
CIa-Ni-Pa-C{t5)a
C(8)-P-C(l)-C(2)
Ni-P-C(8)-C(9)
C(15)-P-C(8)-C(9)
C(l)-P-C(I5)-C(l6)
P-C(l)-C(2)-C(3)
C(1)-C(2)-C(3)-C(4)
C(t)-C(2)-C(7)-C(6)
C(2)-C(3)-C(4)-C(5)
C(4)-C(5)-C(6)-C(7)
P-C(8)-C(9)-C(l0)
C(8)-C(9)-C(10)-C(l1)
C(8)-C(9)-C(l4)-C(l3)
C(9)-C(l0)-C(I U-C(12)
cu I)-C(l2)-C(13)-C(14)
P-C(l5)-C(l6)-C(l7)
C(l5)-C(I6)-C(l7)-C(l8)

122.6(1)
-127.1(1)
-179.7(J)
57.4 (1)
-52.9(1)
20.0(1)
-122.6(1)
127.1(1)
57.7(2)
174.6(3)
-54.5(2)
167.8(3)
40.6(2)
176.7(5)
-177.0(5)
-0.4(2)
-0.9(3)
-101.2(4)
-177.1(5)
177.9(5)
-0.6(3)
0.3(3)
52.0(3)
175.1(5)

CI~Ni-P-C(8)

C1a-Ni-P-C(l)
Cla-Ni-P-C(5)
CI-Ni-Pa-C(B)a
P-Ni-Pa-C(l)a
P-Ni-Pa-C(15)a
C1a-Ni-Pa-C(B)a
Ni-P-C(I)-C(2)
C(l5)-P-C(1)-C(2)
C(t)-P-C(8)-C(9)
Ni-P-C(I5)-e(16)
C(8)-P-C{l5)-C(16)
P-C(t)-C(2)-C(7)
C(7)-C(2)-C(3)-<:(4)
C(3)·C(2)-<:(7)-C(6)
C(3)-C(4)-C(5)-C(6)
C(5)-C(6)-C(7)-C(2)
P-C(8)-C(9)-C(l4)
C(l4)-<:(9)-CUO)-C(ll)
CCl0)-e(9)-C(l4)-C(13)
CUO)-<:UU-C(l2)-C(l3)
C(l2)-<:(l3)-<:(14)-<:(9)
p·CUS)-C(l6)-C(2l)
C(21)-C(l6)-C(I7)-C(l8)

0.3(1)
-57.4(1)
52.9(1)
179.7(1)
-102.2(1)
147.4(1)
-0.3(1)
-70.9(2)
167.9(3)
47.6(2)
47.5(2)
-84.3(3)
-142.8(4)
0.1(2)
-0.3(2)
0.8(2)
0.7(2)
81.9(3)
-0.1(3)
0.9(3)
0.4(3)
-1.0(3)
-133.0(4)
0.0(3)



A-IIO

C(IS)-C(l6)-C(21)·C(20) -175.2(5) CU7)-CU6)-C(2t)·C(20) 0.2(3)
C(I6)-Cn7)-C(lS)·CU9) -6.4(3) cn7)-CUS)-C(t9)·C(20) 0.5(3)• C{lS)-C(19)-C(20)-C(21) -0.4(3) C{l9)-C(20)-C(2l)-C(l6) 0.0(3)

Cl'-Ni'-P'-C(I)' -55.7(1) Cl'-Ni'-P-C(S)' 17S.S(2)
Cl'·Ni'-P'-C(5)' 54.7(1) Cl'b-Ni'-P'-C(U' 124.3(1)
CI'b-Ni'-P'·C(8)' -1.S(1) Cl'b-Ni'-P'-CUS)' -llS.3U)
Cl'-Ni'-P'b-C U)'b -124.3(1) Cl'-Ni'-P'b-C(S)'b 1.5(1)
CI'-Ni'-P'b-C(lS)'b 125.3(1) CI'b-Ni'-P'b-C(I)'b 55.7(1)
Cl'b-Ni'-P'b-C(S)'b ·17S.S(2) CI'b-Ni'·Pb-C(lS)'b -54.7(1)
Ni'-P'·C(l)'-C(2)' -71.5(2) C(8)'-P-C(U'·C(2)' 58.3(3)
CUS)'·p'-CU)'-C(2)' 167.6(4) Ni'-P-C(S) '-c(9), -179.S(3)
C(l)'-P'-C(8)'·C(9)' 50.9(2) CU5) '-P'-C(S)'-C(9)' -51.7(2)
Ni'-P'-C<I5)'-C(l6)' 68.3(2) C(l)'-p'·C(lS)'-C(t6)' -170.7(4)
C(8)'-P'-C(lS)'·C(l6)' -60.3(3) P'-C(t)'-C(2)'·C(3)' -151.t(5)
EV-CU Y-C(2)'·C(7)' 33.H2) C(l)'-C(2)'-C(3)'-C(4)' -177.0(6)
C(7)'-C(2)'·C(3)'-C(4)' ·0.9(3) C(l)'-C(2)'-C(7)'-C(6)' 176.6(6)
C(3)'-C(2)'-C(7)'-C(6)' 0.S(3) C(2)'-C(3)'-C(4)'-CeS)' -6.6(])
C(3)'-C(4)'-C(S)'-C(6)' 2.2(3) C(4)'-C(5) '-C(6)'-C(7), -2.2(])
C(5) '-C(6) '-C(7)'-C(2)' 0.S(3) P -C(S),·c(9),·CU0)' ·90.S(4)
P'-C(8)'-C(9)'-C(I4)' 94.3(4) C(S)'·C(9)'·C(l0)'-CUl)' -174.0(5)
C(4)'-C(9)'-CUO)'·C(ll)' 0.9(3) C(S)'-C(9)'-CU4)'-CU])' 174.S(5)
C(10)'-C(9)'-CU4)'·C(l3)' -0.1(3) C(9)'·CUO)'-CUt)'·CU2)' -O.6(])
CClO}'·C{ll)'·CU2}'·CU3)' .0.6(3) CUI)'-CU2)'·CU3)'·CU4)' 1.4(3)
C(12)'·C(13)'-CU4)'·C(9)' -1.0(3) P-CUS)'·CU6)'-CU7)' 139.1(4)
p'·COS)'·C(l6)'-C(2t>' -41.6(2) C(lS)'·CU6)'·C(l7)'·CUS)' 177.0(6)
C(2I)'·C(l6)'-C(l7)'-C(l8)' ·2.2(3) C(l5)'·CU6)'·C(2l)'-C(20)' ·176.7(5)
C(l7)'·C(16)'·C(ZI)'·C(20)' 2.5(3) C(l6)'-C(l7)'·C(t8)'·C(t9)' 0.1(3)
CCl7)'·C(18)'-C(l9)'·C(ZO)' 1.8(3) C(l8)'-C(l9)'-C(20)'-C(2l)' -1.5(3)
C(19)'·C(20)'·C(2l)'-C(l6)' -0.7(3) Ni'·Ph-C(l)'b C(2)'b 71.5(2)

•



A-III

Table A3.8: Anisotropie thennal factors (102 AZ) for trans-Clz[(PhzCHJ3PJzNi•

• Ull U22 U33 u.z U13 UZ3

Ni 4.13( 4) 3.15( 4) 4.0l( 4) 0.07( 3) -O.19( 3) -O.7H 3)
CI 8.56(9) 4.2S( 6) 5.33( 7) -0.20( 6) 1.74( 6) -1.22( 5)
p 4.70( 7) 3.30( 6) 4.23( 6) O.OO( 5) -O.33( 5) -O.74( 5)

Cl 5.2 ( 3) 3.5t(22) 6.0 (3) 0.97(20) -0.94(22) -1.10(19)

C2 4.35(24) 4.06(22) 4.13(23) -0.38(19) 0.14(19) -0.39(18)

C3 6.3 ( 3) 4.36(24) 5.4 (3) -0.46(22) -0.71(23) -0.54(20)

C4 6.7 (3) 6.6 (3) 6.S (3) -1.98(25) -0.5 (3) -1.45(23)

CS 5.3 (3) 9.1 (3) 4.9 (3) -1.2 (3) -0.91(23) -0.58(23)

C6 5.6 (3) 7.0 (3) 6.4 (3) 0.73(24) -1.36(24) 0.37(23)

C7 5.s (3) 4.42(24) 6.4 (3) 0.23(21) -1.10(23) -0.65(20)

C8 5.9 ( 3) 4.19(23) 452(24) -0.63(21) -0.08(21) -0.63(18)

C9 5.7 ( 3) 4.36(23) 4.47(24) -0.16(21) 0.73(21) -0~85(l9)

CIO 7.0 ( 3) 5.6 (3) 4.9 (3) 0.15(24) 0.19(23) -0.58(21)

CU 9.6 ( 4) 6.3 (3) 6.0 (3) 15 (3) 0.6 (3) 0.35(23)

C12 10.7 (4) 4.4 (3) 7.3 (3) -0.1 (3) 3.1 (3) -0.22(23)

C13 7.7 ( 3) 5.5 (3) 8.3 (3) -2.4 (3) 2.0 (3) -2.04(24)
C14 5.7 (3) 5.5 (3) 5.9 (3) -0.63(22) 0.57(23) -0.68(21)

C15 5.2 (3) 4.10(22) 4.50(24) -0.21(20) -0.59(21) -1.02(18)

C16 4.9 (3) 3.80(22) 4.73(24) -0.75(19) -0.52(20) -0.45(18)
C17 6.2 (3) 9.9 (4) 5.2 (3) 0.6 (3) -0.44(24) 0.20(25)

C18 4.9 ( 3) 9.9 (4) 7.7 (3) 05 (3) 05 (3) 0.9 (3)

C19 5.8 ( 3) 6.9 (3) 9.7 (4) -1.2 (3) -2.5 (3) 0.3 (3)
C20 9.9 (4) 9.7 (4) 6.1 (3) 1.7 (3) -3.2 (3) -0.8 (3)

C2l 7.2 ( 3) 7.4 (3) 5.6 (3) 1.3 (3) -1.0 (3) -0.86(23)
Ni' 4.3l( 4) 4.36( 4) 3.90( 4) O.3S( 4) -0.40( 4) -O.37( 3)
CI' 6.8l( 8) 8.23( 8) 4.68( 7) -1.84( 7) -O.78( 6) -1.06( 6)

P' 4.44( 7) 4.87( 6) 4.42( 6) 0.29( 5) -O.25( 5) -O.16{ 5)
Cl' 5.6 (3) 5.4 (3) 4.9 (3) 0.39(22) -0.73(22) 0.56(20)
C2' 4.1 (3) 5.6 (3) 6.2 (3) 0.39(21) -1.14(22) 0.23(21)
C3' 10.4 (4) 7.7 (3) 8.6 (4) 3.3 (3) 1.9 (3) 2.7 (3)
C4' 12.2 (5) 7.4 (4) 14.6 (5) 3.0 (4) 1.6 (4) 4.0 (3)
CS' 8.9 (4) 6.6 (3) 14.6 (5) 2.4 (3) -2.1 (4) -1.1 (3)
C6' 8.3 (4) 8.7 (4) 10.0 (4) 1.8 (3) 0.0 (3) -3.0 (3)
C7' 8.3 (4) 5.9 (3) 8.0 (3) 0.8 (3) 05 (3) -1.06(25)

C8' 5.3 (3) 7.4 (3) 4.9 (3) -0.91(24) -0.53(22) -0.....(22)

C9' 4.6 ( 3) 6.9 (3) 4.7 (3) -0.62(22) -0.76(21) -0.85(21)
CIO' 6.1 ( 3) 6.5 (3) 6.6 (3) -0.05(24) -1.04(25) -0.35(23)
CU' 8.8 (4) 7.6 (3) 6.4 (3) -2.6 (3) -1.2 (3) 0.30(25)
CI2' 6.4 (3) 12.6 (4) 6.0 (3) -3.7 (3) 0.2 (3) -1.7 (3)
C13' 4.6 (3) 10.7 (4) 8.0 (3) -OS (3) -0.1 (3) -2.7 (3)

CI4' 5.6 (3) 7.2 (3) 6.4 (3) -0.18(24) -1.33(24) -0.97(23)
C15' 5.8 (3) 5.8 (3) 4.7 (3) 0.98(22) 0.49(22) -0.43(20)
C16' 5.0 (3) 5.00(25) 5.3 (3) 0.61(21) -0.22(21) -0.99(20)
C17' i.l (3) 6.8 (3) 6.7 (3) 1.9 (3) 0.7 (3) -0.17(24)
C18' 7.5 (4) 8.7 (4) 9.1 (4) 3.1 (3) 0.4 (3) -1.9 (3)
C19' 8.5 (4) 6.0 (3) 9.6 (4) 2.4 (3) -2.5 (3) -1.4 (3)
C20' 8.7 (4) 6.3 (3) 7.9 (3) 0.6 (3) -1.4 (3) 0.67(25)

• C2l' 6.6 (3) 7.2 (3) 6.5 (3) 1.8 (3) 0.4 (3) 0.59(24)


