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Abstract

Synthesis, Characterization, and Reactivity of Pentamethylcyclopentadienyl

Complexes of Divalent Cobalt and Nickel

by

Michael Edward Smith

Doctor of Philosophyin Chemistry

University of California at Berkeley

Professor Richard A. Andersen, Chair

The divalent transition metal complexes [(CsMe5)M(X)]n (M = Co, X = CI,

n = 2; M = Co or Ni, X = acetylacetonate, n = 1) react with MeLi to produce the

carbyne-bridged trinuclear cluster complexes, (CsMes)3M3(_3-CH)(I_-H)(M = Co

or Ni), with evolution of methane. The complexes have three-fold symmetry in

the solid-state and exhibit physical properties and chemical reactivity that are

dominated by their electronic configurations of 46 electrons (M = Co) and _49

electrons (M = Ni) (48 electrons exactly fill the bonding molecular orl';tals _Jr

trinuclear clusters with this geometry). The carbyne-hydride cluster cc',,,"_'o×_;

react with oxidizing agents, producing either the cobalt(Ill) clust_,,-sp(_9_,

(CsMes)3Co3(l.l,3-CH)2, or decomposition to nickel(ll) salts and oxidiz_d r_;_!c

products. (CsMes)3Ni3(I_3-CH)(_-H)is unreactive towards dihydm_;% bL.It

(CsMes)3Co3(P,3-CH)(I_-H) reacts with one equivalent of dihydrogen _ _iL_,J_,,_

(CsMes)3Go3(I_3-CH)(Ij,2-H)3. This 48-electron complex is not chemically

reactive, but 2D EXSY NMR experiments indicate that the carbyne and hydride

protons exchange in an intramolecular fashion ca. once per second.



Monomeric t_sMe5)Ni(acac) exhibits a temperature dependent singlet-

triplet spin equilibrium. Both acetylacetonate species show an "ene-allyl"

distortion of the CsMes ring in the solid state, which is produced by selective

population of a metal-ring antibonding orbital and is more pronounced for the

nickel species. Addition of PMe3to the nickel complex produces the 20-electron

complex, (CsMes)Ni(acac)(PMe3), which is paramagnetic, consistent with

molecular orbital theory. (CsMes)Co(acac) does not coordinate additional

phosphine.

The halide-bridged dimers, [(CsMes)M(X)]2(M = Co, X = CI, Br; M = Ni,

X = Br), react with phosphines to produce the corresponding monomeric species,

(CsMes)M(X)(PR3). These complexes also exhibit "ene-allyl" distortions i,-- the

solid-state since they are isoelectronic with the acac complexes. The phosphine

adducts are unreactive towards methyl anion sources, and the synthesis of

(CsMes)M(Me)(PEt3)was accomplished by reacting (CsMes)M(acac)with MeLi in

the presence of PEt3.

The mixed-ring metallocenes, (CsMes)M(CsHs)(M = Mn, Fe, Co, Ni), were

studied to investigate the possibility of static Jahn-Teller distortions being present

in metallocenes with E symmetry electronic ground states. In contrast to some

earlier work with D5 symmetrical metailocenes, no definitive evidence for static

Jahn-Teller distortions was found in the crystallographic analysis of the mixed-

ring metallocenes.
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Introduction

The study of the interactions of hydrocarbon fragments with metal centers

is an extremely important field because of its direct relationship to many catalytic

processes used in industry today. Tne variety of organometallic species that

have been synthesized and studied since the discovery of Zeise's salt in 18271 is

immense. However, complexes with bridging alkyl groups, especially met:,yl

groups, form a small and extremely interesting class of compounds. Although

there are examples of complexes with bridging methyl groups that involve many

different geometries and a variety of metallic elements,2 there are only four

structurally characterized dimeric, methyl-bridged complexe,,_involving first-row

transition metals (Figure 1). The first two complexes ,n Figure 1, [(1,3-

dimethylallyl)Ni(_2-Me)]23 and [(CsMes)Cr(Me)(I_2-Me)]2,4 both exhibit a

symmetrical coordination environment about each metal atom and a ZM-C-M

angle around °, which is within the range seen for most of the symmetrical

bridging methyl species known, going back to the first structurally characterized

bridging methyl complex, [(Me)2AI(_2-Me)]2.s However, the two iron cations

shown in Figure 1 have methyl groups that exhibit an asymmetric interaction with

one of the two metal centers.6 This type of interaction, where a hydrogen atom

of an alkyl group is preferentially associated with a metal center, producing a

weakening of the carbon-hydrogen bond, has been termed agostic by M. L. H.

Green.7 Agostic interactions have been proposed as models for C-H bond

activation at metal centers, making the study of these and all bridging methyl

groups very important for trying to understand the processes occurring in many

catalytic systems.
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Figure 1. First-Row Homobimetallic Bridging-Methyl Complexes.3,4,6

Ni/__<'_N i H3C%.. /C_ .._

Cr Cr:_.. I \

oc\ ....,,co
_/""H"_'"'CNI/HFe Fe._# [PFr=]e _/Fe .._...c_e_(_7: [BF4]e

The dearth of bridging-methyl complexes involving first-row transition

metals led to this work, which initially involved the attempts to synthesize

complexes of the type [(CsMes)M(I_-CH3)]n (M = Co, Ni, n >__2), where CsMe s is

shorthand for the pentamethylcyclopentadienyl anion. However, generation of

the coordinatively unsaturated fragment, "(C5Mes)M(CH3)," in the absence of

coordinating ligands does not produce the desired methyl-bridged species, but

instead results in the isolation of clusters of the general formula

(C5Me5)3M3(_3-CH)(_-H) (M = Co, Ni). These clusters differ from most

triangular, trinuclear metal clusters in that they have less (46 for Co) or more (49

for Ni) electrons than the most stable electronic configuration for this class of

compounds, which has 48 electrons, exactly filling all of the bonding molecuar

orbitals. 8 This difference it, electronic configuration plays a large role in the
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physical properties and chemical reactivity of these clusters, and allows insight

into the nature of the bonding in the cluster compounds.

Initial studies of the cluster compounds were hampered by our inability to

isolate the desired carbyne-hydride clusters from by-products with similar

molecular geometries. This led to the investigation of (CsMes)M(acac)

complexes as soluble, easily purified starting materials for synthesizing

(CsMes)3M3(_3-CH)(_-H)(M = Co, Ni). However, the unusual physical properties

reported for (CsMes)Ni(acac)9 warranted an in-depth study of the acac

complexes. Due to a large difference in the energies of the molecular orbitals

derived from the dxzand dyzmetal orbitals, these complexes exhibit a distorted

ground-state geometry, termed an "ene-allyr' distortion by Mason.lo The

implications of this distortion and its effects on the physical properties and

reactivity of the acac complexes is described.

Initial reports in the literature of [(CsMe5)Co(I_-CI)]2, the original starting

material used to generate "(CsMe5)Co(CH3),'' concluded that this complex exists

as a mixture of two species in solution: the dimeric form indicated above and a

solvated monomer, (CsMe5)Co(CI)(S), where S is the reaction solvent.11

However, there are some unusual features of the reported characterizational

data that indicated that a reexamination of this complex and the related bromide

complexes for cobalt and nickel was warranted. Also, the isolable phosphine

adducts, (C5Mes)M(X)(PR3)(M = Co, X = CI, Br; M = Ni, X = Br), synthesized by

addition of the phosphine to the appropriate dimeric halide species,11,12were

investigated as electronic analogues of (CsMes)M(acac), where the three-

electron, bidentate acac ligand has been substituted for by two unidentate

ligands, the one-electron halide ligand and the two-electron phoshine ligand.

Comparison of these two classes of species will lead to a better understanding of

the nature of the bonding interactions in both class of complexes.
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The last chapter is a departure from the rest of the work presented here.

Even though a large number of metallocene complexes involving virtually every

metal in the periodic table are known, there is still some debate involving the

solid-state structures of the C5-symmetrical metallocenes, (CsRs)2M (M = Mn,

Fe, Co, Ni; R = H, Me).13 Solution properties of these complexes indicate that

the metallocenes with 2E ground states exhibit a dynamic Jahn-Teller distortion

that can only be detected by EPR at extremely low temperatures (< 10 K).TM

However, reports of X-ray crystallographic evidence for a static Jahn-Teller

distortion at room temperature have clouded the issue. Presented in this work is

a review of the pertinent data for these metallocenes and a summary of ours and

previous work with (CsMes)M(CsHs) (M = Mn, 15 Fe, 16 Co, Ni), and the

relationship of all of this data to the electronic ground states of these

compounds.
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Chapter 1

Synthesis, Characterization and Reactivity of Trinuclear

Pentamethylcyctopentadienyl Cobalt and Nickel ,Clusters with Triply-

Bridging Methylid.vne Groups

Initial attempts to generate complexes of the type [(C5Mes)M(_-CH3)]n

(M = Co, Ni, n > 2) produced cluster compounds of the type

(CsMes)3M3(_3-CH)(I_-H) (M = Co, Ni) instead. Cluster compounds containing

triply-bridging methylidyne ligands have been known for some time. Mark6 first

reported 003(00)9(_3-0H ) in 1962,1 and a host of other carbonyl clusters

containing bridging carbyne ligands have been reported since then. 2 More

closely related to the compounds studied here are the cobalt and rhodium

clusters reported by Vollhardt 3 and Maitlis, 4 respectively, which have the general

formula (CsRs)M3(lI3-CH)2 (M = Co, R = H; M = Rh, R = Me). Also important are

the complexes of the type (CsRs)3Ni3(I_3-CR') (R = H, R' = Me, Et, ipr; R = Me,

R'= Me) synthesized by Pasynkiewicz, et aL5 However, these and the vast

majority of cluster compounds containing a triangular, trinuclear metal core triply-

bridged by one or more carbyne ligands are diamagnetic, with an overall electron

count of 48 electrons, a condition that results when all of the bonding molecular

orbitals are tilled.

In contrast, the cluster compounds, (C5Mes)3M3(_3-CH)(II-H), have

electron counts of 46 (M = Co) and 49 (M = Ni). These molecules with the

electronic configurations that are two electrons short and one electron in excess,

respectively, of the condition where all of the bonding molecular orbitals are

occupied by a pair of electrons, have been observed for other cluster types. For

example, the Fischer-Palm carbonyl clusters, (05Rs)3M3(u.3-CO)2, are

isoelectronic with the carbyne-hydride c!_:sters described here. 6 The electronic
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configurationaffects the physical and structuralpropertiesof these clusters,as

well as their reactivity. Investigationof these novel clusters will, it is hoped,

providenew insightintothe natureof the bondingin clustercomplexes,and this

in turn should provide a rationalizationfor their reaction chemistry, or lack

thereof.

Synthesis

Initial studies of (CsMes)3M3(II3-CH)(li-H)were spurred by the initial

synthesisof the cobaltspeciesfrom the reactionof [(CsMes)Co(li-CI)]2 with two

equivalentsof MeLi (eq. 1). This reactionproduces(CsMes)3Co3(ll3-CH)(li-H)as

blackprismsin-60% yield. However,a smallbutsignificantamountof a second

complex, (C5Me5)3Co3(_3-CH) 2, was always present, based on infrared and 1H

NMR spectraldata. The two speciescrystallizeinthe same space group(see X-

ray discussionbelow), making separation effectively impossible. Hence, a

different route that gave one compound in pure form was desired. The

correspondingreactionsof MeLiwith [(CsMes)CO(l.[-Br)]2 and [(CsMes)Ni(_-Br)]2

were unsuccessfulsince unreacted starting material was the only product

isolatedin each case (eq. 2). Since [(CsMes)Ni(ll-CI)]2 couldnot be synthesized

(see Chapter3), otherstartingmaterialswere pursued.

Et20
[(CsMe5)Co(II-CI)]2 + 2 MeLi _ (CsMes)3Co3(ll3-CH)(ll-H)+ ... (1)

0°C

Et20
[(CsMes)M(li-Br)]2 + 2 MeLi = noreaction (2)

M = Co, Ni o °c

II III II II I
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Maitlis described the synthesis of (CsMes)3Rh3(lI3-CH)2 from the reaction

of [(CsMes)RhCI(I_-CI)]2 with AIMe3.4 Since [(C5Mes)Co(_-CI)] 2 is easily oxidized

to [(CsMe5)CoCI(_-CI)] 2, a cobalt(ll) starting material that is not easily oxidized to

a cobalt(Ill) species seemed to be a desirable metal complex, since

(05Me5)3Co3(l.l.3-CH)2 is observed as a by-product in the reaction shown in eq. 1.

Also, a starting material that could be synthesized for both cobalt and nickel was

desirable in order to systematize the synthetic reaction as much as possible.

The acetylacetonate compounds, (CsMes)M(acac) (M = Co, Ni), fit these criteria.

Reaction of (CsMe5)M(acac) with MeLi in diethyl ether solution produces the

corresponding clusters, (CsMes)3M3(_3-CH)(I_-H), in yields as good as or much

better than those from the metal halides (eq. 3). More importantly, since both

the nickel and cobalt starting materials are accessible and easily purified by

sublimation, both clusters could be synthesized with high purity. Performing the

synthesis with freshly prepared MeLi yielded the best results.

Et20
(CsMes)M(acac) + MeLi _ (C5Mes)3M3(_3-CH)(_-H) (3)

ooc
M = Co, 66% yield

M = Ni, 61% yield

Characterization

Identification of (C5Mes)3M3(II3-CH)(l_-H) was complicated initially by the

lack of information present in the initial characterizational data. The infrared

spectrum contains features attributable to M-CsMe 5 modes, but no hydride

bands are obvious. The carbyne C-H stretch is expected to appear around 3000

cm-1,7 which is obscured by the mineral oil mull, as well as the other C-H

features. Neither compound melts up to 330 °C in a sealed capillary, and neither

compound sublimes up to 200 °C under diffusion pump vacuum (= 10.4 torr).
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This lack of volatility also complicates the mass spectrum of

(CsMes)3Co3(l.t3-CH)(p-H)since it does not yield a molecular ion, but only a

broad envelope of peaks (ca, 30 amu wide) centered around 600 amu.

Fortunately, the nickel analogue is somewhat more cooperative, yielding a

molecular ion in the electron-impactmass spectrum whose isotopic pattem

indicates the presence of three nickel atoms (nickel has two major naturally

abundantisotopes,5eNi(68%) and 60Ni(26%)). High resolutionelectron-impact

massspectroscopyconfirmsthatthe observedionhas a formulaof C31H47Ni3.

Solid-state magnetic susceptibilitymeasurementsof (CsMes)3Co3(l.L3 -

CH)(I_-H) and (CsMes)3Ni3(P3-CH)(I_-H)are extremelyinformative. The variable

temperature magnetic susceptibilityof (CsMes)3Co3(_3-CH)(_-H) is shown in

Figure 1. The compounddisplaysapproximateCurie-Weissbehaviorat low and

high temperatures,with a linear regressionanalysisof the data yieldinga low

temperature moment (5-50 K) of 2.42 _1,a and a high temperature moment

(160-300 K) of 2.72 i_B. This data indicatesthat the cobalt cluster has two

unpaired electrons per cluster. The magnetic susceptibility data of

(CsMes)3Ni3(I_3-CH)(I_-H)is shown in Figure2. (CsMes)3Ni3(I_3-CH)(I_-H)exhibits

Curie-Weissbehavior,yieldinga momentof 1.90 !_Bwitha smallWeiss constant

(e = -6 K). This value indicatesthat (CsMes)3Ni3(P3-CH)(p-H)has one unpaired

electronper cluster. The magneticsusceptibilitydata providedimportantclues

aboutthe true identityof the clustercompounds.

, _ _ _l =,ill= I II I IIII1=
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Figure 1. Plot of I[ZM vs. T for (CsMes)3Coa(IJ,3-CH)(I_-H)

4OO

350

300

I°200 5 kG

150 = 40 kG

100

50

0

0 50 100 150 200 250 300 350

Temperature (K)

Figure 2. Plot of 1/ZMVS.T for (CsMes)3Ni3(_3-CH)(II-H)
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X-ray crystallographic analysis of the clusterswas necessaryto definitively

determine the identity of the two species. The crystal structures of

(C5Mes)3Co3(_3-CH)(_-H)and (CsMe5)3Ni3(I_3-CH)(B'H)are shown in Figures3

and 4, respectively. The structuresare isomorphous,with both compounds

crystallizingin R3 (No. 148), and the molecules having crystallographically
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imposed three-fold symmetry (hence, only one-third of the atoms are labeled).

Figure5 showsthe nickelanaloguelookingdownthe three-foldaxis. The bond

distances and angles for both structuresare listed in Tables 1 through 4.

Unfortunately,both structuresexhibita minordisorderof the carbyne group to

the opposite side of the triangularface of the metal core, and this disorder

obscureswhateverevidencetheremightbe for the positionof the hydrideligand.

This is whythe hydrideligandsin theseclustersare merelydenotedby I_,sinceit

is not possibleto determinethe exact geometry of the hydrideligandby X-ray

crystallography.Nevertheless,sincethere is no evidenceof a terminalhydride

ligandin the infraredspectra(whichwouldbe expectedto producea reasonably

intense absorptionin the region of 1800-2250 cm'l), 7 the assignment of a

bridging geometry to the hydride ligand is reasonable. Even though the

moleculehas crystallographicallyimposedthree-foldsymmetry,a triply-bridging

geometry cannot be definitivelyassignedto the hydride ligand. The hydride

ligandcouldbridgetwo metalcentersalongone edge of the trimetalliccore, and

if the positionof the hydride is disorderedacross the three potential bridging

sites, the structurewouldstillmaintainrigorousthree-foldsymmetry. Since the

packinginthe crystallinelatticeis dominatedby the CsMes ligands,a disorderof

the stericallyinsignificanthydrideligandwouldhave no measurableeffecton the

finalstructuresolution.
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Figure 5. ORTEP View of (CsMes)3Ni3(I_3-CH)(I_-H) Along the 3-Fold Axis.
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Table 1. Bond Distances for (CsMe5)3Co3(I_3-CH)(II-H) (A).

co-co 2.439 (1) c1-c2 1.417 (7)
Co-C1 2.113 (5) c1-c5 1.433 (7)
co-C2 2.116 (5) c2-c3 1.414 (7)
co-c3 2.123 (5) c3-c4 1.438 (7)
co-c4 2.111 (5) c4-c5 1.418 (7)
Co-C5 2.114 (5)
Co-C11 1.856 (4) co-cp 1.73

Cp is the ring centroid of atoms C1-C5.

Table 2. Bond Angles for (CsMes)3Co3(I_3-CH)(I_-H) (°).

Co-Co-Co 60.00 c2-c1 -c5 lO7.8 (4)
Co-Cll-Co 82.10 (3) c1-c2-c3 lO8.9 (4)

c2-c3-c4 lO7.4 (4)
Cp-Co-Co 150 c3-c4-c5 lO8.1 (4)
Cp-Co-C11 138 c1-c5-c4 lO7.8 (4)
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Table 3. Bond Distancesfor (CsMes_3Ni3(_3-CH)(I_-H)(A).

Ni-Ni 2.415 (1) C1-C2 1.415 (6)
Ni-Cl 2.140 (4) C1-C5 1.436 (6)
Ni-C2 2.135 (4) C2-C3 1.431 (6)
Ni-C3 2.141 (4) C3-C4 1.430 (6)
Ni-C4 2.119 (4) C4-C5 1.411 (6)
Ni-C5 2.140 (4)
Ni-C11 1.913 (7) Ni-Cp 1.76

Cp is the ring centroidof atomsC1-C5.

Table 4. Bond Anglesfor (CsMes)3Ni3(I_3-CH)(I_-H)(°).

Ni-Ni-Ni 60.00 C2-C 1-C5 108.0 (4)
Ni-C11-Ni 78.26 (3) C1-C2-C3 108.4 (4)

C2-C3-C4 107.2 (4)
Cp-Ni-Ni 151 C3-C4-C5 108.8 (4)
Cp-Ni-C11 138 C1-C5-C4 107.7 (4)

The solutionpropertiesof the complexesare consistentwiththe proposed

molecularconstitutionbutdo notdefinitivelyprovetheir nature. Neithercomplex

exhibitsa 1H NMR spectrumat any temperature. Solutionmagneticmoment

measurements indicate the presence of two unpaired electrons in

(CsMes)3Co3(_3-CH)(I_-H) (2.28 I_B) and one unpaired electron in

(CsMes)3Ni3(_3-CH)(Iu,-H)(1.77 I_B). This agrees withthe resultsobtainedfrom

solid-statemeasurements,althoughthe solutionvalue for the cobalt cluster is

low. The Evans' methodwillgive lowmagneticmomentswhenthe e value of a

complexcannotbe accuratelydetermineddue to curvatureinthe plot of 1/ZM vs.

T, as is the case for (CsMes)3Co3(I_3-CH)(I_-H)(-38 K isthe averagede value for

the data from 160-300 K).

The EPR spectraof the clustercompoundsyieldresultsthat are in accord

with the magnetic susceptibilityresults. (CsMes)3Co3(t_3-CH)(_-H)does not
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exhibit a solution EPR spectrum in methylcyclohexane at temperatu_'=.sdown to

1.8 K. However, doping (C5Mes)3Co3(_3-CH)(_-H)into the diamagnetic and

isomorphous complex (C5Mes)3Co3(H.3-CH)2(2% solid solution, by weight) allows

observation of a powder EPR spectrum at 1.7 K (Figure 6). The sample exhibits

two very broad signals, one at g = 2.157 and a second at g = 4.268. The second

signal is a half-field signal and is due to a "forbidden transition" in even-spin

systems (the transition has Ams = + 2).8 This half-field signal confirms that

(CsMes)3Co3(_3-CH)(H-H) has an even number of unpaired electrons, which is

consistent with magnetic susceptibility measurements.

Figure 6. EPR Spectrum of (C5Me5)3Co3(I_3-CH)(I_-H),2 wt. % Doped in

(CsMe5)3Co3(g3-CH)2 (1.7 K).
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The room temperature solution EPR spectrum of (C5Me5)3Ni3(ll 3-

CH)(I_-H) exhibits a single resonance with giso = 2.046. This value, combined

with the magnetic susceptibility data, indicates the presence of incomplete

quenching of orbital angular momentum, since both values are higher than the

expected spin-only values (1.90 _B VS. 1.73 IXB, and 2.046 vs. 2.0023). The low
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temperature EPR spectrum of (CsMe5)3Ni3(I.I.3-CH)(I_-H)is shown in Figure 7.

This spectrum shows an axial splitting of the signal, with g.L = 2.114 and gll =

2.009, which indicates that the unpaired electron resides in an orbital with axial

symmetry.

Figure 7. EPR Spectrum of (C5Mes)3Ni3(u.3-CH)(u.-H)in 07H14 Glass (91 K).

Orbital Considerations

All of the characterizational results for (CsMes)3Co3(_3-CH)(_-H) and

(CsMes)3Ni3(I_3-CH)(_-H) can be explained by utilizing the molecular orbital

diagram in Figure 8, first presented by Pinhas and co-workers 9 and later

modified by Dahl and co-workers, 6b for (CsMes)3M3(I_3-L)2,where M = Co or Ni

and L = CO, CS, S and other ligands capable of forming ll3-bridging geometries.

Although these ligands vary in electronic properties and thus perturb the

absolute energy levels of the orbitals, the relative ordering of the 3e" and 2a 2'

orbitals indicated in the diagram does not change. 6b Since the

(CsMe5)3M3(_3-CH)(_-H) clusters still have three-fold symmetry (as determined

by X-ray crystallography), the 3e" levels remain orbitaly degenerate, since
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reduction of the molecular symmetry from D3hto C3vby removal of the horizontal

mirror plane of symmetry does not remove this degeneracy (the symmetry labels

technically change to 7e and 4a2 in C3v symmetry - however, the D3h labels will

be used in the discussion in order to reduce confusion). Hence, it is reasonable

to apply the molecular orbital diagram in Figure 8 to (CsMes)3Co3(_3-CH)(I_-H)

and (CsMes)3Ni3(I_3-CH)(_-H) for the purpose of interpreting the physical

properties of these clusters with respect to their electronic configurations.

Figure 8. Symmetry Orbital Diagram for (CsMes)3M3(I_3-L)2(48 electrons). 6b
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(CsMe5)3Co3(ILI.3-CH)(I_-H)has a total electron count of 46 electrons.

Inspection of Figure 8 shows that this total predicts that the 3e" level will be half-

occupied, and that this cluster compound will have two unpaired electrons. The

magnetic susceptibility and EPR data for this complex agree with this deduction.

Although none of the techniques utilized in this work produced direct evidence of

a bridging hydride ligand in this compound, there must be a one-electron ligand

present in the cluster to produce the results observed, since the hypothetical

cluster "(C5Mes)3Co3(_3-CH)" would have 45 electrons and hence an odd

number of unpaired electrons. Also, the crystallographic data only indicates the

presence of the l_3-CH ligand, which means that the one-electron ligand must be

a hydride, since that is the only ligand which would be expected to be

unobservable in an X-ray crystallographic study. Unfortunately, the disorder

problem precludes analysis by neutron diffraction, which is the standard method

for definitive identification of hydride ligands that cannot be observed by X-ray

methods. Comparison to the nickel analogue, (CsMes)3Ni3(_3-CH)(_-H), which

can be more definitively characterized by mass spectroscopy, also argues for the

presence of the bridging hydride group in the cobalt cluster.

There is some confusion in the literature about the electronic ground state

expected for 46-electron clusters of this type. Dahl has reported that

(C5Me5)30o3(!.1.3-00)2 is effectively diamagnetic in the solid state and exhibits a

singlet-triplet spin equilibrium in solution. 6a However, the room temperature X-

ray crystal structure of this complex shows no evidence of distortion of the

cluster from D3h to a lower symmetry to remove the degeneracy of the 3e"

molecular orbitals, which calculations by Pinhas and co-workers indicate would

be necessary to pair the electrons in the 3e" orbitals. 9 (CsMes)3Rh3(_3-CO)2,

reported by Stone and co-workers, loa was shown to be diamagnetic in both

solution and the solid-state. The low temperature X-ray crystal structure of this
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rhodium cluster does exhibit a reduction of the overall symmetry of the cluster to

C2v, 10b which is in line with the predictions of Pinhas' model for a diamagnetic,

46-electron cluster.9 In contrast to the CsMe 5 clusters, (05H5)3Co3(,u,3-CO)2 iS

paramagnetic in solution, with a solution magnetic moment of 3.0 + 0.2 _a,

indicating the presence of two unpaired electrons in the cluster.11 The X-ray

crystal structure of (C5Hs)3Co3(P.3-CO)2 has D3h symmetry, as would be

predicted from the magnetic moment of this compound. Finally, the tetrahydride

cluster, (05Mes)3Co3(_3-H)(_2-H)3, reported recently by Theopold, et a/.,12 is

paramagnetic in solution, with a broad, highly shifted 1H NMR signal for the

C5Me5 ligand (5 +63 in toluene-d8 solution at 20 °C). The X-ray structure of this

complex has three cobalt-cobalt distances that are identical within the error of

the experiment, indicating that the complex has virtual, but not

crystallographically imposed, three-fold symmetry. Thus, the paramagnetism

observed in (CsMes)3Co3(_3-CH)(_-H) is consistent with the results observed for

most of the C3-symmetrical 46-electron clusters in the literature, where the only

anomaly is the diamagnetism of (C5Me5)3003(_3-00)2 at low temperatures

(< 170 K).

(CsMes)3Ni3(I_3-CH)(II-H) has a total electron count of 49 electrons, which

predicts that the there is one unpaired electron in the 2a2' level shown in Figure

8. This is also completely consistent with the characterizational data found for

this compound, since the low-temperature EPR spectrum of (CsMes)3Ni3(_3-

CH)(_-H) predicts that the unpaired electron resides in a level with axial

symmetry, and the 2a2' orbital has axial symmetry. Also, the 2a2' orbital would

be expected to have a small orbital contribution to the magnetic moment, 13which

is reflected in the positive deviation from spin-only values observed for t_eff and

giso in this compound. Again, the solid-state structural data does not present

direct evidence for the hydride ligand, but Pasynkiewicz, et al. have synthesized
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the 48-electroncluster (CsMes)3Ni3(_a-CMe),s and it is diamagneticwith a sharp

1HNMR spectrum,justas predictedby Dahl'smolecularorbitalmodel (Figure8).

Hence, the existenceof the bridginghydrideligandin (CsMes)3Ni3(_3-CH)(I_-H)is

necessaryto explainthe physicalpropertiesobservedfor the complex.

The electronicstructureof these clustershas a directeffect on the bond

distancesand angles observed in the solid-statestructuresof these complexes.

The most importantvalues for the X-ray structuresof (CsMes)3Co3(_3-CH)(I_-H)

and (CsMes)3Ni3(I_3-CH)(II-H)are listedinTable 5. Sincethe metal ions in both

compounds have the same formal charge ("+7/3"), and the structures are

isomorphous,directcomparisonof bond lengthsand anglescan be interpreted

with respectto electronicstructures. Even thoughnickel is smallerthan cobalt

(by 0.03 A for the divalentionswithcoordinationnumber6)14inspectionof Table

5 showsthat the metal-carbynecarbonbond distanceis ca. 0.06 A longer inthe

nickel cluster than in the cobaltcluster,and this differencemakes the M-C-M

angle smallerin (CsMes)3Ni3(I_3-CH)(p-H).Thiscan be rationalizedby lookingat

the metal orbitalsthat contributeto the 3e" and 2a2' molecularorbitalsthat are

involved(Figure9). These symmetryorbitalconclusionswere madeby Dahland

Wilson,is and indicate that the 2a2' level involves an in-plane, metal-metal

antibondinqinteraction,while the 3e" orbitalsare predominantlyout-of-plane,

metal-cappingligandand metal-ringantibondingorbitals.Thus, the largermetal-

carbynecarbonand metal-ringcarbondistances(whichare 0.02 A longerin the

nickelanalogue) in the nickelclusterare consistentwith addingtwo electronsto

the 3e" molecular orbitals. The observed differences in most of the bond

distancesand angles for the two clustercompoundsare completelyconsistent

withthisanalysis. An apparentcontradictionisthe contractionof the metal-metal

bond distanceswhen going from cobalt to nickel. This may be explainedby

notingthat the shorteningis smallerthan the shorteningexpectedbased on the
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differencesin ionicradii (0.024 A vs. 0.030 A), indicatingthat the one electronin

the metal-metalantlbonding2a2'molecularorbitalof the nickelclusterdoeshave

an effecton the metal-metalbonddistances.

Figure9. Metal Orbitalsinthe 2a2'and3e" Levelsin(CsMes)3M3(II3.L)2.is

Lure
3e" HOMO's

HOMO and LUMO designationsare for48 electronspecies(see Figure8).

Table 5. ImportantBondDistancesandAnglesin (CsMes)3M3(_3-CH)(_-H).

M ._ d(M-ringC)a d(M-C11P Z(M-Cl l-M)
Co 2.439 2.i 15 1.856 82.1°

Ni 2.415 2.135 1.913 78.3°

aAveraged value, in A.
bC11 is the #3-carbyne carbon; distance in A.

MechanisticStudies

An important aspect of the study of the cluster compounds,

(CsMes)3M3(I_3-CH)(II-H),is the determinationof how the clusters are formed.

The investigations were performed on the nickel system because

characterization (by mass spectroscopy) is considerably easier for

(CsMes)3Ni3(_3-CH)(p-H)than for the cobaltanalogue. Furthermore,the CD3Li

used for the labeling study contained a significantamount of LiBr, which
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producedintractablereactionproductsin the cobaltsystembutdid not interfere

with isolationof the nickelcluster. Figure10 postulatesthree net reactionsthat

are required to produce (CsMes)3M3(I_3-CH)(p-H). First, metathesis of

(C5Mes)M(acac)with MeLi would be expected to produce the coordinatively

unsaturated fragment, "(CsMes)M(Me)." An attempt was made to trap this

fragmentwith PEt3; and (CsMe5)M(Me)(PEt3) was indeed isolatedin highyield

(Chapter 3). However, inspection of a 1H NMR sample containing
i

(CsMes)Ni(acac)and PEt3 showedthat the phosphinewas coordinatedto the

nickelatom, since the CsMes and acac signalswere shifted from their expected

posttionsand there were no signalsfor uncoordinatedPEt3. Two other broad

resonances were observed that increased in intensity and shifted when

additional PEt3 was added, indicatingthat the signalswere due to coordinated

phosphine,and that thisphosphinewas exchangingwith the free phosphinein

solution. Subsequent isolation and X-ray crystallographicanalysis of

(CsMe5)Ni(acac)(PMe3)(Chapter 2) provedthat phosphinesare not "innocent"

with respectto their use as trappingagents,at least in this system. Thus, the

presence of "(C5Mes)M(Me)'' has yet to be definitivelyproven, althoughit is a

reasonableassumption.
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Figure10. ProposedMechanismfor Formationof (CsMes)3M3(I_3-CH)(I_.H).

(CsMes)M(acac)+ MeLi _ "(CsMes)M(Me)"+ Li(acac)

3 "(CsMes)M(Me)" ..........._ (CsMes)3M3(IJ.3-CH)+ 2 CH4

[HI
(CsMes)3M3(I_3-CH)_ (CsMes)3M3(143-CH)(14-H)

possible[H]:solvent,traceH20, MeLt,CH4,(CsMes)3M3(I_3-CH)

The next step in Figure 10 assembles three "(CsMes)M(Me)"fragments

intothe trimetalliccorewithconcomitantevolutionof methane. Sincethree body

collisions are usually considered highly improbable from a mechanistic

standpoint,16 it is mostlikelythat the "(CsMes)M(Me)"fragmentsassemble in a

stepwise fashion, producing a bimetallic intermediate before forming the

(CsMes)3M3(I_3-CH)core. The evolution of methane was shown in the

preparation of (CsMes)3Ni3(_3-CH)(_-H) in a sealed NMR tube from

(CsMes)Ni(acac)and MeLi in tetrahydrofuran-d8 solution. Since the resulting

nickelclusterhas no 1HNMR signal,the resultingsolutionexhibiteda numberof

small, unidentifiedsignals. Subsequent removal of gaseous products by

repeated freeze-pump-thawcycles resultedin the disappearanceof only one

signal, at 6 0.185 ppm. Pressurizationof this degassed sample with 1

atmosphere of methane gas caused the signal at _ 0.185 ppm to reappear,

definitivelyassigningthis signal as being due to methane. Thus, methane is

producedin the formationof (C5Mes)3M3(_3-CH)(_-H),tentativelyconfirmingthe

second step of the proposedmechanism. This result is not quantitativesince

methane is not very soluble in tetrahydrofuran-d8 and further experimentsare
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necessary to determine the absolute amount of methane generated in the

reaction.

The final step shown in Figure 10 is the most perplexingand the most

important. A simplemetathesisreaction,followedby methaneevolution,would

produce clusters with the formula (CsMes)3M3(t_3-CH),where M is a divalent

metal ion [M(II,II,II)]. However, the clustersscavenge a hydrogenatom from

some source, resulting in a net oxidation of one electron and producing

(CsMes)3M3(_3-CH)(p.-H)[formallyM(III,II,II)]. This may not be unexpectedfor

the cobaltanalogue,sincethe molecularorbitalmodel in Figure8 indicatesthat

(CsMes)3Co3(P.3-CH)wouldbe three electronsshort of the desired 48-electron

configuration (indeed, there are no 45-electron clusters with the M3(143-L)2

geometry reported in the literature). However, (CsMes)3Ni3(P.3-CH) would be a

48-electroncluster,the idealelectroncountfor thesesystems. Still,bothspecies

scavenge a hydrogen atom, producingthe (CsMes)3M3(I_3-CH)(I_-H)cluster

compounds.

The source and spectroscopicsignature of the hydride ligand was

determined by attempts to selectivelydeuterate (CsMes)3Ni3(P3-CH)(I_-H)by

several methods, using mass spectroscopyas the analytical method. The

productobtainedfrom the 1HNMR studyof the reactionof (CsMes)Ni(acac)and

MeLi in deuterated tetrahydrofuran showed no evidence of deuterium

incorporation,so the solventcan be ruledout as a sourceof the hydrideligand.

Likewise,attempts to exchange any of the hydrogenatoms by pressurizinga

hexane solution of (CsMes)3Ni3(I_3-CH)(_-H)under 18 atmospheresof D2gas for

periodsof up to a week were unsuccessful,indicatingthat once the hydridehas

been scavenged by the clustercompound,it is not readily exchanged. The

source of the hydrideligandwas determinedwhen the syntheticreactionwas

performed with D3CLi. High resolutionmass spectroscopyindicatedthat the
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cluster formed in this reactionhad a molecularweightthat is exactly two mass

units higher than that of the all protio compound (Figures 11 and t2).

Comparisonof the infraredspectraof this productto that of (CsMes)3Ni3(i_3-CH)

(I_-H) shows only two differences: the deuterated product has a sharp

absorptionat 2164 cm-1, indicativeof a t_3-CDstretch,17and the replacementof

a band at 981 cm"1in the (CsMes)3Ni3(_3-CH)(_-H)spectrumwitha band at 682

cm"1in Its deuteride. The ratioof the wavenumbervaluesof the two differinglow

energy bands is 981/682 = 1.438, in reasonableagreement with the idealized

valueof 1.414 expectedfor the ratiov(X-H)/v(X-D)if the vibrationalmode werea

pure harmonicoscUlator.18a This stretch is in the regionassociatedwith triply

bridginghydride ligands,and thus leads to the assignmentof the deuterated

product as (CsMes)3Ni3(I_3-CD)(I_3-D).18b Thus, the hydride ligand is derived

from methyllithium.The moderateyieldsof the clustercompounds(typically50 -

60%) indicate that the hydride ligand could be scavenged from the carbyne

groupof another ligand(eq. 4). The C-H bond of the carbyne groupwouldbe

expectedto be a more accessiblesourceof the hydrideligandthan either MeLi

or methane,sincethe carbonis boundto three metalcentersthat act as electron

withdrawinggroups.

2 (CsMe5)3Co3(_3-CH) _-

(CsMes)3Co3(P.3-CH)(IJ.-H)+ (C5Mes)3C03(I_3-C) (4a)

(CsMes)3C03(I_3-C).... _ decomposition (4b)



Figure 12. Molecular Ion Envelope for (C5Me5)3Ni3(t_3-CD)(H-D).
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OxidationReactions

The discovery that (C5Mes)3Co3(I_3-CH)(I_-H)was contaminated with

(CsMes)3Co3(I_3-CH)2whensynthesizedfrom [(CsMes)Co(I.t-CI)]2 led to the initial

hypothesisthat small amountsof [(CsMes)CoCI(_-CI)]2 in the starting material

were producingthe contaminatingbis-carbynecluster. However, attempts to

react [(CsMes)CoCl(I.t-CI)]2 with MeLi in diethyl ether solutions produce no

reaction (eq. 5), and reactionof AIMe3 in CH2CI2 with the cobalt(Ill) halide

species (based on the precedent in rhodium(Ill)chemistry)4 only reduces the

startingmaterialto [(C5Mes)Co(I.t-CI)]2 (eq.6).

Et20
[(CsMes)CoCI(I_-CI)]2+ 4 MeLi _ noreaction (5)

0°C

CH2CI2
[(CsMes)CoCI(I_-CI)]2+4 AIMe3 = [(CsMe5)Co(l.t-Cl)]2 (6)

However, oxidation of (CsMe5)3Co3(I_3-CH)(I_-H)with concentrated HCI

produces (C5Mes)3Co3(I_3-CH)2in low yields (eq. 7), along with a substantial

amount of CoCI 2 precipitate. Oxidation with one equivalent of CCl 4 produces

better yields of the bis-carbyne (eq. 8), but no CHCI3,which might be expected to

form by hydride abstraction from the starting material, was observed in the 1H

NMR spectrum. The yields presented are based on the mass balance of cobalt.

Performing the oxidation with DCI produces (CsMe5)3Co3(l.l,3-CD)2, as judged by

the sharp infrared band at 2158 cm"1, which is very close to the C-D stretching

frequency observed in (CsMes)3Ni3(I_3-CD)(I_-D). Vollhardt has reported

deuterium scrambling into the carbyne position of the cluster species
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(CsHs)3Co3(_3-CH)(_3-CR)(R = H, SIMe3) upon treatmentwith F3CCO2D,3with

a v(C-D) of 2210 cm"1observedfor (CsHs)3Co3(I_3-CD)(I_3-CSiMe3).17

(CsMes)3Co3(IJ.3-CH)(I_-H)+ HCI Et20------i,. (CsMes)3Co3(_3-CH)2+ CoCl2 + ... (7)

15%yield

toluene
(C5Me5)3Co3(g3-CH)(g-H)+ CCI4 _ (C5Mes)3Co3(IJ.3-CH)2+... (8)

27% yield

(C5Me5)3Co3(I.[3-CH)2 crystallizes as red-violet prisms from pentane

solution. The compound has 48 electrons and is diamagnetic, as predicted by

molecular orbital theory for a cluster of this type (Figure 8). The 1H NMR

spectrumof (CsMes)3Co3(I_3-CH)2 consistsof two singletsat _ 1.74 and 16.99,

corresponding to the pentamethylcyclopentadienyland carbyne protons,

respectively. The significantdownfieldshiftof the carbyneprotonresonanceis

consistentwith that seen for other 1_3-carbynespecies,with values of _ 13.18

and 18.37 observed for this resonance in (CsMes)3Rhj(tI3-CH)24and

(C5Hs)3Co3(jLI.3-CH)2, 3 respectively. The correspondingsignals in the series of

diamagnetic,48-electron clustercompounds,M3(CO)9(II3-CH)(p.-H)3, appear at

11.4, 9.75, and 9.36 for M = Fe,19Ru,2° and OS, 2b respectively. No solution

EPR signal is observed for (C5Mes)3Co3(II3-CH)2.

Inspectionof Figure8 indicatesthat the 48-electronbis-carbynecluster

wouldbe expected to be inert, and indeedthe complexis air- and water-stable.

It is possible that any [(C5Me5)CoC1(11-CI)]2present in solution when

(CsMes)3Co3(P,3-CH)(t_-H)is synthesized from [(CsMe5)Co(_-CI)]2could act as

an oxidant, thus producing the bis-carbyne complex. Since (CsMes)Co(acac)
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can be easily isolated without cobalt(Ill) impurities, this could explain why the use

of the acac starting material yields pure (CsMes)3Co3(lI3-CH)(t_-H), while the

chloride starting material produces a mixture of the two clusters.

The X-ray crystal structure of (CsMes)3Co3(_3-CH)2, shown in Figure 13,

is extremely informative. The complex crystallizes in R3 (No. 148) in a well-

ordered fashion, so that all of the hydrogen atoms can be located and refined

(the disorder observed in the (CsMes)3M3(I_3-CH)(II-H) structures cannot occur in

this system since the bridging ligands are identical). The bond distances and

angles (Tables 6 and 7, respectively) are consistent with the results seen for the

two carbyne-hydride clusters and the orbital model (Figure 8) used to explain

these results. (CsMes)3Co3(P.3-CH)2 has two more electrons than

(CsMe5)3Co3(I.t3-CH)(_-H), and these electrons reside in the 3e" level, which is

mostly metal-capping ligand antibonding in nature. Even though cobalt(Ill) is

considerably smaller than cobalt(ll) (by as much as 0.10 A, based on ionic radii

for a coordination number of 6), TM the metal-carbyne carbon bond distance is

longer (1.867 A vs. 1.856 A) and the cobalt-C(11)-cobalt angle is smaller (80.6 °

vs. 82.1°) in the bis-carbyne species. This is the same result that is observed

when comparing (CsMe5)3Co3(_3-CH)(_-H) and (CsMes)3Ni3(I.I.3-CH)(II-H), and

supports the molecular orbital model presented in Figures 8 and 9. The cobalt-

cobalt distance is ca. 0.02 A shorter in (05Mes)3Co3(#3-CH)2 than in

(C5Mes)3Co3(I.I.3-CH)(II-H), a difference that is significantly smaller than would be

expected based on the change in radii upon change in oxidation state.

Inspection of Figure 9 reveals that the 3e" orbitals, while predominantly metal-

iigand antibonding in nature, also have some metal-metal antibonding

character, 15which may be responsible for this observation.
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Figure 13. ORTEP Diagram of (C5Me5)3Co3(I.L3-CH)2.

c7

c1

Table 6. Bond Distances for (CsMe5)3Co3(#3-CH)2 (A).

Co-Co 2.413 (1) c1-c2 1.432 (3)
Co-C1 2.113 (2) c1-c5 1.420 (3)
Co-C2 2.108 (2) c2-c3 1.425 (3)
Co-C3 2.1o3 (2) c3-c4 1.418 (3)
Co-C4 2.097 (2) c4-c5 1.437 (4)
Co-C5 2.1 lO (2)
Co-Cp 1.72 c11-H11 1.10 (1)
Co-C11 1.866 (1) C12-H12 1.12 (1)
Co-C12 1.867 (2)

Cp is the ring centroid of atoms C1-C5.

Table 7. Bond Angles for (05Me5)3Co3(_l.3-CH)2 (°).

Co-Co-Co 60.00 (1) c2-c1 -c5 107.6 (2)
Co-Cll-Co 80.58 (8) c1-c2-c3 lO8.4 (2)
Co-C12-Co 80.52 (2) c2-c3-c4 107.8 (2)
c11 -Co-C12 83.43 (5) c3-c4-c5 108.2 (2)

c1-c5-c4 108.0 (2)
Cp-Co-Co 150
Cp-Co-C 11 139
c p-Co-C 12 138



Since (CsMe5)3Co3(_3-CH)2 crystallizes in R3, with cell parameters that

are extremely similar to those of (CsMes)3Co3(_3-CH)(_-H), it is not surprising to

discover that these two cluster species co-crystallize to form a solid solution.

This is why the synthetic route to (CsMes)3Co3(_3-CH)(_-H) that utilized

[(CsMe5)Co(_-CI)] 2 was ultimately abandoned. The inability to separate the two

compounds by fractional crystallization is also responsible for the initial

difficulties in identifying (CsMes)3Co3(_3-CH)(_-H). In fact, initial attempts to

obtain the X-ray crystal structure of (CsMes)3Co3(I_3-CH)(_-H) resulted in a

structural solution that appeared to indicate the presence of a second bridging

ligand. The ligand was really a partially occupancy carbyne ligand resulting from

the presence of a significant amount of (05Mes)3Co3(_3-CH)2 in the crystalline

lattice. However, once the two species could be prepared and characterized in

pure form, the ability of the two species to form solid solutions was utilized to

obtain the powder EPR spectrum of (CsMes)3Co3(_3-CH)(II-H) by using

(05Mes)3Co3(_3-CH)2 as a diamagnetic host lattice.

The corresponding oxidation reactions of (CsMes)3Ni3(_3-CH)(_-H) are

substantially less informative. Reaction of the nickel cluster with dilute HCI

produces an intractable orange oil (eq. 9). Similarly, oxidation of

(CsMe5)3Ni3(_3-CH)(_-H) with CCI4 produces NiCI2 and several organic products

(eq. 10), with the main product being the fulvene shown. This compound

appears to be the product of a reaction between a pentamethylcyclopentadienyl

anion and a halocarbon radical, but the system is very complicated and no

attempt to identify the other organic products was made. As with the cobalt

analogue, no HCCI3 was observed when the reaction was performed in a sealed

NMR tube.
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Et20
(C5Mes)3Ni3(_3-CH)(II-H) + HCI = NiCI2 + intractable oil (9)

toluene CIH2C__ */(CsMes)3Ni3(_3-CH)(_-H) + CCI4 = NiCI2+ + ... (10)

ca" F \

The final attempts at controlled oxidation of the cluster compounds,

(CsMes)3M3(_3-CH)(I_-H), with nitrous oxide were also unsuccessful. The cobalt

compound was largely unreactive, with only a small amount of an insoluble

residue isolated in the recovery of the starting material. The nickel analogue did

not react with N20, as judged by infrared and mass spectroscopy. This is

curious, since the nickel species exhibited considerably greater reactivity towards

HCI and CCI4, as judged by the extensive decomposition observed in these

reactions. It is possible that the single unpaired electron in the 2a2' orbital of

(CsMes)3Ni3(lI3-CH)(l_-H) makes it more susceptible to radical reactions than the

cobalt analogue, but less reactive towards nitrous oxide. Also, it is important to

note that cobalt is quite stable as a trivalent cation, as shown by the tremendous

stability of (CsMes)3Co3(IJ.3-CH)2. On the other hand, this oxidation state is

unstable for nickel, and hence the corresponding bis-carbyne product is not

accessible for nickel. Precipitation of nickel(ll) chloride and oxidation of the

pentamethylcyclopentadienyl ligand is the only reaction path available for

(CsMes)3Ni3(I_3-CH)(I_-H) when presented with an oxidizing environment.

Reactions with Ethylene and Carbon Monoxide

(CsMes)3Co3(I_3-CH)(p-H) and (CsMes)3Ni3(_3-CH)(_-H) exhibit virtually

identical reaction chemistry with respect to ethylene and carbon monoxide.
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Neither species shows any evidence of reaction with ethylene. Reaction of

(CsMes)3Co3(_3-CH)(IJ.-H) with CO produces a mixture of two known carbonyl

compounds, (CsMe5)Co(CO)221 and (CsMe5)3Co3(P,3-CO)2,6a as judged by

infrared spectroscopy (eq. 11). Similarly, reaction of (CsMes)3Ni3(I.[3-CH)(II-H)

with CO produces the known compound, [(CsMe5)Ni(_-CO)] 2 (eq. 12).22 No

significance should be placed on the lack of (CsMe5)3Ni3(_3-CO)2 in the reaction

product, since the nickel reaction was performed under substantially higher

pressures of CO (18 atm vs. 3 atm). No evidence of the fate of either the

carbyne or hydride ligand was observed in either reaction.

hexane (C5Mes)3C°3(l'I'3"CO)2
(CsMe5)3Co3(I_3-CH)(_-H)+ CO --= + (11)

(CsMe5)Co(CO)2

hexane
(C5Me5)3Ni3(_3-CH)(_-H) +CO -= [(CsMes)Ni(II-CO)] 2 (12)

Reactions with Dihydrogen

As mentioned earlier, (CsMes)3Ni3(P3-CH)(tI-H) shows no evidence of

reaction with H2 or D2, as judged by infrared and mass spectroscopy. However,

reaction of (CsMe5)3Co3(IJ.3-CH)(I.I.-H)with H2 at high pressures (> 12 atm) and

prolonged reaction times generates the 48-electron, diamagnetic cluster

compound (CsMes)3Co3(I_3-CH)(ILI,2-H)3 (eq. 13). The I.i.2assignment for the

hydride ligands is based on the presence of a strong infrared stretch at 1675

cm-1, which is in the region expected for doubly-bridging metal hydrides. 18b,23

This green, crystalline compound exhibits a molecular ion in the mass spectrum,

using fast-atom bombardment techniques. A second signal, corresponding to

(M- H2)+ is also seen using FAB techniques, and this signal is the only one
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observed in the electron-impact mass spectrum. This is certainly due to loss of

dihydrogen in the gas phase, since (CsMe5)3Co3(IJ.3-CH)(I_-H)does not yield a

molecular ion in the mass spectrum. It should be noted that these are the only

conditions under which the conversion of (CsMe5)3Co3(i.i.3-CH)('u.2-H)3back to

(C5Mes)3Co3(_3-CH)(_-H) can be achieved. Reaction of (CsMes)3Co3(P.3-

CH)(_2-H)3 with CO produces the same two carbonyl species observed when the

reaction is performed with the monohydride (shown in eq. 11), _nd heating to

200 °C under high vacuum only results in decomposition. The trihydride species

does not react with ethylene.

hexane
(C5Me5)3Co3(143-CH)(g-H)+ H2 _ (CsMe5)3Co3(g3-CH)(p.2-H)3 (13)

The difference in reactivity with dihydrogen for (CsMe5)3Co3(_3-CH)(I_-H)

and (CsMes)3Ni3(_3-CH)(I_-H) can again be traced to their electronic

configuration. The 3e" level for (CsMes)3Co3(_3-CH)(_-H) is only half-occupied, i

and since these orbitals are out-of-plane, metal-ligand orbitals (Figure 9), it is

reasonable to expect that a molecule of dihydrogen approaching the hydride-

capped face of the cluster would be able to interact and add its two electrons to

the cluster, producing the stable, 48-electron species, (C5Mes)3Co3(I.t3-

CH)(#2-H)3. However, the occupied orbital in H2 is not of the proper symmetry to

interact with the 3e" molecular orbital of the cluster. For H2 to interact with the

core, the hydride ligand would have to move to either a !.1.2or terminal geometry,

thus reducing the symmetry of the cluster and opening a coordination site at a

metal atom. This would presumably require a significant amount of

reorganizatio_ energy, and could be the reason that the otherwise electronically-

favored formation of (CsMe5)3Co3(!13-CH)(p2-H)3 is so slow. On the other hand,
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the half-occupied 2a2' orbital in (CsMes)3Ni3(P3-CH)(I_-H)is an in-plane, metal-

metal orbital,whichis expectedto be relativelyinaccessibleto incomingligands.

It wouldbe difficultfor dihydrogento associatewith the nickelcluster,since the

orbitals that extend outward from the metal core (3e") are filled. Thus, any

exchangeof the hydrideligandwithfree dihydrogenwouldmostlikelyrequirethe

breakingof a nickel-nickelbond,withscramblingof the hydridesand subsequent

reformation of the bond and eliminationof dihydrogen. Since no deuterium

scramblingis observed,thisis obviouslya highenergyprocess.

(C.sMes)3Co3(t_3-CH)(I_2-H)3can be thought of as an analogue of

(05Mes)3Co3(I.I.3-CH)2, with one, three-electroncarbyneligandreplacedby three,

one-electronhydrideligands. Then, the molecularorbitalmodel shownin Figure

8 predictsthatthiscomplexwillbe diamagnetic.The 1HNMR spectrumconfirms

this,exhibitingthreesingletsat _ 16.92, 1.77, and -32.06 withan intensityratioof

1:45:3. These correspondto the carbyne, pentamethylcyclopentadienyl,and

hydride ligands, respectively. The hydridesignal is somewhatbroader (Vl/2 =

10 Hz at roomtemperature)than the othertwo signals(v1/2< 5 Hz). When the

spectrum is measured at 90 °C, both the carbyne and hydride signals are

substantiallybroadened (V1/2 = 10 X V1/2at room temperature), indicatingthe

possibilityof protonexchangebetweenthe two sites. When D2 is substitutedfor

H2 in the synthesisof the trihydridecluster,the room temperaturespectrumof

the partiallydeuteratedclusterexhibitstwo resonancesin the hydride regionat

5-32.09 and -32.12. Inspectionof the 2H NMR spectrumof this sample reveals

that deuteriumis present in the carbyne and hydride positions,but not in the

C5Me5 ligand. Unfortunately, the lower resolution of the 2H NMR experiment

makes it impossible to resolve the two expected signals in the hydride region,

and instead a single broad absorption at 5 -32 is observed. Based on trends in

isotopic shifts, the signals at 5 -32.09 and -32.12 are assigned to the hydride
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signals of two isomers,(C5Mes)3Co3(II3-CH)(t_2-H)2(_2-D)and (CsMes)3Co3(I_3-

CD)(I_2-H)(_2-D)2,respectively.

More detailed NMR experiments were performed on (C5Me5)3C03(t_ 3-

CH)(_2-H)3 to determinethe nature of the exchange process. Spin saturation

experimentsindicatethat the carbyneprotonexchangesinto a hydrideposition

approximatelyonce per second at 30 °C. Figure 14 shows a 2-dimensional

EXSY experimentthat definitivelyassignsthe exchangemechanismobservedin

the NMR experimentsas intramolecular.

Figure 14. 1HNMR 2D EXSY Spectrum of (CsMes)3Co3(I_3-CH)(p2-H)3.
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The EXSY experimentmeasuresthe spin saturationtransfer information

at all frequencies in the spectral window, then correlates them as a two-

dimensional contour plot. The vertical dimension shows the region of the

spectrumcontainingthe carbyneprotonresonanceandthe horizontaldimension

shows the hydride region. The couplingsindicatedin Figure 14 are for the

carbyne and hydrideprotonsinteractingwith a 13Catom in the carbyne ligand

(1Jc. H = 147 Hz for the carbyne hydrogenand 2Jc. H = g Hz for the hydride

ligands). The largecrosspeakat the center of Figure14 isdue to the exchange

processoccurringin clustermoleculesthat have a 12Catom in the carbynesite

(natural abundance==99%). The small crosspeaks to eitherside of the large

peak are due to the 1% of the clustermoleculesthat have a 13Catom in the

carbyne site. Since the concentrationof moleculeswith a 12C atom in the

carbyne site is ca. 99 times that of the clusterswith a 13Catom in the carbyne

site, any intermolecularexchange process would exchange a 13C-labeled

carbyne protonwith a 12Chydrideatom 99% of the time. However, the small

cross peaks occuronly betweenthe 13Csatellitesignalsof the carbyne proton

and hydrideresonances,with no crosspeaks for the 12Csignals,indicatingthat

the carbyne proton of a 13C-labeledmolecule only exchanges with a hydride

proton of another 13C-labeledmolecule. Since the 13C-labeledmolecules are

present in a very smallconcentration,the exchangemust occur withina given

molecule,thusprovingthatthe exchangemechanismis intramolecular.

This exchange process is not without precedent. The previously

mentioned clusters, M3(CO)9(P.3-CH)(p.-H)3, where M = Ru and Os, exhibit an

exchange process between the carbyne and hydride proton sites at elevated

temperatures, with rates of 1.1 x 10"2 sec "1 and 3.6 x 10 .3 sec -1 measured by

spin saturation techniques at 80 °C.24 The mechanism proposed by Shapley

and co-workers for this site interconversion is shown in Figure 15.24 This
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intramolecularmechanism is also consistent with the observed results for

(CsMes)3Co3(_3-CH)(_2-H)3,where the three solid circles would represent
i

(CsMes)Co fragments instead of (CO)3M fragments. Perhaps even more

interesting is the iron carbonyl analogue, Fe3(CO)g(I_3-CH)(_-H)3,which

apparently exists as a mixture of three tautomers in CsD8 solutionat room

temperature,assigned as Fe3(CO)g(I_3-CH)(_-H)3(84%), Fe3(CO)9(P.3-HCH)(I_-

H)2 (12%), and Fe3(CO)g(I_3-HCH2)(I_-H)(4%).19 Althoughthe existenceof a

triply-bridgingmethylgroupshouldprobablybe viewedwithsomeskepticism(4%

abundanceis certainlynear the limitof detectionin a 1H NMR experiment),the

series of three carbonylclustercomplexescertainly confirmthe presenceof a

protonexchange mechanismoccurringbetw,'_en_3-carbyneand hydridesites,

and furthermore indicate that this process is more facile for the first-row

transitionmetal complex than for the second- and third-rowtransitionmetal

complexesin thissystem. All of thiscorroboratesthe phenomenaobserved for

(CsMes)3Co3(_3-CH)(_2-H)3,where interconversionoccursfairly quickly at room

temperature.

Figure 15. Proposed Exchange Mechanismfor (LnM)3(_3-CH)(I.L-H)3 .24

"" I- ,": 1
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A final note regarding the exchange processes occurring for

(CsMes)3Co3(I_3-CH)(I_2-H)3.This complexhas 48 electrons,and thuswouldnot

be expectedto exchangeits hydrideligandswithfree dihydrogen,based on the

explanationgiven for (CsMes)3Ni3(_3.CH)(I_.H).Indeed, when (CsMes)3Co3(143-

CH)(I.t2-H)3is placedunder 18 atmospheresof D2 for one week, no evidenceof

deuteriumincorporationis observed(thisi_ckof exchangewithD2 was notedby

Shapley for M3(CO)9(P.3-CH)(_-H)3,[M = Ru, Os], as well).24 However,

preliminaryEXSY experimentson the partiallydeuteratedproductgeneratedby

the reactionof (CsMes)3Co3(I.t3-CH)(II-H)with D2 indicatethat at leastone more

species, (CsMe5)3Co3(t_3-CH)(I_2-H)2(I_2-D),is present in solution,although in

smaller amounts than the isomers containing two deuterium atoms. The

possibilityof intermolecularexchangeoccurringduringthe initialsynthesisof the

trihydrideclusterneedsto be exploredmore thoroughlyusingdeuteriumlabeling

and moresophisticatedNMR techniques.
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Chapter 2
Chemical and Physical Properties of Pentamethyloy¢loDentadlenvl

Ace_lacetonate Comglexes of Cobalt(ll) and Nlckel(ll)

A substantialportionof organometalllcsynthesisinvolvesthe selectionof

ligandsthat impart desirablequalitiesto the metal complexesbeing made. For

metathesisreactions,the acetylacetonateanion (referredto as acac from here

on) is just such a ligand. In this chapter the focus is on the simplestacac,

CH(MeCO)2-,sincesubstitutionof the methylgroupsby othergroupsleadsto an

enormous number of compounds, called _-keto-enolates.1 Many of its

organometalliccomplexesare solublein non-polaror slightlypolarsolvents,yet

its alkali and alkaline-earthsalts are insolublein the same solvents. Also, the

acac groupusuallycoordinatesto a metal in a bidentatefashion by way of both

oxygen atoms, yet is monovalent,so metathesis reactions with unidentate,

monovalent anions can yield coordinatively unsaturated organometallic

complexes. In short,acaccompoundsare idealstartingmaterialsfor preparation

of metal alkylcomplexeswithlowcoordinationnumber.

The acac complexesof the d-transitionmetals have a varied and often

unusual chemistry. The physical propertiesof the binary compoundswere

intensivelystudiedin the 1960's, presumablybecause they were used in the

early metallocenesyntheses.2 The simple divalentsaltsof the first row metals

are mostlyoligomericwitha general formulaof [M(acac)2]n,with n = 2 (M = Fe),3

3 (M = Mn, Ni, Zn),4 or4 (M = Fe, Co),Swhereoneor bothof the oxygensof the

chelating acac ligand bridge to another metal center. For transition metal

complexes containingacac and other ligands in the coordinationsphere, the

variety ot coordination modes is largG. The acac ligand is usually a bidentate

chelate, but can also be unidentate, bound either through an oxygen, as in
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Pt(acac-O)2(PEt3)2, 6 or the central carbon (called a _, or C3 linkage), as in

Me3Pt(acac-C3)(bpy) TM and Pd(acac)(acac-C3)(PEt3). 7b Consideration of other

more exotic coordination types, including bridging modes, brings the total

number of reported coordination modes for the acac monoanion to eleven. 8

More closely related to this work is the structural characterization of complexes

with the formula (CsMes)M(acac). For d6 metal complexes, such as

[(CsMes)Rh(acac)](BF4) 2, the complex is a dimer with the oxygen atoms

chelating one rhodium and the C3 carbon bridging to the other rhodium. 9

(CsMes)Ru(acac) was initially reported to be a 16 electron monomer with an

unprecedented distorted §eometry, 10 but reexamination of the crystallographic

data showed it to be a C3 bridged dimer, 11just like the 18 electron Rh example.

Investigation of the physical properties of the complexes (CsMes)M(acac) for M =

Co (d7) and Ni (de), which are potentially 17- and 18-electron monomers, would

show insight into the nature of the bonding in these complexes.

Initial Studies

Manriquez first reported the synthesis of (CsMe5)M(acac) for M = Co and

Ni. 12 Both complexes are synthesized by metathesis of the corresponding

anhydrous metal acac with one equivalent of Li(CsMes) in thf (eq. 1).

THF

M(acac)2 + (C5Mes)Li _ (C5Me5)M(acac) + Li(acac) (1)

M=Co, Ni

The reported analytical and mass spectroscopic data confirm the elemental

compositions of the (C5Mes)M(acac) compounds and indicate that both
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complexes are monomers in the gas phase. However, no further information has

been published about the chemical or physical properties of these materials.

Solid-State Physical properties

A detailed study of the properties of the two acac complexes reveals

some interesting and subtle differences. The infrared spectra of both

(CsMes)Co(acac) and (CsMes)Ni(acac) exhibit acac C-O/C-C stretching

frequencies that are ca. 50 cm-1 lower in energy than in the corresponding

M(acac)2 compounds (1530-1550 cm-1 vs. 1590-1600 cm-1).13 The variable-

temperature magnetic susceptibility of (CsMes)Co(acac) obeys the Curie-Weiss

law, with a small e value and a magnetic moment somewhat higher (1.93 I_B)

than the spin-only value for one unpaired electron (1.73 _B) (Figure 1). However,

the variable-temperature magnetic susceptibility of (C5Mes)Ni(acac) shows an

unusual result (Figure 2). Even with doubly-sublimed material, a paramagnetic

signal grows in above 150 K, with the signal being essentially diamagnetic below

this temperature.

I

Figure 1. Plot of 1/XMVS.T for (CsMe5)Co(acac).
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Figure 2. Plot of _,Mvs. T for (CsMes)Ni(acac).
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The X-ray crystal structures of (C5Mes)Co(acac)and (CsMes)Ni(acac)are

shown in Figures 4 and 5, respectively. The two compounds are isomorphous,

crystallizing in the space group P 1 (No. 2) and having two crystallographically

independent molecules in the asymmetric unit. Selected bond distances and

angles for both structures are in Tables 1 through 4. The averaged values in the

tables utilize the labels in the Scheme shown in Figure 3, which assumes that all

of the monomers have an effective mirror plane of symmetry that contains the

metal atom and bisects the CsMe5and acac ligands.

Figure 3. Labeling Scheme for CsMesRing in (C5Mes)M(acac).

Cc
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Figure 4. ORTEP Diagram of the Asymmetric Unit of (CsMe5)Co(acac).
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Figure 5. ORTEP Diagram of the Asymmetric Unit of (C5Me5)Ni(acac).
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Table 1. Bond Distances for (CsMes)Co(acac)(A).

Co1-01 1.883 (3) 01-C2 1.278 (5)
Co1-02 1.887 (3) 02-C4 1.283 (5)
Co2-03 1.876 (3) 03-C22 1.276 (6)
Co2-04 1.872 (3) 04-C24 1.284 (6)

Co-O (ave) 1.880 (2) O-C (ave) 1.280 (3)

Col-C6 2.066 (5) C6-C7 1.423 (7)
Col-C7 2.118 (4) C7-C8 1.412 (7)
Col-C8 2.054 (4) C8-C9 1.444 (7)
Col-C9 2.091 (4) C9-C10 1.398 (6)
Col-C10 2.085 (5) C6-C10 1.425 (7)
Co2-C26 2.093 (5) C26-C27 1.419 (7)
Co2-C27 2.088 (5) C27-C28 1.431 (7)
Co2-C28 2.050 (5) C28-C29 1.407 (7)
Co2-C29 2.092 (5) C29-C30 1.431 (7)
Co2-C30 2.052 (5) C26-C30 1.412 (7)

Co-Ca (ave) 2.105 (3) Ca-Cb (ave) 1.418 (4)
Co-Cb (ave) 2.056 (2) Cb-Cc (ave) 1.428 (4)
Co-Cc (ave) 2.089 (2) Cc-Cc (ave) 1.409 (5)

Col-Cpl 1.70 Co-Cp (ave) 1.69
Co2-Cp2 1.69

Cpl and Cp2 are the ring centroids of atoms C6-C10 and C26-C30, respectively.

Table 2. Bond Angles for (CsMe5)Co(acac)(°).

01-Co1-02 95.3 (1) C7-C6-C10 108.8 (4)C6-C7-C8 106.6 (4)
03-Coi-04 95.4 (1) C7-C8-C9 108.8 (4)

O-Co-O (ave) 95.3 (1) C8-C9-C10 107.2 (4)C6-C10-C9 108.3 (4)

Cpl -Col -01 133 C27-C26-C30 107.7 (4)
Cpl -Col-02 131 C26-C27-C28 107.2 (4)
Cp2-Co2-03 132 C27-C28-C29 109.3 (4)
Cp2-Co2-04 133 C28-C29-C30 106.4 (4)C26-C30-C29 109.2 (4)

Cp-Co-O (ave) 132 Cb-Ca-Cb (ave) 106.5 (3)
Ca-Cb-Cc (ave) 109.0 (2)
Cb-Cc-Cc (ave) 107.6 (2)
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Table 3, Bond Distances for (C5Mes)Ni(acac) (A).

Nil-O1 1.890 (4) O1-C2 1.280 (5)
Ni1-O2 1.883 (3) O2-C4 1.282 (6)
Ni2-O3 1.868 (4) O3-C22 1.290 (5)
Ni2-O4 1.876 (4) O4-C24 1.294 (5)

Ni-O (ave) 1.879 (2) O-C (ave) 1.287 (3)

Nil-C6 2.074 (5) C6-C7 1.432 (8)
Nil-C7 2.143 (4) C7-C8 1.417 (9)
Nil-C8 2.074 (5) C8-C9 1.474 (6)
Nil-C9 2.196 (5) C9-C10 1.382 (9)
Nil-C10 2.188 (5) C6-C10 1.460 (8)
Ni2-C26 2.183 (5) C26-C27 1.361 (9)
Ni2-C27 2.200 (5) C27-C28 1.467 (7)
Ni2-C28 2.062 (5) C28-C29 1.423 (10)
Ni2-C29 2.123 (4) C29-C30 1.409 (8)
Ni2-C30 2.060 (5) C26-C30 1.465 (8)

Ni-Ca (ave) 2.133 (3) Ca-Cb (ave) 1.420 (4)
Ni-Cb (ave) 2.068 (3) Cb-Cc (ave) 1.467 (4)
Ni-Cc (ave) 2.192 (3) Cc-Cc (ave) 1,372 (6)

Nil-Cpl 1.75 Ni-Cp (ave) 1.75
Ni2-Cp2 1.75

Cpl and Cp2 are the ring centroids of atoms C6-C10 and C26-C30, respectively.

Table 4. Bond Angles for (C_Me5)Ni(acac) (o).

O1-Nil-O2 98.0 (2) C7-C6-C10 108.6 (5)
O3-Ni2-O4 98.7 (2) C6-C7-C8 106.3 (4)

l C7-C8-C9 108.6 (5)
O-Ni-O (ave) 98.3 (1) C8-C9-C10 107.6 (5)

C6-C10-C9 108,0 (4)
Cpl-Nil-O1 131 C27-C26-C30 108.2 (5)
Cpl-Nil-O2 130 C26-C27-C28 107.5 (5)
Cp2-Ni2-O3 130 C27-C28-C29 108.7 (5)
Cp2-Ni2-O4 131 C28-C29-C30 105.8 (5)

C26-C30-C29 108.9 (6)
Cp-Ni-O (ave) 131

Cb-Oa-C b (ave) 106.1 (3)
Ca-Cb-C c (ave) 108.7 (3)
Cb'Cc'Cc (ave) 107.8 (2)
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Both molecules of both compoundsexhibita "T-shaped" geometry, where

the least-squaresplanesdefinedby the CsMes ligandandthe M(acac) fragment

are all within5.5° of perpendicularfor a given molecule. However, the nickel

complexshowsa substantialdistortionof the CsMes ring relativeto the cobalt

complex. The range of averaged carbon-carbonring distances is 0.08 A in

(CsMes)Ni(acac),while it is only 0.02 A in (CsMes)Co(acac). Also, the averaged

metaI-Cb and metaI-Ccdistances differ by more than 0.12 A in (CsMe5)Ni(acac)

but only by ca. 0,03 A in (CsMes)Co(acac). The significance of these distortions

will be commented upon shortly.

.SolutionBehavior

In all respects, (CsMes)Co(acac)exhibits the solution behavior ex,_ected

for a monomeric, low-spin, 17-electron cobalt(ll) complex. Its solution EPR

yields an eight-line pattern (due to splitting by 59Cowith I = 7/2) with a g value of

2.099 (Figure 6). When the solution is frozen to a glass, the signal exhibits a

rhombic distortion (Figure 7). (CsMes)Co(acac) does not exhibit a 1H NMR

signal at room temperature, and yields a solution magnetic moment (from Evans'

NMR method) of 1.86 _1.a at room temperature. All of these results indicate that

the symmetry about the metal center is low (hence the rhombic distortion), and

that the complex has one unpaired electron with incomplete quenching of the

angular momentum.14



51

Figure 6. RoomTemperatureEPR Spectrumof (CsMes)Co(acac)in C7H14.
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Figure 7. EPR Spectrumof (CsMes)Co(acac)in 07H14 Glass (2 K).
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(CsMe5)Ni(acac)does not exhibit an EPR signal in solution at room

temperature or at liquid helium temperature. The 1H NMR behavior of the nickel

complex is more informative. Manriquez' 1H NMR data indicates that the

resonances for (CsMe5)Ni(acac) are spread over a range of 75 ppm at room

temperature. 12 At first glance, this is a very odd result for an 18-electron
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nickel(ll) complex. The variable temperaturebehaviorof the IH NMR signals

st,ows that the situation is quite complex (Figures 8 and 9). The plots of

chemicalshiftvs. inversetemperaturedemonstratenon-linearbehaviorwiththe

signalsmovingtowardsthe diamagneticregionof the spectrumuponloweringof

the temperature. Furthermore,the signalssharpen uponcooling(vl_ ==10 Hz

for Cs._s at -80 °C) and broaden upon warming (vl/2 = 40 Hz for C_s at

90 °C). Virtually identical traces were obtained in toluene-de and

tetrahydrofuran-d8solution,the differencebeinga smallchemicalshiftdifference

for the CsMe5 resonanceat lowtemperature. Therefore, the averagedchemical

shifts are nearly identicalin these two solventsand the methyl groupson the

cyclopentadienylring are equivalent, as are the methyl groups on the acac

ligand. The moleculein solutionis eitherhighlysymmetricor it is non-rigid.1tie

solutionmagneticmoment at room temperature(from Evans' NMR method) is

1.32 _B.

Figure 8. 8 vs. 1/T for (C5Mes)Ni(acac):CsMes Resonance.
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Figure9. 8 vs. 1/'1"for(CsMes)Nt(acac):acacResonances.
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Grourld-St_te Distortions

The variation in bond lengths observed in the crystal structure of

(CsMe5)Ni(acac)can be attributedto an "ene-allyl"distortion,first proposedby

Mason and co-workers in 1964.15 Dahl has obtained informationon this

phenomenon in the single crystal X-ray crystallography studies on

(C5Me5)Co(CO)216a and [(CsHs)Ni(C3H4)]2. leb Both complexes are de metal

centers and they have Cs symmetry (by considering one half of the

(CsH5)Ni(allyl)dimer), in both of the crystal structuresanalyzed by Dahl, the

cyclopentadienylringsshow an "ene-allyl"distortion,where the carbon-carbon

bond distancesinthe ringapproximatean alkene fragmentand an allylfragment

connectedby two singlebonds (Figure10). Dahl attributesthisdistortionto the

asymmetricinteractionof the ML2 fragment(C2vsymmetry)withthe p_HOMO of

the CsR5 ring (whichis a pair of degenerateel" symmetryorbitalsin the local

D5h symmetry of the ring). Inspectionof Figure 11 shows that antibonding

combinationsof the dxzand dyzmetal orbitalswiththe two ligandsproducetwo

molecular orbitals of substantiallydifferent energy (labelled l b1 and lb2).
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Subsequentcombinationwith the el" orbltalsofthe CsMes ring splits the et"

levels, producinga fully populatedorbital(b2*) and an empty orbital (bt*) for a

metalwith a d8 configuration(for clarity,these laoels indicatethe parentage,not

the actual symmetry,of the hybridorbitals). For the conjugated7tsystem, the

bond lengthsshoulddirectlyreflectthe non-cylindricalchargedensitypresenton

the ringin the b2* orbital.16a Inspectionof Figure11 showsthat the b2* orbital

has a singlenode runningthroughthe cyclopentadienylringparallelto the plane

of the ML2 fragment, which producesthe localizationof the _t bondingthat is

responsiblefor the alternationof carbon-carbonbond lengthsthat is observedin

the cyclopentadienylringsof (CsMes)Co(CO)2 and[(CsHs)Ni(C3H4)]2.

Figure10. "Ene-allyl"Distortionina CsMes Ring,with LabelingScheme.
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The X-ray crystallographicdatafor (CsMes)Co(acac)and (CsMes)Ni(acac)

are in completeagreementwiththe "ene-allyl"model. Fhe two compoundsare

isomorphous(Figures4 and 5). This makes the structuralcomparisonsvery

persuasive since the packing effects cancel. Furthermore, there are two

independentmolecules in the asymmetricunit, allowingfor more data to be

averagedand hence to producea moreaccuratemeasurementof any distortion

or distortionspresent. The averagedbonddistancesand angles listedin Tables
i

1 through4 show that the alternationin carbon-carbonbond distances in the

CsMes ring is completely analogous to that shown by Dahl, and that

(CsMes)Ni(acac) has large distortions (relative to those seen in

(CsMes)Co(CO)2),while the variationsin the (C5Mes)Co(acac)bond distances

are the smallestof the fourcomplexesshowninFigure12.

i

Figure 12. AveragedBondLengths(A) of "Ene-allyl"Systems.TM

(CsMes)Ni(acac) (CsMes)Co(acac)

1.372 (6) 1.409 (5)

(CsMes)Co(CO)2 [(CsH5)Ni(C3H4)]2

1.392(6) 1.401(6)
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The other distortion observed in "ene-allyl" systems is the puckering of the

CsMe s ring from planarity, due to the reduced _ bonding betwoen the Cb and Cc

carbons in the ring (Figure 13). One way to observe this distortion is to calculate
I

the angle between the two planes containing the "ene" and "allyl" portions of the

CsMes ligand, referred to here as the fold angle ((o in Figure 13). Also useful is a

comparison of the differences in the metal-carbon bond distances to Cb and Cc.

Table 5 summarizes this information for the four complexes in Figure 12, whore

A= Jd(M-Cb)-d(M-Cc)l. The table does not have a fold angle value for

(CsMes)Co(CO)2 (which was not reported), but Dahl reports that the C b carbon

atoms of (CsMe5)Co(CO)2 are displaced 0.017 A out of the least-squres plane of

the CsMes ligand, towards the cobalt atom, indicating that the fold angle is

significant in this compound. Also, (CsMes)Ni(acac) has an covalue that is twice

as large as that of (CsMes)Co(acac). Comparison of the ,_ values for all of the

complexes again indicates that the "ene-allyl" distortion is the largest for

(CsMes)Ni(acac), while it is quite small for (CsMes)Co(acac). This distortion is

visually striking when one molecule each of (C5Mes)Co(acac) and

(C5Me5)Ni(acac) are viewed down their metal-ring centroid vectors (Figures 14

and 15). The Ni(acac) fragment in Figure 15 is obviously displaced away from

the "alkene" portion of the ring when compared to the cobalt structure. Again,

the data in Table 5 indicates that (CsMes)Ni(acac) exhibits the largest distortion,

although the low value of ,_ for [(C5Hs)Ni(C3H4)]2 is deceptive, since the

unusually long Ni-Ca distance in this structure indicates that the Ni(allyl) fragment

has slipped towards the "alkene" section of the cyclopentadienyl ring, possibly

due to steric interactions with the biallyl ligand.16b
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Figure 13. Ring Puckering due to Selective Population of the b2* Orbital.

Table 5. Summary of Important Structural Values in "Ene-allyl" Systems. 16

Compound d(M_C._a d(M.C_.a d(M.C_a _ __b

(CsMes)Ni(acac) 2.133 (3) 2.068 (3) 2.192 (3) 0.124 9.3

(CsMes)Co(acac) 2.105 (3) 2.056 (2) 2.089 (2) 0.033 4.2

(CsMes)Co(CO)2 2.102 (4) 2.067 (3) 2.103 (3) 0.036 --

[(CsHs)Ni(C3H4)]2 2.167 (4) 2.090 (3) 2.095 (3) 0.005 3.4

aAveraged values in A.

bAngle in degrees.

Figure 14. ORTEP Diagram of one molecule of (CsMes)Co(acac).
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Figure 15. ORTEP Diagram of one molecule of (CsMes)Ni(acac).
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Spin-Equilibrium Phenomena

All of the spectroscopic results for (C5Me5)Ni(acac) can be explained by

postulating that (CsMe5)Ni(acac) has a diamagnetic ground state and a

paramagnetic excited state that is thermally accessible. The solution magnetic

moment is obviously too low for one unpaired electron per molecule, but

definitely shows that a paramagnetic species is present in solution. The variable

temperature 1H NMR spectra show non-linear behavior, indicative of a

temperature-dependent equilibrium. The fact that the 1H NMR signals sharpen

and move towards the diamagnetic region upon cooling suggests that the

diamagnetic state is lower in energy than the paramagnetic state since

paramagnetic species usually have signals that broaden and shift away from the

diamagnetic region upon cooling. 18 This is consistent with the solid state
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magnetic result which shows a diamagnetic ground state with a low-lying

paramagnetic state that becomes populated at ca.-120 °C.

The observed phenomena can be rationalized by considering the frontier

molecular orbitals for monomeric CpML 2 (Figure 11) used to rationalize the "ene-

allyl" distortion in the solid state. Since the bl* combination has a large overlap

with the acac orbitals in (CsMes)Ni(acac) and the b2* m.o. has no overlap, b2* is

substantially lower in energy than bl*. Placement of the electrons in the orbitals

predicts that the last electron pair resides in the b2* orbital, producing a

diamagnetic ground state. However, if the energy gap between b2* and bl* is on

the order of kT, thermal population of bl* would occur. 19 This would mean that a

high-spin, paramagnetic state is thermally accessible. This is consistent with the

observed solution properties of (CsMes)Ni(acac) and the postulate of an

intramolecular, thermal, spin-equilibrium.

The plot of 1/XMvs. T is linear for (CsMes)Co(acac) over the temperature

range measured (5-300 K). This indictaes that either the HOMO-LUMO gap is

small, so that relative population of the two levels does not change significantly

with temperature, or the gap is still large but the orbital contribution to the

moment of the two energy levels is very similar. The spectral evidence implies

the former, since the level labeled b2* has a' symmetry in the Cs point group (the

true symmetry of the molecule). Orbitals with a' symmetry cannot yield an orbital

contribution to the magnetic moment. TM This means that the orbital contribution

observed in both the solid-state magnetism and EPR spectrum for

(C5Mes)Co(acac) must be due to the electron partially residing in the b2* orbital

(which has a" symmetry in the Cs point group and can contribute to the magnetic

moment). Since no curvature is observed in the variable temperature magnetic

susceptibility plot, the relative population of the bl* and b2* orbitals does not
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appear to change significantly with temperature, indicating that the energy gap

between these two levels is small, certainly smaller than in (CsMes)Ni(acac).

If this theory is correct, the variable temperature 1H NMR and magnetic

susceptibility data of (CsMes)Ni(acac) should be modeled by using a simple

Boltzmann distribution of electron spins. Kl&ui, et al. used the following formula

to fit NMR data for spin equilibria in octahedral cobalt(Ill) complexes: 2o
C

6=6fs +
T[1 + e(_H° " T&S°)/RT]

where 5 is the observed chemical shift, 5is is the calculated shift for the

diamagnetic species, z_H° and &S° are the enthalpy and entropy, respectively, of

the transition between low-spin and high-spin states, T is the absolute

temperature, and C is a constant related to the molar susceptibility of the high-

spin species. The results of the fitting for (C5Mes)Ni(acac), where the equilibrium

is between S=0 and S=I states, are shown in Table 6. All of the thermodynamic

values agree well with each other, and the extrapolated diamagnetic shifts are

reasonably close to those found in [(CsMe5)Ru(acac)]210 and

[(C5Me5)Rh(acac)](BF4)2, 9 except for the CsMe5 signal. However, the error in

the values for this signal are large, since the signal is several hundred hertz wide

and shifts over nearly 90 ppm in the temperature range studied. The change in

entropy is positive because there are more vibrational and rotational degrees of

freedom in the high-spin state. The change in enthalpy is also positive because

the metal radius is smaller for the low-spin state, so the bonds are shorter and

presumably stronger in the low-spin state. These two contrary effects are in

competition so that AH° favors the low-spin species at low temperatures, and the

TAS ° term dominates at high temperatures, favoring the high-spin species. The

values found yield a high spin-low spin equilibrium constant (Keq) of 0.47 at

30 °C, where Keq = [% high-spin] / [% low-spin].
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Table 6. Fitted Parameters for (CsMe5)Ni(acac)VT 1HNMR Data.

chemicalshifts (pDm) Z_H°(avg)a z_S°(avg)a _a.._.b

Solvent CsMes Me-acac CH-acac kcal/molcal/(mol.K) kcal/mol

toluene-d8 5.62 1.29 3.87 2.72 7.56 0.47

tetrahydrofuran-d8 9.72 1.32 3.34 2.67 7.29 0.50

average 7.67 1.31 3.61 2.70 7.43 0.49

[Cp*Ru(acac)]210 1.64 1.95 5.11 ......

[Cp*Rh(acac)]2(BF4)29 1.59 1.84 5.67 ......

aAverageof curve-fitting results for all three signals.
bCalculated for T = 298 K.

Crawford and Swanson describe the use of solution magnetic moment

data to determine high spin-low spin equilibrium constants from known magnetic

moments of the high-spin species by applying the following formula:21
l.i,2bs

Keq = 2
[Ll,para - ILI,2bs

where Keq is the high spin-low spin equilibrium constant, llobs is the moment

observed in solution, and _para iS the moment of the high-spin species. This

equation yields a l.l,para of 2.33 !1a. Although this value is low (the spin-only

moment is 2.83 I_B), it is important to remember that the Evans' solution

magnetic moment method assumes that the e term of the Curie-Weiss

expression is zero and this is a poor assumption in this case.

An important aspect of the spin equilibrium is the structural rearrangement

involved in the change in spin state. Plausible mechanisms fall into two main

categories, inter- and intramolecular. Equation 2 shows a simple example of a

possible intermolecular exchange mechanism, where the acac ligand becomes

monodentate and the vacated coordination site may be occupied by a solvent

molecule. The intramolecular mechanism shown in equation 3 involves a more
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subtle motion, where the acac ligand that is fixed in place by the "ene-allyl"

distortion in the diamagnetic ground state rotates freely in the paramagnetic

excited state. If the C5Me5 group is treated as a bidentate ligand coordinated

through the Cb carbon atoms, then the intramolecular motion shown can be

likened to the square planar-tetrahedral spin equilibria that have been observed

in certain NiL4 complexes. 22

Ni .....'" -- Ni (2)
_'_ .. ,

%%.%

\ (solv)

ground state excited state

J C C b

..... ,,I O I'

-. (a)C C b -.
T.

S = 0 ("Sq. PI.") S = 1 ("Td")

Experimental evidence rules out solvent-assisted mechanisms, since identical

behavior is seen in non-polar (toluene) and polar (tetrahydrofuran) solutions.

The mechanism in equation 2 would be expected to show a pronounced solvent

dependence of the averaged chemical shift since the equilibrium constant would

be directly dependent on the identity of the coordinating solvent. In fact, any

mechanism that involves a substantial change in the dipole moment of the nickel

species is not consistent with the observed lack of dependence on the solvent
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polarity. Furthermore,the solid-state magnetic data shows behavior consistent

with a thermallyaccessibleparamagneticstate. Since there is littlefreedom for

conformationalchange in the solidstate (low temperatureX-ray crystallography

studiesshow no fracturingof the crystalsupon coolingto below -100 °C), this

supportsthe argumentthat the geometricaldifferencesbetween the two spin-

states is likelyto be minimal. The simplisticmodel shownin eq. 3 is onlyuseful

in that it is relatedto definitivelyassignedstructuralchangesinvolvedin otherd8

systemsthat exhibitspinequilibria. There is no evidencethat favorsone specific

intramolecularexchangemechanism.

A final note about the distortionin the groundstate as it relates to the

fluxionalbehaviorof (CsMes)Ni(acac)in solution. For the diamagneticground

state withCssymmetry,the C5Me5 signalshouldbe splitinto3 signalsof relative

intensity2 : 2 : 1. Of course, withthe equilibriuminvolvingthe high-spinstate,

the resonances are averaged and broadened. Even at the low end of the

temperaturerange accessibleintoluenesolution,there is no signof broadening

or splittingof the CsMe5 signal. There are severalmechal_ismsinvolving1,2- or

1,3-shifts that will make the methyl groups of the ground state structure

equivalentwithoutaccessinga paramagneticexcitedstate. Since the 1H NMR

lineshapeconatinsno informationon the fluxionalmechanism,nothingmorecan

be said about the process occurringin solutionto make the methyl groups

equivalent.

An important point is that even though the "ene-allyl" distortion observed

in (CsMes)Ni(acac) is comparable to that seen in (CsMe5)Co(CO)2,the carbonyl

complex is diamagnetic in solution at all accessible temperatures. An

explanation for this disparity is shown in the frontier molecular orbital diagram in

Figure 16, which was constructed by Klaui and Hofmann23to explain the spin-

equilibrium observed for (CsHs)Ni(S--S) (S--S = [(CsH5)Ni(PMe2S)2]-). The



65

level labeled yz (b2* in Figure 11) is sensitive to _-interactionswith the non-Cp

ligands. The _-acceptor properties of CO stabilizes this level and increases the

HOMO-LUMO gap, pairing the electrons and making (CsMes)Co(CO)2

diamagnetic. However, acac is not a _-acceptor and may have some _:-donor

capabilities, so the b2* level in (CsMes)Ni(acac) is destabilized relative to

(CsMes)Co(CO)2, making the HOMO-LUMO gap smaller in (CsMes)Ni(acac).

This smaller energy gap produces the spin-equilibrium behavior observed,

indicated by the dashed electron shown in both the xz and yz levels in the

rightmost section of Figure 16.

Figure 16. Destabilization of the HOMO in CpML2 by _-donating L Groups.23
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Xz, yz, etC. stands for the 3d_ 3d_, etc. deriv_ MO's.
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ReactionswithPhosDhines

Manriquez reportedthat reactionsof the complexes,(CsMes)M(acac),with

MeMgl under a CO atmosphere yielded the electronicallysaturated alkyl

complexes(eq. 4). Also, reactionsof (CsMes)M(acac)with NaCp producedthe

correspondingmixed ringmetallocenes (eq. 5). However,no other reactions

involving(CsMes)M(acac)were reported.12

CO, 1 atm

(C._Mes)M(acac)+ MeMgl ......... =- [(CsMes)M(CO)(Me)]n+ "Mgl(acac)" (4)

THF M=Co,n=2
M=Ni, n= 1

THF
(CsMes)M(acac)+ (C5Hs)Na -------_. (CsMes)M(CsHs)+ Na(acac) (5)

M=Co, Ni

As mentioned in Chapter 1, the reaction of (CsMes)M(acac) with MeLi

produces the trinuclear cluster (CsMes)3M3(I_3-CH)(I_-H)for M = Co and Ni. The

reaction was performed in the presence of a Lewis b_,se(triethylphosphine) in an

attempt to trap the proposed intermediate "(CsMes)M(CH3)". Indeed,

(CsMes)M(CH3)(PEt3)is isolated, but the 1H NMR spectrum indicates that the

phosphine interacts with the starting material prior to addition of the alkylating

agent (see Chapter 1). Complexes with the formula (CsMes)M(acac)(PR3)with

M = Co or Ni would be of interest to see if; phosphine exchange occurs in

solution, the distortions in the CsMe5 ring are different than that seen for

(CsMes)M(acac), and to determine if the acac ligand is mono- or bidentate.

Bercaw, et al. have reported the synthesis of (CsMes)Fe(acac)(PMe3) and its use

as a starting material in a variety of reactions.24 However, the only
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characterization data presented for this compound is an elemental analysis and

"a 1H NMR spectrum indicative of a paramagnetic compound, i.e. with very

broad peaks and chemical shifts that are very temperature dependent."24 This is

curious, since the isoelectronic (CsMes)Fe(acac)(CO)is diamagnetic2s and

paramagnetic, 18-electron compounds are unknown in permethylmetallocene

chemistry.26 Therefore, the 19-electron analogue, cobalt, and the 20-electron

analogue, nickel, may yield some insight into the unexplained behavior of the

iron compound and related complexes.

Crystallization of (CsMes)Ni(acac) from a pentane solution containing one

equivalent of phosphine produces the base adduct in good yields (eq. 6).

l'

pentane
(CsMe5)Ni(acac) + PR 3 = (CsMes)Ni(acac)(PR3) (6)

R = Me, 93% yield
R = Et, 80% yield

Infrared spectra for (CsMes)Ni(acac)(PMe3) and (CsMes)Ni(acac)(PEt3) are

virtually identical except for the lower energy bands directly related to the

phosphine groups. Both show the C-O/C-C combination band for the acac

ligand at 1595 cm -1. This is about 40 cm-! higher than in (CsMe5)Ni(acac),

indicating that the acac has a weaker interaction with the nickel center in the

phosphine complexes. Both complexes analyze as 1:1 adducts, so all evidence

points towards (CsMes)Ni(acac)(PR3) (R = Me, Et) being a stable complex in the

solid state.

The cobalt analogs, if they exist, are much more fleeting. Addition of PEt3

to a pentane solution of (C5Mes)Co(acac) produces a mild color change towards

a more orange shade of red, but crystallization only produces the starting

material as judged by melting point, infrared, and elemental analysis data. The
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use of 1HNMR spectroscopyis notapplicablesinceno resonancesare observed

for the cobaltcomplexunderany conditions.Cobalt(ll)is a labilemetal center,27

and additionof a Lewisbase to (CsMes)Co(acac)would producea 19-electron

species. Both of these factorspresumablydisfavorthe formationof a stable

phosphlneadduct.

Definitive proof for the existence of a discrete phosphine adduct of

(C5Mes)Ni(acac)lies in the X-ray crystalstructureof the PMe3 complex. Initial

attempts were made to get X-ray quality crystals of the PEt3 complex (for

comparison purposes, since all other crystallographicstudies of phosphine

complexespresented herein utilize PEt3), but the crystals inevitablyshattered

upon placement in the cold stream of the diffractometer. The PMe3 adduct,

(CsMes)Ni(acac)(PMe3)producedthin prismsthat were well-behaved,although

they dissolvedrapidlyin the ParatoneN oil releasingbubbleswhichpresumably

are PMe3. A suitablecrystalwas isolatedand refinementyieldedthe structure

shown in Figure 17. The moleculehas a crystallographicallyimposedmirror

plane in the solidstate, containingthe nickelatom, the phosphorusatom, the _/-

carbonatom (of the acac group),andone pair of ringand methylcarbonsof the

CsMes ligand(Figure18). Bonddistancesand anglesare listedinTables 7 and

8, respectively.
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Figure 17. ORTEP Diagram of (CsMes)Ni(acac)(PMe3), Side View.
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Figure 18. ORTEP Diagram of (CsMes)Ni(acac)(PMe3), Overhead View.
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Table 7, Bond Distances for (CsMes)Nt(acac)(PMe3) (A),

NI-O 2.035(3) O-C2 1.254(6)
Ni-P 2,337(2) C1-C2 1.499(7)
Ni-Cn 1,884 C2-C3 1.407(6)
Ni-C6 2,249(5) C6-C6 1.395(11)
NI-C7 2.226(5) C6-C7 1,437(7)
Ni.C8 2.231(8) C7-C8 1,404(7)

C6-C16 1.490(8)
Ni-C(ave) 2.235(4) C7-C17 1,503(9)

C8-C18 1.510(12)
P-C4 1.817(7)
P-C5 1.780(10)

Cp is the ring centrotd of atoms C6-C8.

Table 8. Bond Angles for (CsMes)Ni(acac)(PMe3) (o).

P-Ni-O 91.0(1) Ni-P.C4 118.9(2)
O-Ni-O 91.0(2) Ni-P-C5 110.6(3)
Cp-Ni-P 130,2 C4-P-C4 102.4(5)
Cp-Ni-O 121,6 C4-P-C5 101.7(3)
C6.C6-C7 108.1(3) Ni-O-C2 125.0(3)
C6.C7.C8 107.2(5)
C7-C8.C7 109.2(7)

Variable-Temperature NMR Behavior

Both (C5Mes)Ni(acac)(PMe 3) and (CsMe5)Ni(acac)(PEt3) exhibit shifted 1H

NMR signals that span a range of approximately 200 ppm at room temperature.

The variable temperature 1H NMR behavior of (CsMes)Ni(acac)(PEt3) shows

distinctly non-lireear behavior with the C5Me5 and the acac methyl resonances

broadening into the baseline upon cooling (Figures 19 and 20). This behavior

indicates that some type of temperature dependent process is occurring in

solution. Addition of excess PEt3 (ca. 5 I_L) to a sample of

(CsMes)Ni(acac)(PEt3) shifts all of the resonances and increases the relative

intensities of the two signals in the diamagnetic region (at ca. _ 1.9 and 2.2),

identifying them as the signals due to the methyl and methylene protons of the
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PEt3 group, respectively. No signals for uncoordinatedPEt3 were observed,so

the coordinatedphosphinemustexchangewithfree phosphinerapidlyrelativeto

the NMR tim_ scale. The variable temperature 1H NMR spectrum of

(CsMes)Ni(acac)(PEt3)withaddedPEt3is alsoshownin Figures19 and 20. The

curves are superficially the same, but the CsMes and the acac methyl

resonancesbroadenout at higher temperaturesand the maxima in the acac _t-

hydrogencurveshiftsto a lowertemperature.

Figure 19. 8 vs. 1/T for (CsMes)Ni(acac)(PEt3):CrJ_5 and (M._CO)2CH.
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Figure 20. (3vs. 1/3"for (C5Mes)Ni(acac)(PEt3)" (MeCO)2CH and PEt3.
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In contrast, the variable temperature 1H NMR data for

(CsMes)Ni(acac)(PMe3) (Figure 21) exhibits essentially linear behavior, with the

small deviations from linearity most likely due to a systematic error in

temperature measurement. The CsMe5 resonance broadens into the baseline

upon cooling, but at lower temperature (ca. -20 °C) than the corresponding

resonance in (CsMes)Ni(acac)(PEt3) (ca. 0 °C). Also, addition of excess PMe3

does not shift the resonances, and a sharp singlet at 1.11 ppm, due to

uncoordinated PMe 3, is observed in toluene-d 8 at all temperatures up to 106 °C.

These results indicate that (CsMes)Ni(acac)(PMe3) does not lose phosphine in

solution.
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Figure 21. 8 vs. 1/T for (CsMes)Ni(acac)(PMe3).
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Interpretation of X-ray Crystallographic Data

The single crystal X-ray structure of (CsMes)Ni(acac)(PMe3) shows some

surprising results. In every case, the bond distances (Table 7) to nickel are

longer than in the phosphine-free (CsMe5)Ni(acac) (Table 3). The Ni-O and Ni-P

distances are longer by 0.16 A and 0.18 A, respectively, than the corresponding

distances in (CsMes)Ni(acac) and (CsMes)Ni(Br)(PEt3) (Chapter 3, Table 5). The

Ni-C distances are 0.04 A longer than the longest Ni-C distance (Ni-Cc) in

(C5Mes)Ni(acac), and the Ni-centroid distance is 0.13 A longer in the phosphine

adduct. Also, the C-O distances of the acac ligand are slightly shorter (0.03 A,

qualitatively confirming the infrared data), but the magnitude of the difference is

on the order of 3a. Finally, and most importantly, all of the C-C distances in the

C5Me5 ring are equivalent within the error of the measurements with A = 0.005 A

(as defined for Table 5), indicating that an "ene-allyl" distortion is not detected.



74

Orbital Comparisons

Construction of a molecular orbital diagram for (C5Mes)Ni(acac)(PMe3)

and subsequent comparison to the diagram for (CsMes)Ni(acac) (Figure 11)

yields an explanation of the crystallographic results. Inspection of Table 8 shows

that the ZO-Ni-P and /O-Ni-O angles are identical. Thus, a reasonable first

approximation for modeling (CsMe5)Ni(acac)(PMe3) is to treat the acac and

PMe 3 ligands as three equivalent, unidentate ligands. The molecular orbital

diagram for a pseudo-C3v CpML 3 complex is shown in Figure 22.28 Placement

of 20 electrons in the C3v model predicts a paramagnetic, S = 1 ground state for

(CsMes)Ni(acac)(PMe3). Reduction of the idealized symmetry from C3v to Cs

(the observed geometry of (CsMes)Ni(acac)(PMe3)) causes a splitting of the

HOMO e* orbitals into two orbitals with a' and a" symmetry. This splitting will be

smaller in magnitude than that in (CsMe5)Ni(acac) because the two orbitals have

a similar amount of overlap with the non-Cp ligands in the coordination sphere,

unlike the bl* and b2* orbitals in (C5Mes)Ni(acac). An "ene-allyl" distortion, like

that seen for (C5Me5)Ni(acac), would not be expected in the phosphine adduct,

and the experimental evidence supports this conclusion. Furthermore, the

lengthening of all of the bond distances to nickel, in excess of the amount

expected by increasing the cooordination number by one, is explained, since the

two additional electrons contributed by PMe3 reside in strongly metal-ligand

antibonding orbitals. In the solid state, (CsMes)Ni(acac)(PMe3) should exhibit

paramagnetic behavior at all but the lowest of temperatures, it should be noted

that this model predicts that (C5Mes)Fe(acac)(PMe3) should be diamagnetic.

Obviously, the properties of the iron analogue need to be investigated more

completely.
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Solution Behavior

The prediction of a paramagnetic ground state for (CsMe5)Ni(acac)(PMe3)

agrees well with the approximate Curie-Weiss behavior observed in the variable

temperature 1H NMR spectra. However, the differing solution behavior of

(C5Mes)Ni(acac)(PMe3) and (CsMes)Ni(acac)(PEt3) complicates the

interpretation of the variable temperature data for (CsMes)Ni(acac)(PEt3).

(C5Mes)Ni(acac)(PMe3) shows no evidence of phosphine exchange in solution

up to 106 °C. Since (CsMe5)Ni(acac)(PEt3) exchanges rapidly with free PEt3 at

all temperatures accessible in toluene solution, apparently PMe3 binds more

strongly to (CsMes)Ni(acac) than does PEt3. This must be due to the larger

steric bulk of PEt3, since studies indicate that PEt3 is a better base towards

transition metals than PMe3.29 Any intramolecular processes that contribute to

the non-linear behavior of the PEt3 adduct's variable temperature NMR data are

masked by both the phosphine exchange process and the presence of

(CsMes)Ni(acac) in solution, since (CsMes)Ni(acac) itself displays non-linear

behavior. Nothing further can be concluded from the variable temperature 1H

NMR results of (C5Me5)Ni(acac)(PEt3).
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Chapter 3

Synthesis, Characterization,and Reactivity_of Pentamethylcyc!opentadienyl

Halide Complexes of Cobalt and Nickel

Initial investigations into the chemistry of coordinatively unsaturated metal

alkyl complexes required starting materials of low coordination number with an

easily metathesized leaving group. Complexes of the general formula

[(C5Mes)M(_-X)]2 with M = cobalt and nickel and X = halide fit these criteria.

Although it was shown that these are not the ideal starting materials for making

the desired complexes (as discussed in Chapter 1), study of the physical

properties of these and related complexes would allow further insight into th_

nature of the bonding interactions in them. Several have been reported

earlier, I,2 but many details are either unreported or have yielded confusing

results. In order to clarify these confusing reports an investigation of the solid-

state and solution properties of the bridging halide complexes and the reaction

products generated by oxidation or phosphine-induced cleavage was

undertaken.

Literature Reports

K611e initially reported the synthesis of the dimeric complexes

[(C5Mes)Co(_-X)]2 la (X = CI, Br, I) from reaction of LiCsMe5 with the

corresponding anhydrous cobalt(ll) halide (eq. 1) at room temperature in

tetrahydrofuran solution. His syntheses of the nickel analogues (X = CI and Br)

utilize the 1,2-dimethoxyethane (dme) adducts of the nickel(ll) halides, since the

anhydrous salts are insoluble in most solvents (eq. 2). 2
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THF

2 CoX2+ 2 LiCsMes _ [(CsMes)Co(ll-X)]2+ 2 LiX (1)

X = CI,Br, I

THF
2 NiX2(dme) + 2 LiCsMe5 = [(CsMes)Ni(ll-X)]2+ 2 LiX + 2 dme (2)

-10°C
X = CI,Br

The only characterizationaldata presented for the nickel complexes was a mass

spectrum of [(CsMes)Ni(_-Br)]2.

K611e reported that the solid-state magnetic susceptibility for

[(CsMe5)Co(I_-CI)]2 indicates that the unpaired spins, one for each cobalt center,

are antiferromagnetically coupled with a coupling constant of 238 cm'l. lb The

molecular orbitals for a generic LnM-MLn fragment of Cnv symmetry, as

determined by Hoffmann and Pinhas,3 indicate that the cobalt(ll) halide bridged

dimers should have a half-occupied HOMO with el* symmetry. Reduction of the

symmetry to Cs by puckering the planar unit splits this level into al* and b2*

symmetry orbitals, allowing pairing of the electrons. This explanation of the

observed coupling is supported by inspection of the crystal structure of

(CsMes)Co(_-NMe2)(I_-CI)Co(CsMes),which exhibits a significant puckering from

the simple planar geometry expected for molecules of the type

[(CsMes)Co(_-X)]2. Unfortunately, [(CsMe5)Co(I_-CI)]2 yields crystals unsuitable

for X-ray studies, and only preliminary data (of very poor quality) is available for

[(CsMes)Co(II-Br)]2 (indicating a possibility of a puckered geometry),lb

The reported solution properties of the cobalt compounds are also

somewhat unusual. KSIle reported that [(CsMes)Co(_-CI)]2 exhibits a rhombic

EPR signal centered at g = 2 that varies in intensity depending on the identity of

the solvert used to make the sample glass,lb He noted distinct similarities to the
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spectrum observed for (CsMes)Co(CI)(pyridine), and interpreted the origin of the

signal as being due to a solvated species, (CsMes)Co(CI)(S), where S is the

solvent used to prepare the sample. A disturbing feature of this scenario is that

the same signal appears even in pentane and toluene solutions, which are poor

Lewis bases. Finally, K011ereports that [(CsMes)Co(_-CI)] 2 exhibits a 1H NMR

signal at ca. 8 40 ppm in toluene-d 8 and cyclohexane-d_2 solutions. K011ereports

that these signals do not change position when the temperature is varied from

170 to 333 K, an unusual fact given the reported dependence of ZM on

temperature, lb

Detailed Investigatio!ls.

The literature syntheses of [(CsMe5)Co(#-CI)] 2 and [(CsMe5)Co(l.l.-Br)]2

were difficult to reproduce and gave yields of ca. 30%, far less than the reported

70-80%. Three modifications greatly improved the yields for the syntheses of the

chloride and bromide dimers: a) larger quantities of solvent (typically 5 times the

reported amount) were used to keep the starting materials in solution; b) use of

the more soluble (CsMes)2Mg instead of the lithium salt, again using starting

materials that were soluble enough to keep the reaction homogenous; and c)

performing the reaction at 0 °C (eq. 3). The cobalt complexes are not thermally

sensitive in solution, so the need for doing the reaction at 0 °C is not obvious,

though the yields increase.

THF
2 CoX 2 + Mg(C5Me5)2 = [(C5Me5)Oo(ll-X)] 2 + MgX2 (3)

ooc
X = CI, Br
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A crypticreference in K611e'ssynthesissaysthat "completeremovalof the

solvent[tetrahydrofuran]is notadvisablesincethe productcan be extractedonly

with difficulty from the completely dried reaction mixture.''lb Indeed,

concentrationof the reactionmixtureto an oil and subsequentextractionwith,

and crystallizationfrom, pentane produces substantiallyhigher yields than

completely removingthe volatile componentsfrom the reaction mixture (and

subsequentworkup) does. K_lle's EPR evidence that a solvated monomeric

species,(CsMes)Co(X)(thf),is presentin solutionsuggeststhatthe presenceof a

solvatedspecies may contributeto the difficultiesin isolatingthe halide-bridged

dimers in highyield. However,there is no simpleexplanationfor the behavior

observedduring the synthesisof these complexes.

Unfortunately,these same modificationsdid not prove as successfulwith

the nickel analogs, [(CsMes)Ni(_-X)]2. Although K611erefers to the chloride

analogue in the abstract and the initial reaction scheme of reference 2, no

information(synthesisor characterization)is reported. Our repeatedattemptsto

isolate[(C5Me5)Ni(II-CI)]2 resultedin failure, most likelydue to the insolubilityof

NiCI2.dmein tetrahydrofuranat low temperatures. Since the bromide analog is

unstable in solutionabove -10 °G, it is unlikelythat [(C5Mes)Ni(_-CI)]2 will be

successfullyisolatedusingthe routeshownineq. 2.

The bromide, [(CsMe5)Ni(I_-Br)]2 was isolated in reproducibleyields of

15%, far lower than the 80% reported by K611e.2 Variation ef the reaction

temperature, solvent ratio, and pentamethylcyclopentadienyltransfer reagent

had no significanteffect on the yield of the product. The complexwas isolated

as dark redmicrocrystalsby precipitationfrom pentane solution.The compound

is much less volatile than the cobalt(ll) analogues (which can be purified by

sublimationat 120 °C at 10.4 torr), and attempts at sublimationresulted in

decomposition.The low yields and thermalsensitivityof the complexrendered
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crystallizationdifficult, so the material was used as obtainedfrom the reaction

mixture. Since pure material was not available, detailed investigationof the

magneticbehaviorand variabletemperature1H NMR behaviorof [(CsMes)Ni(l_-

Br)]2 was notpursued.

MagneticBehavior

Both [(CsMes)Co(_-CI)]2 and [(CsMes)Co(_-Br)]2 can be purified by

sublimation(withonlymoderatelossof materialdue to decomposition)so that a

studyof the variabletemperaturesolidstate magnetismof the cobaltcomplexes

can be made that are free of magneticimpurities,such as metal or metalhalide

impurities. The plotsof (molar susceptibility)"1vs. temperaturefor the chloride

and bromidecomplexesare shownin Figures1 and2, respectively.

Figure 1. Plot of 1/ZMvs. T for [(CsMe5)Co(I_-CI)]2.
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Figure 2. Plot of I/XM vs, T for [(CsMes)Co(p-Br)]2.
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Both show Curie-Weiss behavior at low temperatures, with an increase _n

moment at higher temperatures. A summary of the resulting parameters of the

linear least-squares fit for the two temperature regions is shown in Table 1. Both

complexes exhibit moments indicative of 2 unpaired electrons at low

temperature. The values obtained for the higher temperature region (> 160 K)

are substantially larger. There is also a slight field dependence for both

complexes, with the high field data (40 kG) yielding a larger low temperature

moment but a smaller high temperature moment than the lower field data (5 kG)

for both complexes. This might be due to a very small amount of magnetic

impurities, which sublimation may not have completely removed.

Table 1. Magnetic Susceptibility Data for [(C5Mes)Co(I.[-X)]2 (per dimer).

5-50 K 160-300 K

X _e. (_B) E)(K) l_ef_(I_B) 0 (K)
CI 2.85 -7 5.09 -250

Br 3.98 -9 4.92 -67

Values are averaged results for 5 kG and 40 kG data.
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SoLutionStudies

Measurementof the EPR spectraof sublimedsamplesof [(CsMes)Co(I_-

CI)]2 and [(CsMes)Co(H-Br)]2in methylcyclohexaneglass at 2 K yielded no

signal. K_lle sees a strongEPR signal at g = 2 in tetrahydrofuransolution,

ascribedto (CsMes)Co(CI)(thf).lb The significanceof the discrepanciesbetween

ourobservationsand Kblle'swithrespectto the paramagneticspeciespresent in

bothsolutionand the solid-statewillbe discussedshortly.

The pentamethylcyclopentadieny!resonancesin the 1H NMR spectra of

[(CsMe5)Co(I_-CI)]2and [(CsMes)Co(I_-Br)]2 are quitebroad (VI/2 are ca. 500 Hz)

and are shifted 30 to 40 ppm downfieldfrom the expected position for this

resonance in diamagneticspecies. Once again, the results using sublimed

material differs from those of Kblle's. The variable temperature behavior for

these signals is shown in Figure 3. Both species exhibitdistinctlynon-linear

behavior,whichis mostlikelydue to the occurrenceof a temperature-dependent

equilibrium in solution. The exact process occurringcannot be definitively

determined, but a crossoverexperimentis informative.

Figure3. Plotof (_vs. 1/T for [(CsMes)Co(H-X)]2 for X = CI, Br.
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The variable temperature behavior for a 1:1 (molar) sample of [(CsMe5)Co(I_-

CI)]2:[(CsMes)Co(_-Br)] 2 in toluene-d 8 is shown in Figure 4. Below 60 °C, the

spectra show three signals in roughly a 1:2:1 intensity pattern. The lower

intensity signals correspond to the chloride and bromide homo-dimers, compared

to the measured spectra on the isolated complexes (Figure 3). The more

intense signal occurs at the averaged chemical shift of the two symmetrical

dimer species. At temperatures abo_'_ 60 °C, the signals broaden into the

baseline and coalesce into a single, extremely broad signal (Vl/2 > 1500 Hz).

Figure 4. Plot of 8 vs. 1/T for [(CsMe5)Co(t_-CI)]2:[(CsMe5)Co(I_-Br)]2 (1"1).
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Discussion

Careful inspection of KSIle's results reveals some unusual behavior. The

magnetic susceptibility data presented for [(CsMe5)Co(t_-CI)]2 is very odd looking,

with 1/ZM VS. T having a negative slope above 180 K. Also, there is still a

residual magnetic moment at low temperature, which is attributed to

"paramagnetic impurities [that are] always present in small proportions." The

odd behavior at high temperature seems to indicate the presence of some
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species of the formula (CsMe5)Co(CI)(L), since the curve approaches that

reported for (CsMes)Co(CI)(pyridine) at higher temperatures, lb The presence of

an EPR signal in hydrocarbon solvents that is attributed to a monomeric species

solvated by the hydrocarbon is also suspicious.

The results obtained with sublimed samples of [(CsMe5)Co(_-CI)]2 and

[(CsMes)CO(_-Br)]2 are much more consistent. The values summarized in Table

1 indicate the presence of two unpaired electrons per dimer at low temperature,

with an increase in magnetic moment at higher temperatures. This could be due

to thermal population of a high-spin state, as observed for monomeric

(CsMes)Ni(acac) (Chapter 2). However, the results are also consistent with

thermal population of a low-lying excited state that does not change the spin

state, but significantly increases the spin-orbit coupling. In either case, the data

is at odds with KSIle's results. KL_lle'scalculations were performed assuming e =

0 K, which inspection of Table 1 shows to be an invalid assumption. Also, the

moments were calculated per metal center, instead of for a dimeric molec_!_r

unit, which is not necessarily a valid treatment of the data. 4 Unfortunately,

without definitive proof of the molecular geometry in the so_d state, a

microscopic (molecular) interpretation of the magnetic data is not poss_le.

The lack of an observable EPR signal in methylcyclohexal_e s_!_t:_r;, :is

consistent with an S = 1 ground state, as found by magnetic suscepti_:,ilit_.: _e,;o-

field splitting, which can be large for even-spin systems, could ,,_a_ _e _PP,

spectrum unobservable. 5 Also, the lack of a signal in methy_.F__e_r_

solution due to a "solvated" species is more reasonable than the resu?.; _tOlle

obtained in pentane and toluene solution.

KSIle's unusual EPR and magnetic data and the difficulties involved in the

synthesis (related to the removal of tetrahydrofuran) all seem to indicate that

(CsMes)Co(CI)(thf) is present in crystallized samples of [(CsMes)Co(_-CI)] 2.
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Indeed, the crystals obtained from pentane solution for both halide dimers show

evidence of solvent loss upon extended exposure to vacuum in order to remove

traces of solvent. Since no EPR signal is observed in hydrocarbon solution with
!

carefully sublimed material, a contamination of the dimer species with the thf

adduct is the most reasonable explanation for the abnormalities noted in K611e's

results.

NMR Crossover Behavior

The variable temperature 1H NMR behavior shown in Figure 3 indicates

that a temperature-dependent equilibrium is pres_.t in solution for both

[(CsMe5)Co(I_-CI)]2 and [(CsMes)Co(_-Br)]2. The crossover experiment shown in

Figure 4 exhibits a third resonance that occurs at the averaged position of the

chloride and bromide homo-dimers, suggesting that it is due to the mixed bridge

species shown in eq. 4. This behavior indicates that a monomer-dimer

equilibrium, as originally proposed by KSIle, may be occurring in solution. The

signals broaden and coalesce above 60 °C, apparently indicating that the

exchange is too rapid above this temperature to observe signals due to the three

discrete species. Unfortunately, the signals at all temperatures are extremely

broad and defy line-shape analysis. There is no way to tell what process or

processes are causing the exchange. Since EPR and other experiments

indicate that tetrahydrofuran is not an "innocent" solvent for these systems, there

is not much more that can be done with NMR to answer these questions.

CI
[(CsMes)Co(CI)]2 + [(CsMes)Co(Br)]2 :.,. / ,.

" "- (C5Me5)CO\B_CO(CsMes)_ (4)
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Oxidation Products

As discussed in Chapter 1, use of [(C5Me5)Co(_-CI)] 2 as a starting

material to make the cobalt cluster compounds was ultimately abandoned due to

the presence of oxidation products. This led to the speculation that

[(CsMe5)CoCI(_-CI)] 2 (first reported by KSIle)6 may be present in the starting

material and that reaction of this cobalt(Ill) species with MeLi was producing the

offending cobalt(Ill) cluster contaminating the product. Even though this did not

prove true, a brief look into the properties of this cobalt(Ill) species was

informative with regard to other reaction chemistry of the halide-bridged dimers.

K611e's best synthetic route to [(CsMe5)CoCI(I_-CI)] 2 was discovered,

presumably unintentionally, on his attempts to synthesize (CsMe5)Co(CI)(CO).

The synthesis instead produced the valence disproportionation reaction products

shown in eq. 5.6

2 [(CsMe5)Co(CI)] 2 + 4 CO pentane.._[(C5Me5)Co(CI)2]2 + 2 (C5Me5)Co(CO)2 (5)

Although the yields are quite good (> 80%), half of the cobalt ends up as an

undesired carbonyl compound. Drawing on knowledge gained from studies of

electron transfer reactions of Group 11 monohalides with low valent titanium and

vanadium complexes, 7 reaction of [(CsMes)Co(_-CI)] 2 with anhydrous cuprous

chloride in methylene chloride was found to produce the desired cobalt(Ill)

species in virtually quantitative yield (eq. 6).

CH2CI 2
[(C5Me5)Co(I_-CI)]2 + 2 CuCI _ [(C5Me5)CoCI(_-CI)] 2 + 2 Cu° (6)
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KSIle noticed that the spectral properties of [(CsMes)CoCI(_-CI)] 2 are

dependent upon the poladty of the solvent used to make the physical

measurements. The room temperature 1H NMR signal for the CsMes ligand in

benzene-d 6 appears at 8 0.75 ppm, but chemical shifts at 8 1.06 and 1.20 were

found in CD2CI2 and CD3NO2, respectively, by KSIle.6 Also, solutions of

[(CsMe5)CoCI(I_-CI)]2 are green in non-polar solvents but aquamarine in polar

solvents. This behavior is attributed to an equilibrium between a molecule with

bridging and t_rminal chloride ligands (A) and a zwitterionic configuration with

three bridging chlorides (B, eq. 7). KSIle contention is based upon the

comparison with the properties of the complex [(CsMes)Co(_ -

CI)3Co(CsMes)][PF6], reported in the same article.

e

c,,,
co(Cl.

CO_cl, 'CI_/C° [CI]e (7)

A B

Our mass spectroscopic data is not inconsistent with this explanation. Electron

impact techniques on a solid sample yield a highest signal corresponding to loss

of CI2, just as reported by K611e.6 However, use of fast-atom bombardment

techniques on a sulfolane solution of the sample (which is aquamarine in color)8

yields a heaviest ion corresponding to (M - CI)+, which is tikely to be favored for

isomer B. Though not definitive by itself, the mass spectroscopy of

[(CsMe5)CoCI(#-CI)]2 supports the presence of the equilibrium in eq. 7.
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Phosphine Adducts

Much of K611e's reasoning about the halide-bridged dimers is based on

comparisons with the properties of (CsMes)Co(CI)(pyridine).lb This complex was

synthesized by cleaving the chloride bridges in [(C5Mes)Co(_-CI)] 2 with two

equivalents of pyridine in pentane solution (eq. 8). Similar results were obtained

using PMe3 and PMe2Ph with both the chloride and bromide dimers and with

PPh3 on the nickel bromide, [(CsMes)Ni(_-Br)]2 .2 However, in our hands

performing the phosphine reactions with the cobalt(ll) species in pentane

produced a mixture of products, as judged by the isolation of two species, one

red in color [(CsMe5)Co(X)(PR3) ] and the other violet [(C5Mes)Co(X)2(PR3) ]. Use

of dichloromethane as a solvent was found to produce only the red species (the

desired cobalt(ll) complex). The synthesis of (CsMes)Co(CI)2(PEt3) was

accomplished using the same conditions with PEt3 and [(CsMe5)CoCI(I_-CI)] 2 (eq.

9). Although only the PPh3 adduct is reported by K611efor the nickel systems, 2

Yamazaki and Mise have isolated this and related phosphine adducts via the

routes shown in eqs. 10 and 11.9

pentane or CH2CI2
[(C5Mes)M(_-X)] 2 +2 L _. 2 (C5Me5)M(X)L (8)

M=Co, X=CI, Br; M=Ni, X=Br

L = py, PR3

CH2CI 2

[(C5Me5)CoCI(p-CI)] 2 + 2 PEt3 _ 2 (C5Me5)Co(CI)2PEt 3 (9)
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[(CsMes)Ni(CO)]2 + I2 Et20_ 2 (CsMe5)Ni(CO)I (10a)

Et20
(CsMes)Ni(CO)I+PR3 _ (CsMes)Ni(PR3)I+CO (10b)

THF
(Ph3P)2NiX2+ LiCsMe5 -_ (C5Mes)Ni(PPh3)X+ LiX + PPh3 (11)

X = CI,Br

Both the cobalt and nickel phosphine adducts can be viewed as analogs

of the (CsMes)M(acac) complexes since acac is a bidentate, three-electron

ligand, and the combination of the halide and phosphine ligands is effectively the

same. Structural and other charactedzational data of the complexes

(CsMes)M(X)(PR3) (R = Me, Et; M = Co, X = CI, Br; M = Ni, X = Br) were

obtained for comparison to the acac complexes as well as to investigate the

reaction chemistry of the bridging halide systems with Lewis bases. In addition,

exploration of the utility of phosphine halides as synthons was needed.

General Properties

A summary of the properties of the phosphine complexes synthesized in

this work is presented in Table 2. The detailed measurements presented later

were performed on the PEt3 complexes since they are more soluble than the

PMe3 complexes, allowing easier purification (all of the complexes decompose

upon attempts at sublimation) and (CsMes)Co(CI)(PMe3)has been previously

reported (values reported in Table 2 are for this work), lb
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Table 2. Physical Properties of (CsMe5)M(X)(PR3) Complexes.

..... OC .....M X R mD ( ) color ElMS

Co CI Me 112 -115 dark red M+ observed

Co Br Me 121 -122 dark red M+ observed

Co CI Et 160 -162 dark red M. observed

Co Br Et 170 -171 dark red M. observed

Co Me Et 94 - 95 dark red M. observed

Ni Br Et 165 -167 clear red M+ observed

Ni Me Et 88 - 89 dark green M. observed

Co CI2 Et 140-142 violet as [(CsMe5)Co(_-CI)] 2

The cobalt(ll) halide species are all very similar. They crystallize as dark

red plates from pentane solution, and yield weak molecular ions in the electron

impact mass spectrum (a much stronger signal is observed for (M - PR3)+). The

bromide species melt about 10 °C higher than their chloride analogues, and the

PEt3 complexes melt about 50 °C higher than their PMe3 analogues. This is in

contrast to the (CsMes)Ni(acac)(PR3) species, where the PMe 3 and PEt3

complexes melt at virtually the same temperature. (CsMes)Ni(Br)(PEt 3)

crystallizes as air-stable, clear red plates from pentane solution. A strong

molecular ion is observed in the ElMS (much more intense than for the cobalt(ll)

analog). This complex is diamagnetic (*M < 0) in the solid state at all

temperatures between 5 and 300 K. (CsMes)Co(CI)2(PEt3) crystallizes as thin

violet plates from diethyl ether and melts somewhat lower than its cobalt(ll)

analogue. The electron impact mass spectrum of (CsMes)Co(CI)2(PEt3) shows

the highest ion at 458, corresponding to [(CsMe5)Co(_-CI)]2+. This is the same

as the results observed for [(C5Me5)CoC1(!1-C!)]2; apparently, the phosphine

rapidly dissociates and the spectrum observed corresponds to that seen for the
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cobalt(Ill) bridging chloride, with a highest mass peak due to (M - CI2)+. The

methyl complexes will be discussed later.

The solid-state magnetism of (CsMes)Co(CI)(PEt3) was measured to

serve as a representative result for the whole class of cobalt(ll) phosphine

complexes. Magnetic susceptibility measurements (Fig. 5) exhibit Curie

behavior, with a magnetic moment of 1.76 _B and e = -1.5 K, indicating that

these complexes have one unpaired electron that does not exhibit an orbital

contribution to the magnetic moment.

Figure 5. Plot of 1/7,,MVS. T for (CsMes)Co(CI)(PEt3).
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Crystallographic Studies

The X-ray crystal structures of (CsMe5)Co(CI)(PEt3) and

(CsMes)Ni(Br)(PEt3) were measured to obtain comparisons between the

phosphine halide complexes and the (CsMes)M(acac) complexes. The
i

complexes are isomorphous, crystallizing in the space group P4 (No. 81). Two

views of each of the crystal structures of the phosphine halide complexes are

shown in Figures 6 through 9, with the bond distances and angles listed in

Tables 3 through 6. Important values for comparisons to the acac complexes

are summarized in the discussion section.

Figure 6. ORTEP Diagram of (C5Mes)Co(CI)(PEt3),Side View.
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Figure 7. ORTEP Diagram of (CsMes)Co(CI)(PEt3), Edge View.
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Table 3. Bond Distances for (CsMes)Co(CI)(PEt3) (A).

Co-Cp 1.695 Co-P 2.207 (2)
Co-CI 2.214 (2)

Co-C1 2.119 (9) c1-c2 1.404 (12)
Co-C2 2.040 (8) c1-c5 1.415 (12)
Co-C3 2.092 (9) c2-c3 1.437 (12)
Co-C4 2.057 (8) c3-c4 1.369 (12)
Co-C5 2.076 (8) c4-c5 1.429 (11)

Co-Cb (ave) 2.058 (6) Ca-Cb(ave) 1.410 (9)
Co-Cc (ave) 2.075 (6) Cb-Cc (ave) 1.433 (8)

Cp is the ring centroid of atoms C1-C5. C a, C b, and Cc refer to the labeling

scheme in Figures 3 and 10 in Chapter 2.

Table 4. Bond Angles for (CsMes)Co(CI)(PEt3) (°).

P-Co-CI 91.54 (8) c2-c1-c5 105.4 (7)
Cp-Co-CI 131.2 c1-c2-c3 110.5 (7)
Cp-Co-P 137.2 c2-c3-c4 105.9 (7)

c3-c4-c5 109.6 (7)
Ca-Cb-C c (ave) 109.5 (5) C1-C5-C4 108.4 (7)
Cb-Cc-Cc(ave) 107.8 (5)

i

1
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Figure 8. ORTEP Diagram of (C5Me5)Ni(Br)(PEt3), Side View.
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Figure 9. ORTEP Diagram of (C5Me5)Ni(Br)(PEt3), Edge View.
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Table 5. Bond Distances for (CsMe5)Ni(Br)(PEt3) (A).

Ni-Cp 1.755 Ni-P 2.160 (2)
Ni-Br 2.335 (1)

Ni-C1 2.159 (7) C1-C2 1.418 (9)
Ni-C2 2.112 (6) C1-C5 1.428 (9)
Ni-C3 2.160 (7) C2-C3 1.445 (9)
Ni-C4 2.148 (6) C3-C4 1.368 (9)
Ni-C5 2.084 (6) C4-C5 1.466 (9)

Ni-Cb (ave) 2.098 (4) Ca-Cb (ave) 1.423 (6)
Ni-Cc (ave) 2.154 (5) Cb-Cc (ave) 1.456 (6)

Cp is the ring centroid of atoms C1-C5. C a, Cb, and C c refer to the labeling

scheme in Figures 3 and 10 in Chapter 2.

Table 6. Bond Angles for (CsMe5)Ni(Br)(PEt3) (o).

P-Ni-Br 92.46 (5) C2-C1-C5 105.7 (6)
Cp-Ni-Br 127.7 C1-C2-C3 109.3 (6)
Cp-Ni-P 139.6 C2-C3-C4 108.6 (6)

C3-C4-C5 107.4 (6)
Ca-Cb'Cc(ave) 109.0 (4) C1-C5-C4 108.7 (6)
Cb-Cc-Cc(ave) 108.0 (4)

Solution Prop.erties

The EPR spectrum of (CsMes)Co(CI)(PEt3)is shown in Figure 10. The

signal is rhombic at low temperatures and centered at g = 2, with each portion of

the signal exhibiting hyperfine coupling with the 59C0 nucleus (I = 7/2). The high

field term (g3) also shows superhyperfine coupling to the 31p nucleus. The EPR

spectrum of (CsMes)Co(Br)(PEt3), shown in Figure 11, is qualitatively the same

as that of the chloride analog. However, the signal is broadened, most likely due

to superhyperfine splitting by bromine (both 79Br and 81Br have I ---3/2).
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Figure 10. EPR Spectrum of (CsMes)Co(CI)(PEt3) in 07H14 Glass (77 K).
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Figure 11. EPR Spectrum of (C5Mes)Co(Br)(PEt3) in C7H14 Glass (81 K).
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All of the cobalt(ll) phosphine halide complexes exhibit a single, broad

(vl/2 = 150 Hz) resonance in the 1H NMR that is slightly upfield of 0 ppm, but do

not have a 31p{1H} signal. When a small amount (ca. 5 IlL) of the appropriate

free phosphine was added to an NMR sample of (CsMes)Co(X)(PR3), the single
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observed signal shifted towards the diamagnetic region. No signal due to free

phosphine was observed.

The 1H NMR spectrum of (CsMes)Ni(Br)(PEt3)shows narrow signals in

the diamagnetic region that are invariant with temperature (coupling to 31p is

observed for all of the resonances). Also, a sharp singlet (vl/2 = 5 Hz) at 6 24.5

ppm is observed in the 31p{1H}NMR spectrum. When free PEt3 was added to

the nickel complex, the signals were unchanged and the spectrum exhibited

signals attributable to uncoordinated PEt3. The 31p{1H}spectra show this more

clearly than the 1H spectra because the signals do not overlap (uncoordinated

PEt3 has a 31p chemical shift of 6 -20 ppm) in the 31p{1H}spectra as they do in

the 1Hspectra. This complex did not exhibit an EPR signal.

The solution behavior of (CsMes)Co(CI)2(PEt3) is also unremarkable. The

1H NMR has sharp signals, exhibiting 31p coupling, just like that found in the

nickel(ll) complex. Its 31p{1H}signal is substantially broader (vl/2 = 110 Hz at

6 25.3 ppm) than that of the nickel(ll) species, probably due to the large

quadrupole moment of 59Co. Addition of free PEt3 does not perturb the signals

due to the cobalt(Ill) complex, and signals due to uncoordinated PEt3 are

observed.

.(_C_Ms_M_e_es)M(Me)(PEt3).

Curiously, the cobalt(ll) phosphine adducts are unreactive towards

methylating agents. Combining any of these complexes with MeLi, Me2Mg, or

Grignard reagents results in recovery of unreacted starting materials. Reaction

with AIMe3 in dichloromethane solution produces a color change, but attempts to

isolate a discrete compound were unsuccessful. Yamazaki and Mise report that

(C5Me5)Ni(I)(PR3)reacts with MeLi to produce (CsMe5)Ni(Me)(PR3)(R = Ph) and

with LiC-CPh to make (C5Mes)Ni(C-CPh)(PR3) (R = Me).9 However, both of
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these reactions proceed in low yield (34 and 36%, respectively), and apparently

the substitution reactions do not work for the chloride or bromide analogs.

Fortuitously, the desired complexes, (CsMes)M(Me)(PEt3), were isolated

from trapping experiments used to investigate the mechanism of formation of

(CsMes)3M3(_3-CH)(_-H) (as discussed in Chapter 1). Although it was later

shown that PEt3 coordinates to (CsMes)Ni(acac) (see Chapter 2), thus rendering

the results useless from a mechanistic point of view, the reaction shown in eq. 12

is still an excellent route (and the only one) to (CsMes)M(Me)(PEt3).

(CsMes)M(acac) + PEt3 + MeLi = (CsMes)M(Me)(PEt3) + Li(acac) (12)

Et20 yield: M = Ni, 81%
M = Co, 69%

Crystallographic Disorder of Methyl Complex

The X-ray crystal structure of (C5Me5)Ni(Me)(PEt3) was determined so

that the "ene-allyl" distortion could be documented when the X-ligand is only a

sigma donor. In addition, both (CsMes)M(Me)(PEt3) complexes exhibit a small,

sharp band around 2250 cm1 in the infrared spectra. This is mo_Jt likely an

overtone combination of one or more of the strong bands due to PEt3, but the

band is only seen for the methyl complexes (none of the halide species have this

band). The possibility that there is some unusual interaction of the methyl group

with the metal centers provided added impetus for determination of the structure

of (CsMes)Ni(Me)(PEt3). The complex crystallizes in the same space group as

the other two PEt3 complexes (P4), but suffers from disorder across a pseudo-

mirror plane (Figure 12). Attempts to deconvolute the structure by treating it as a

twinned crystal were unsuccessful. Instead, the pentamethylcyclopentadienyl

ring had to be modeled by treating the methyl groups as two partial occupancy
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carbons (relative populationsof 2:1, with the lower occupancysites denoted by

an "a" in the label). The modelof the disorderis shownin Figure 13, and bond

distancesand angles are in Tables 7 and 8, respectively. The pseudo-mirror

planecontainsthe nickelatom, phosphorusatom,C2, C15, C16, and C17. The

inaccuracyof the structureprecludesany detaileddiscussionof the distortionin

the CsMe5 ring.

Figure 12. ORTEP Diagramof (C5Mes)Ni(Me)(PEt3),Side View.
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Figure 13. ORTEP Diagram of the Disorder Model of (CsMes)Ni(Me)(PEt3).
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Table 7. Bond Distances for (CsMes)Ni(Me)(PEt3) (A).

Ni-Cp 1.76 Ni-P 2.109 (4)
Ni-C17 1.96 (1)!

Ni-C1 2.12 (2) C1-C2 1.43 (2)
Ni-C2 2.05 (1) C1-C5 1.33 (2)
Ni-C3 2.17 (2) C2-C3 1,37 (2)
Ni-C4 2.14 (2) C3-C4 1,42 (2)
Ni-C5 2.12 (2) C4-C5 1.39 (2)

Cp is the ring centroid of atoms C1-C5.

Table 8. Bond Angles for (C5Me5)Ni(Me)(PEt3) (°).

P,.Ni-C17 90.2 (4) C2-C1-C5 105 (1)
Cp-Ni-C17 129 C1-C2-C3 112 (1)
Cp-Ni-P 141 C2-C3-C4 105 (1)

C3-C4-C5 108 (1)
C1-C5-C4 111 (2)
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General andSolutionPropertiesof MethylComplexes

The alkyl, (CsMes)Co(Me)(PEt3), crystallizes as dark red plates from

pentane solution. The EPR spectrum is shown in Figure 14. The spectrum is of

the same type as that observed for (CsMes)Co(CI)(PEt3),except that the lines

are even sharper for the methyl complex, presumably due to the loss of electron-

nuclear coupling with the chloride or bromide nuclear spins. The simulation of

this spectrum (Figure 15) was used as a reference for beginning simulation of

the chloride and bromide analogues, since the hyperfine coupling is better

resolved for the methyl complex (the simulation program cannot model

superhyperfine coupling - hence, the coupling to 31p in g3 is not present in the

simulated spectrum).

As with the halide-phosphine complexes, (CsMes)Co(Me)(PEt3)exhibits a

single broad resonance in the 1H NMR spectrum that is slightly upfield of 0 ppm.

This signal shifts towards the diamagnetic region when excess PEt3 is added to

the sample. No signal due to free phosphine is observed under these

conditions.

Figure 14. EPR Spectrumof (CsMes)Co(Me)(PEt3)in07H14 Glass (84 K).
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Figure15. SimulatedEPR Spectrumof (CsMes)Co(Me)(PEt3).
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(CsMes)Ni(Me)(PEt3)appears anomalous in that it crystallizesas dark

green plates,insteadof the ubiquitousredcolorfoundfor all of the otherdivalent

phosphine complexes. However, (CsMes)Ni(Me)(PPh3)and (CsMes)Ni(C=

CPh)(PMe3) are also reportedas darkgreen solids,9 and the 1H NMR spectrum

of (CsMes)Ni(Me)(PEt3) is just as expected for a diamagnetic phosphine

complex: sharp resonances,exhibitingcouplingto the 31pnucleus. The 31p{1H}

NMR spectrum exhibitsa single,sharp resonance(vl/2 = 5 Hz) at 8 34.9 ppm.

Addition of free PEt3 only producesa second set of signals attributable to

uncoordinatedPEt3. No change in the signalsdue to (CsMes)Ni(Me)(PEt3)is

observed. No EPR signalwasobservedfor (CsMes)Ni(Me)(PEt3).

C.omparisonof Acacand PhosphineComplexes

The magneticand EPR propertiesof the complexes(CsMe5)Co(X)(PEt3)

and (CsMes)Ni(X)(PEt3) differ markedly from that of the corresponding

(CsMes)M(acac)complexes.The cobalt(ll)phosphinecomplexesallexhibitEPR

spectra with an averageg value very closeto 2, and the measured solid-state
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magneticmomentof (CsMes)Co(CI)(PEt3)is i.76 _1.B. This indicatesthat orbital

angularmomentumis quenched for the phosphinecomplexes,whereas this is

not the case for (CsMes)Co(acac),which has _eff = 1.93 IJ.aand an average g

value of 2.099. Also,both (CsMes)Ni(Br)(PEt3)and (CsMes)Ni(Me)(PEt3)do not

showany evidenceof thespin-equilibriumobservedfor (CsMes)Ni(acac).

These differencescan be explained by inspectingthe molecularorbital

diagrams used in Chapter 2 to explain these phenomena in (CsMes)M(acac)

complexes(Figures11 and 16 in that chapter). Even thoughthe symmetryof

the phosphinecomplexesis lowerthan that of the acac complexes,the general

coordinationgeometry of a T-shapedCpML2 moleculeis maintained. Thus, the

qualitativeorderingof the molecularorbital levels in Figure2-11 is unchanged.

However, the acac ligand is capable of _-donation,producinga small HOMO-

LUMO gap (as shownin Figure2-16). For the phosphinecomplexes,onlythe

halide ligands can act as n-donors,as the phosphineand methyl ligands are

effectivelyonly _-donors. This has the effect of increasingthe HOMO-LUMO

gap relative to the acac complexes, and this increased gap produces the

differencesin the propertiesof the two classesof complexes. The incomplete

quenching of the angular momentum of the unpaired electron in

(CsMes)Co(acac)indicatesthat the unpaired electron must reside at times in

both the HOMO and LUMO orbitals,since the HOMO has a' symmetry (which

cannot have an orbitalcontributionto the moment)10 in rigorousCs symmetry

(the labelsbl* and b2* onlydenotethe parentageof the hybridorbitalsbased on

the C2v ML2 fragment). Similarly, the spin-equilibrium observed for

(CsMe5)Ni(acac)is producedby thermalpopulationof the LUMO. None of the

phosphinecomplexes exhibit either of these phenomena, indicatingthat the

HOMO-LUMO gap is indeedlargerfor thesecomplexes.
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This orbital model also explains the structural similarities of

(CsMes)M(acac) and (CsMes)M(X)(PEt3) seen in the X-ray crystallographic

studies. Figure 16 showsthe averaged carbon-carbonbond distancesin the

pentamethylcyclopentadienylring of the four related complexes. Both nickel

complexes show a pronounced "ene-allyl" distortion,while the two cobalt

complexesshowa smallervariationinbondlengths,indicatingthat any distortion

of thistype inthe cobaltcomplexesis onthe orderof the errorof the experiment.

However, (CsMes)Co(CI)(PEt3) shows a larger variation than does

(CsMes)Co(acac),quite possiblydue to the differinglocation of the unpaired

electroninthesecomplexes. Asdiscussedin Chapter2, the "ene-allyl"distortion

is a directresultof the populationof the b2* orbital, which has non-cylindrical _-

electrondensityin the cyclopentadienylringorbitals. Since magneticand EPR

studies indicate that the electron is always in the b2* orbital for

(CsMes)Co(CI)(PEt3), the "ene-allyl" distortion for this molecule would be

expected to be larger than for (CsMes)Co(acac),whose unpaired electron

partiallyoccupiesboth bl* (whichdoes not producean "ene-allyl"distortion)and

b2*. This corresponds exactly to the observed structuraldata for these two

complexes. Table 9 summarizes the variations in the metal-ring carbon

distancesand the foldingangle (co)of these structures. The metal-ringcarbon

distancesof the phosphinecomplexesare not as regularas those of the acac

species,due to the asymmetricstericandelectronicenvironmentproducedwhen

the halide and phosphineligandsreplace the two oxygensof the acac ligand.

This asymmetryreducesthe magnitudeof the variationin the averagedmetal-

ringcarbondistances,and reducesthe significanceof the value of co. However,

comparisonof these distancesand inspectionof the edge viewsof the halide-

phosphinestructures(Figures 7 and 9) again showsthat (CsMes)Ni(Br)(PEt3)

exhibits a large "ene-allyi" distortion while (CsMes)Co(CI)(PEt3) exhibits
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variationsthat indicatethat any distortionpresent is of a substantiallysmaller

magnitude. Thus, the acac and halide-phosphinecomplexes exhibit similar

solid-statedistortions,even thoughtheyhavedifferentsolutionproperties.

Figure 16. Averaged BondLengths(A) of "Ene-allyl" Systems.

(CsM_s)Ni(acac) (CsMe5)Co(acac)

1.372 (6) 1.409 (5)

(CsMes)Ni(Br)(PEt3) (CsMes)Co(CI)(PEt3)

_3(6) ._1.410 (9)

.456 (6) _33 (8)
1.368 (9) 1.369 (12)

Table 9. Summaryof ImportantStructuralParametersin "Ene-allyl"Systems

Comoound d(M.-CJa d(M,C_a d(M-C_.Ja _ ._b

(CsMes)Ni(acac) 2.133 (3) 2.068 (3) 2.192 (3) 0.124 9.3

(CsMes)Co(acac) 2.105 (3) 2.056 (2) 2.089 (2) 0.033 4.2
(CsMes)Ni(Br)(PEt3) 2.159 (7) 2.098 (4) 2.154 (5) 0.056 5.2

(CsMes)Co(CI)(PEt3) 2.119 (9) 2.058 (6) 2.075 (6) 0.017 3.2

aAveraged values in A.

bAngle in degrees.
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Unfortunately, extension of this analysis to the methyl-phosphine

complexeswas thwarted by the rotationally-disorderedstructureobserved for

(CsMes)Ni(Me)(PEt3). Even thoughthe complexcrystallizesin the same space

group as the halide-phosphinecomplexes(P4), littleuseful informationcan be

obtainedfromthe structure. The disorderhasthe dualroleof maskinghydrogen

atom positionson the methylgroup(and thusany unusualinteractionspresent)

and rendering carbon-carbon and metal-ring carbon distances inaccurate

enoughto removeany evidenceof an "ene-allyl"distortion(bonddistancesand

angles in Tables 7 and 8, respectively).Thus, nothingmorecan be determined

aboutthe structuraldetailsof (CsMes)Ni(Me)(PEt3).

PhosphineExchangeStudies

The isolation of a number of 17- and 18-electron phosphine complexes

allows us to investigate the effects of electronic structure on ligand labilities. The

standard experiment for determination of phosphine exchange in solution

involves observing the NMR spectrum for the complex and then determining the

changes in the spectrum upon addition of a small amount (3 to 5 I_L) of free

phosphine. These experiments were performed for all of the PEt3 complexes

presented in this work, and the results can be categorized by the metal centers

studied, specifically Co(ll), Ni(ll), and Co(Ill).

As mentioned earlier, every cobalt(ll) complex of the general formula

(CsMes)Co(X)(PEt3) showed evidence of rapid exchange between coordinated

and free PEt3 in solution. Also, the two nickel(ll) species synthesized for this

work, (CsMes)Ni(Br)(PEt3) and (CsMes)Ni(Me)(PEt3),exhibit no evidence of this

exchange at room temperature. EPR data and X-ray structural analysis indicate

that all of these complexes have virtually the same geometry, so the source of

the differences in exchange rates must be electronic. Classical coordination
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chemistrytreats a cyclopentadienyl ligandas a tridentate ligand,since it takes up

three of the six coordinationsites in an octahedra!coordinationenvironment.11

This makes the divalent phosphinecomplexes formally five-coordinate. In

aqueous coordinationchemistry, five-coordinatespecies can undergo ligand

exchange by way of two general pathways: associativeor dissociative. For

associative processes, five-coordinatenickel(ll) species react faster than the

correspondingcobalt(ll)species.12 This is becauseassociationof a sixthligand

producesa transitionstate with electronsin stronglymetal-ligandantibonding

orbitals(in thiscase, the orbitalsare of 2e parentage: see Figure21 in Chapter

2 for the molecularorbital diagramof the CpML3 transitionstate). Since the

nickel(ll) intermediatehas one more electronin this antibondinglevel than the

cobalt(ll) intermediate, the exchange process is faster for nickel(ll). The

dissociativemechanismwould involve loss of coordinatedPEt3, producingan

intermediate of the general formula(CsMes)M(X)with 15 electronsfor M = cobalt

and 16 electrons for M = nickel. Although the geometry may be distorted, the

intermediate can be considered pseudo-tetrahedral. In this case, cobalt(ll)

complexes are known to react faster than nickel(iJ) species,12 since four-

coordinate cobalt(ll) low-spin complexes favor a tetrahedral geometry, whereas

four-coordinate nickel(ll) low-spin complexes favor a square-planar geometry.

Hence, there is less reorganization energy needed for the cobalt(ll) species to

exchange ligands by a dissociative mechanism. Since phosphine exchange is

rapid for (CsMes)Co(X)(PEt3) at room temperature, yet is not observed for

(CsMe5)Ni(X)(PEt3)at room temperature, it is most likely that the mechanism

involved is of a dissociative nature. Of course, rigorous study of the phosphine

exchange process by standard kinetic techniques is necessary to determine the

mechanism that best models this process.
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The lack of reactivity of (CsMe5)Co(CI)2(PEt3) with free PEt 3 is easier to

explain. The compound is a pseudo-octahedral, low-spin cobalt(Ill) complex.

Compounds of this type have been investigated extensively due to their

conveniently slow ligand exchange rates. 12 These species have been found to

undergo ligand exchange by way of mechanisms that are dissociative in

nature. 12 Since (CsMe5)Co(CI)2(PEt3) does not show any evidence of phosphine

exchange at room temperature, there probably isn't any significant amount of

steric crowding around the cobalt(Ill) center, since steric crowding has been

shown to greatly increase the rate of ligand exchange for dissociative systems. 12

As for the nickel(ll) species, the fact that no exchange is observed at room

temperature in the 31p{1H} NMR spectra merely indicates that any exchange

occurring must be slow relative to the NMR timescale, which is not inconsistent

with results seen with other cobalt(Ill) species. Further kinetic studies at higher

temperatures are necessary to determine if exchange is occurring at all in the

18-electron systems.
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Chapter 4
Crystallographic Studies of Distortions in Metallocenes with

CC_-symmetricalCyclopentadienyl Rin_clS

Since the discovery1 and structural characterization2,3of ferrocene in the

early 1950's, metallocenes have played a central role in studies involving

physical properties and reactivity of organometallic complexes that are

dependent on the electronic structure of the complexes. Over time,

metallocenes have been synthesized using a wide variety of substituted

cyclopentadienyl rings, and with the discovery of a convenient route to

pentamethylcyclopentadiene,4the synthesis of decamethylmetallocenes for most

of the first row transition metals has been achieved.5 The bulk solution and

solid-state properties of these complexes indicate that the permethylated species

have the same electronic configurations as their unsubstituted analogues (with

the exception of the manganocenes).6,7 However, several of the X-ray crystal

structures of the decamethylmetallocenes and their salts exhibit unusual

distortions that have been attributed to static Jahn-Teller distortions.8 Since

these structures were performed at room temperature and D5 symmetrical

metallocenes have a history of producing problematic X-ray crystal structures

(the confusion over the point symmetry of ferrocene in the solid state is one

example),9 low-temperature studies of the crystal structures of lower symmetry

metallocenes are warranted. This work involves the systematic investigation of

the X-ray crystallographic structures of pentamethylmetallocenes,

(CsMes)M(C5H5),where M = Mn, Fe, Co, and Ni. Our hope is that the reduction

in symmetry of the metallocenes to C5vwill improve the quality of the ;rystal

structures by producing more well-ordered crystals than those seen for D5-

symmetrical metallocenes.
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Previous Work

Table 1 shows a summary of unsubstituted and perrnethylated

metallocenes for the metals discussed in this work, with their proposed electronic

ground states, solution magnetic moments, and metal-centroid distances listed.

The configurations are based on the standard molecular orbital diagram for Dsd

metallocenes shown in Figure 1.sa The values show that for a given metal, the

two metallocenes have the same electronic configuration, except for manganese,

where the unsubstituted species is high spin and decamethylmanganocene is

low spin. This is reflected in the metal-ring carbon distances for these

complexes, where the carbons of the bulkier pentamethylcyclopentadienyl rings

in (CsMes)2Mn are ca. 0.25 A closer to the manganese atom than the carbons in

the unsubstituted cyclopentadienyl rings in (C5Hs)2Mn. For all of the low-spin

complexes, the trend in bond lengths is directly related to the electronic

structure, since population of the 2elg orbitals, which are metal-ligand

antibonding orbitals, produces an increase in the metal-ring carbon distances,

even though the ionic radii of the divalent metal ions decrease when moving from

left to right across the periodic table, lo

Table 1. Physical Properties of (C5R5)2M.

R = H11 R = Me6,7,8

M G.S. a l_eff (liB) d(M-C) b G.S. a lieff (I_B) d(M-C) b

Mn 6Alg 5.9 2.38 2E2g 1.97 2.112 (3)

Fe 1Alg 0 2.06 1Alg 0 2.050 (2)

Co 2Elg 1.70 2.11 2Elg 1.56 2.105 (2)

Ni 3A2g 2.89 2.20 3A2g 2.89 2.170 (5)

aElectronic ground state term symbol.

bAveraged value in Angstroms.
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Figure 1. Symmetry OrbitalDiagram for DsdMetallocenes.Sa
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However, the unusual aspect of the structures of the permethylated

complexes is the attribution of the ring distortionsin the complexes with

unsymmetricallypopulatede symmetrylevelsthat is due to a staticJahn-Teller

distortion. Inspectionof Table 1 showsthat (CsMe5)2Mnand (CsMes)2Coboth

have ground states with E symmetry(e2g3alg 2 and e2g4alg2elg 1, respectively),

and these are Jahn-Telleractive.12 These two complexesare reported to have

an unusually large variation in ring carbon-carbon bond lengths, which is

attributed to a static Jahn-Teller distortion. However, unlike the "ene-allyl"

distortionsdiscussede,_rlier,there is no systematicpattern to the variationsin

the bondlengththat couldbe attributedto selectivepopulationof one of the two

molecularorbitalsthat make up the unsymmetricallypopulatede_gor e2glevels.

Also,extensiveEPR studiesby Ammeterindicatethat the Jahn-Tellerdistortions

present in Ds-symmetricalmetalloceneswith 2E ground states are dynamic, in

that they are only observableat extremelylow temperatures(< 10 K) and are

highly dependent upon the diamagnetic host used to measure the EPR

spectra.13 These distortionswould not be expected to be observable at the

relatively higher temperatures (>_ 140 K) that are accessible for X-ray

crystallographicstudies, except in the anisotropicthermal parameters of the

carbonatoms.

Another distortionis observed in the hexafluorophosphatesalts of the

decamethylmetallocenecations,whosephysicalpropertiesare showninTable 2.

All four cationshave physicalpropertiesthat indicatethat they are isoelectronic

with the relatedneutraldecamethylmetallocenes.6,7 However, in this case, the

manganese and ironspeciesexhibita ringslippage,representedin Table 2 by

the parameter4', whichis the differencebetweenthe longestandshortestmetal-

carbon bond lengths in these structures.8b All of the molecules are

isomorphous,crystallizingin the space group C2/m (No. 12, Z = 2), with the
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decamethylmetallocene cations occupying a site with C2h point symmetry (2/m).

This means that the slippage of the two rings is symmetrical with respect to the

inversion center that the metal atom occupies. However, no distortions within

the rings themselves are observed (within the error of the experiments). Again,

the variations in the bond lengths are attributed to a static Jahn-Teller distortion

due to 2E or 3E electronic ground states. The nickel species also shows a

substantial variation (0.23 A), but the errors in this structure are substantially

larger (2 to 3 times) than for the other three structures, so no definitive presence

of this distortion was claimed for [(CsMe5)2Ni][PF6], although it too has a 2E

electronic ground state.

Table 2. Physical Properties of [(C5R5)2M][PF6].6,7,8b

M _a l_.eff-.(_B_ d(M-C) b &' (A)c

Mn 3E2g 2.90 2.133 (8) 0.038

Fe 2E2g 2.40 2.097 (7) 0.031

Co 1Alg 0 2.050 (3) 0.014

Ni 2Elg 1.44 2.109 (5) 0.023

aElectronic ground state term symbol.

bAveraged value in Angstroms.

cA'= d(M-C){Iongest} - d(M-C){shortest}

Pentamethylmetallocenes

The C5-symmetrical pentamethylmetatlocenes, (C5Mes)M(C5Hs), are

known for the four metals discussed above (M = Mn, Fe, Co, Ni).

(CsMes)Mn(CsH5) was synthesized by Matsunaga by the ring exchange reaction

shown in eq. 1. This synthetic route takes advantage of the lability of the

cyclopentadienyl rings in manganocene and decamethylytterbocene. TM This

route can also be used to synthesize pentamethylnickelocene.
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toluene
(CsMes)2Yb + 2 (CsHs)2M 2 (CsMes)M(CsHs) + (C5Hs)2Yb (1)

M = Mn, Ni

The mixed ring ferrocene, (C5Mes)Fe(CsH5), was reported by K_lle and

co-workers by treatment of "(CsMes)FeBr", generated at low temperature, with
I

CsHsNa (eq. 2).15 However, this route produces a mixture of the desired mixed-

ring ferrocene (48% yield) with the unsubstituted (36%) and permethylated

t_rrocenes (15%). The pain-staking separation of these species by fractional

sublimation by Zanin and co-workers was necessary to isolate pure

(CsMes)Fe(C5H5) for crystallographic analysis.16

FeBr2(dme)+ LiC5Me s THF= .(C5Me5)FeBr. (2a)
•80 °c

"(CsMes)FeBr" + NaCsH5 .THF_ (C5Me5)Fe(CsH5) + (CsRs)2Fe (2b)
-80 °c

48% R = H, 36%
R=Me, 15%

The cobaltocene, (CsMes)Co(CsHs), was synthesized by Manriquez and

co-workers from (C5Mes)Co(acac) and CsHsLi as mentioned in Chapter 2 (eq.

3). 17 Although Manriquez states that "spectroscopic and analytical data are in

accord with literature values", 17 he does not report any of this data and the

literature reference given only reports data for (CsMe5)2Co.18 The physical

properties of (CsMes)Co(CsH 5) were obtained as part of this work.
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THF
(CsMes)M(acac) + NaCsH5 _ (CsMes)M(CsHs) + Na(acac) (3)

M = Co, Ni

The nickel metallocene, (CsMes)Ni(CsHs), was first reported by Werner

and Dernberger in 1980, who synthesized the complex from the reaction of
iI

(CsMes)Ni(CI)(PPh3) and CsHsTI (eq. 4). 19 Manriquez synthesized the complex

soon after, using the more convenient route in eq. 3.17 Again, little

characterizational data is presented in the literature, with Werner reporting only

the elemental analysis and mass spectral data for (CsMes)Ni(CsH5),19 so the

physical properties of the nickel complex were also obtained for this study.

THF
(CsMes)Ni(CI)(PPh3) + TICsHs - =- (CsMes)Ni(CsH5) +TICI+PPh 3 (4)

40 °C

Properl;ies of Pentamethylcobaltocene and Pentamethylnickelocene

(CsMe5)Co(CsH5) crystallizes as thin black plates from pentane solution.

The material sublimes easily to produce large black polyhedra, thus insuring

separation of the sample from metal and metal salt impurities. Figure 2 shows

the variable temperature magnetic susceptibilitydata for (CsMes)Co(CsH5). The

plot obeys the Curie-Weiss law, yielding a magnetic moment of 1.78 !_B

(e---7.5 K), which is slightly higher than the solution values obtained for the

cobaltocene complexes listed in Tables 1. The complex does not exhibit a

solution EPR, but does exhibit an extremely broad, axially distorted signal with

giso = 1.861 in methylcyclohexane glass at very low temperatures (Figure 3).

This is consistent with results found by Ammeter for (05H5)20o13 and Robbins,

et a/. for (C5Me5)2C0,6 and indicates that (CsMes)Co(CsHs) most likely has a

2Elg ground state, just like (C5H5)200 and (C5Me5)2C0.
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Figure2. Plot of 1/ZMVS,T for (CsMes)Co(CsHs).
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Figure 3. EPR Spectrumof (CsMes)Co(CsHs)inC7H14Glass (4.5 K).
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(CsMes)Ni(CsHs)forms brightgreencrystals,and is quite volatile,just like

the cobalt analogue. The solid state magnetic susceptibility data for

(CsMes)Ni(CsHs)is shown in Figure4. Above 25 K, the plot obeysthe Curie-

Weiss law, yieldinga I_e,= 3.06 I.l,awithe = -49 K. Belowthistemperature,the

speciesexhibitsa temperatureindependentparamagnetism,indicativeof a large
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zero-field splitting (36.0 cm-1).20 (CsHs)2Ni (33.6 cm'l) 21 and (CsMes)2Nl

(30.5 cm'l)saalso exhibitlargezero-fieldsplittingvaluesand similartemperature
i

independent phenomena in their solid-state magneticbehavior. Consistentwith

this is the fact that no EPR signal is observed at any temperature for

(CsMes)Ni(CsHs). In the tH NMR spectrum,(CsMes)Ni(CsHs)has two broad

(vl/2= 400 Hz), highly shifted resonances, one for each ring. The room

temperaturechemical shifts of these two resonancesare similarto the room

temperaturevalues seen for (CsHs)2Ni22and (CsMes)2Ni,as shown in Table 3.

The variable temperture1H NMR behaviorof (CsMes)Ni(CsH5),shownin Figure

5, also exhibits Curie-Weiss behavior. All of this is consistent with

(CsMes)Ni(CsH5)havinga 3A2g ground state, as do (CsHs)2Niand (CsMes)_.Ni.

Figure 4. Plot of 1/7_M VS. T for (CsMes)Ni(CsH_).
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Table 3. 1H NMR Chemical Shifts of Cs-symmetrical Nickelocenes.

(CsHs)2Ni -245 -- 22

(CsMes)2Ni -- 235 this work

(CsMes)Ni(CsHs) -208 230 this work
I

Figure 5. 8 vs. 1/T for (CsMes)Ni(CsHs).
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Crystalloaraphiq Studies

Since the pentamethylmetallocenes have been shown to have the same

electronic ground states as the corresponding decamethylmetallocenes, a

systematic crystallographic analysis of the mixed-ring complexes would be very

useful in determining the significance of the distortions observed in some of the

permethylated metallocene structures. The single crystal X-ray structures of

(CsMes)Co(CsH5) and (CsMes)Ni(CsHs) are shown in Figures 6 and 7,

respectively. The two complexes are isomorphous with the reported structures

of (CsMes)Mn(CsH5) 14 and (CsMes)Fe(CsHs),16 with all four complexes

crystallizing with an eclipsed geometry in P 1 (No. 2) with very similar cell



123

parameters(Table4), The bond distancesand anglesfor the cobaltand nickel

structuresare listedinTables5 through8, and a summaryof the mostimportant

valuesand the correspondingvaluesfor the manganeseand ironstructuresare

listedinTable 9.

!

Figure 6. ORTEP Diagramof (CsMes)Co(CsHs).
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Figure7. ORTEP Diagramof (CsMes)Ni(CsHs).
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Table 4. Summary of Crystal Data for (C5Me5)M(CsH5) (M = Mn, Fe, Co, Ni).

M M__D.n F_.._e* C__Q N_ji

Formula ClsH2oMn CIsH2oFe ClsH2oC° CIsH20Ni

FW (g/mol) 255.26 256.17 259.26 259.04

Space Group P_ (No. 2) PI (No. 2) PI (No. 2) PI (No. 2)

a (A) 7.865 (2) 7.720 (1) 7.713 (2) 7.860 (3)

b (A) 8.204 (2) 8.178 (1) 8.197 (2) 8.204 (2)

c (A) 12.163 (2) 12.143 (1) 12.210 (2) 12.285 (7)

o_(°) 101.65 (2) 101.19 (1) 101.58 (2) 101.19 (2)

13(°) 96.99 (2) 95.33 (1) 96.94 (2) 97.79 (3)

"_(°) 118.49 (2) 118.21 (1) 118.18 (2) 118.57 (2)

v (A3) 653.5 (6) 639.0 (1) 645.4 (3) 658.1 (9)
z 2 2 2 2

Temp (°C) -90 -120 -114 -96

*The cell parameters of the reported structure of (CsMes)Fe(CsH5) were

transformed to match the cell setting of the other three structures. 16

Table 5. Bond Distances for (CsMe5)Co(C5H5) (A).

co-c1 2.080(2) co-el 1 2.096(2)
co-c2 2.111(2) co-c12 2.111(2)
co-c3 2.091 (2) co-c13 2.095(3)
co-c4 2.086 (2) co-c14 2.094(3)
co-c5 2.111 (2) co-c15 2.117(2)

co-cp* 1.711 co-cp 1.730

c1-c2 1.423(3) c11-c12 1.4o2(4)
c1-c5 1.424(3) c11-c15 1.4o7(4)
c2-c3 1.419(3) c12-c13 1.397(4)
c3-c4 1.434(4) c13-c14 1.416(4)
c4-c5 1.41_(4) c14-c15 1.402(4)

Cp* and Cp are the ring centroids of atoms C1-C5 and C 11-C15, respectively.
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Table 6. Bond Angles for (CsMes)Co(CsHs) (°).

02-01-C5 108.4 (2) 012-Cl1-015 108.4 (2)
01-02-C3 107.8 (2) C11-012-013 108.1 (2)
C2-C3-C4 107.7 (2) C12-C13-C14 107.9 (2)
C3-C4-C5 108.3 (2) C13-C14-C15 108.0 (3)
C1-C5-C4 107.7 (2) Cll-C15-C14 107.6 (2)

Table 7. Bond Distancesfor (C5Me5)Ni(CsH5)(A).

Ni-C1 2.161 (4) Ni-C11 2.183 (4)
Ni-C2 2.159 (4) Ni-C12 2.178 (4)
Ni-C3 2.164 (4) Ni-C13 2.167 (4)
Ni-C4 2.160 (4) Ni-C14 2.169 (4)
Ni-C5 2.164 (4) Ni-C15 2.181 (4)

Ni-Cp* 1.795 Ni-Cp 1.821

C1-C2 1.417 (5) Cll-C12 1.392 (6)
C1-C5 1.420 (5) C11-C15 1.397 (6)
C2-C3 1.415 (6) C12-C13 1.398 (6)
C3-C4 1.413 (6) C13-C14 1.402 (6)
C4-C5 1.419 (6) C14-C15 1.404 (6)

Cp* and Cp are the ring centroids of atoms C1-C5 and C11-C15, respectively.

Table 8. Bond Angles for (C5Mes)Ni(CsH5)(o).

C2-C1-C5 107.5 (3) C12-Cll-C15 108.7 (4)
C1-C2-C3 108.6 (3) Cll-C12-C13 107.6 (4)
C2-C3-C4 107.7 (3) C12-C13-C14 108.4 (4)
C3-C4-C5 108.2 (3) C13-C14-C15 107.6 (4)
C1-C5-C4 108.0 (3) Cll-C15-C14 107.7 (4)
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Table 9. Summary of Important Bond Distances for (CsMes)M(C5Hs). 16

d(M-C)a A'(M-C)b d(C-C)a A'(C-C)b

U
Mn 2.118 2.104 0.035 0.027 1.414 1.422 0.014 0.010

Fe 2.051 2.041 0.010 0.008 1.422 1.428 0.020 0.007

Co 2.103 2.096 0.023 0.031 1.405 1.422 0.019 0.023

Ni 2.176 2.162 0.016 0.005 1.399 1.417 0.012 0.007

aAveraged values in Angstroms.

bz_'= d(X-C){Iongest} - d(X-C){shortest}, for X indicated in the label.

Implications

The data in Table 9 for the pentamethylmetallocenes show a general

trend of increasing metal-ring distances with increasing population of the el*

metal-ring antibonding orbitals (the mixed-ring metallocenes do not have

inversion symmetry, so the gerade/ungerade labels do not apply), just as has

been observed for the symmetrical metallocene systems. (CsMe5)Mn(C5Hs) and

(C5Mes)2Mn have longer metal-ring distances than their iron analogues mainly

because manganese(ll) is slightly larger than iron(ll) (r(Mn) = 0.81 A, r(Fe) =

0.75 A, for divalent ions with a coordination number of six). lo Also, the low-spin

manganocenes have one less electron in the e2 level (compared to the

ferrocenes), but this level is only very slightly metal-ring bonding in nature

(formally, it would be considered a 6-bonding orbital).

However, the values summarized in Table 9 also show minimal structural

distortions. The small variations in ring carbon-carbon distances (A'(C-C)) do not

show any obvious dependence on the electronic ground states of the

metallocenes. The argument made for a static Jahn-Teller distortion in

(CsMes)2Mn was based on room temperature measurements for this compound

and (C5Me5)2Fe.8a However, the two structures are in different space groups:
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C2/c and Cmca for (CsMes)2Mn and (CsMe5)2Fe, respectively. The difference in

site symmetry for the two molecules is that the ferrocene has an extra mirror

plane that bisects the two CsMe5 rings. The carbon-carbon bond that would be

bisected by this mirror plane in the manganese structure (if it were present) is the

single, unusually long bond in the structure that is the evidence used to propose

the presence of a static distortion. Considering the site disorder problem found

in the room temperature structure of (CsHs)2Fe and the footnote in reference 8a

that the low temperature structure of (CsMes)2Mn is in the space group Cmca

and exhibits a "somewhat altered distortion," it is not unreasonable to consider

the possibility that a small amount of disorder across a pseudo-mirror plane may

be responsible for the single long carbon-carbon bond length found in

(CsMes)2Mn. Unfortunately, the data for the low temperature structure of

(CsMes)2Mn in Cmca was not available.

The ring slippage seen in the decamethylmetallocene cation structures is

suspect, also. Although the variations in metal-carbon distances (A'(M-C) in

Table 9) are larger for (CsMes)Mn(C5H5) and (CsMes)Co(CsH5) than they are for

their iron and nickel analogues, the A' values alone do not guarantee the

significance of any distortions present. The variations seen in [(CsMes)2Mn][PF 6]

and [(CsMes)2Fe][PF6] are geometrically the same, with the metal approaching

one vertex of each C5Me5 ring, producing one short, two "normal," and two long

metal-carbon bond distances. However, the variations in (CsMes)Mn(CsH5)

(which is isoelectronic with [(CsMes)2Fe][PF6] and hence would be expected to

show the same geometric distortions if the distortion is due to Jahn-Teller forces)

are due to one long, two "normal," and two short bond distances, indicating that

the slippage is towards an edge of the cyclopentadienyl rings, not a vertex. Also

important is the unusual magnetic susceptibility behavior seen by Robbins, et al.

for [(CsMe5)2Ni][PF6].6 The tetraflurorborate salt, [(CsMes)2Ni][BF4], exhibits
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Curie-Weiss behavior, with a magnetic moment typical for 19-electron

metallocenes (_eff = 1.62 _B). However, [(CsMes)2Ni][PF6], while exhibiting

Curie-Weiss behavior at higher temperatures (_eff= 1.67_B ), shows a

pronounced curvature in the plot of 1/_,M vs. T below 40 K, which is attributed by

Robbins, et al. to intermolecular interactions between the ions, since

[(CsMes)2Ni][BF4] shows no evidence of anything unusual. Therefore, even

though the variations in metal-carbon bond distances in metallocenes with 2E

ground states are statistically significant, they do not specifically indicate the

presence of a static Jahn-Teller distortion. It is more likely that they are due to

packing forces of some kind, and that the increased magnitude of the variations

observed for metallocenes with 2E ground states may be related to the dynamic

Jahn-Teller distortions of these complexes that have been exhaustively

elucidated by Ammeter. 13 Indeed, Ammeter has shown that the nature of the

host lattice plays a dramatic role in the EPR and magnetic properties of the

dynamic Jahn-Teller systems. 13b

The most important aspect of this study is that the variations in bond

lengths observed for all of the metallocenes are quite small. The data

summarized in Figure 16 and Table 9 in Chapter 3 show the variations in bond

lengths observed in systems with "ene-allyl" distortions. For (CsMes)Ni(acac),

which has one molecular orbital selectively populated that produces the "ene-

allyl" distortion, the values corresponding to A'(M-C) and z_'(C-C) in Table 9 are

0.124 A and 0.095 A, respectively. These variations are far larger than any

variations seen in the metallocene systems. Of course, the Jahn-Teller
i

distorhons expected for the metallocenes would be smaller, but the low

temperature X-ray studies of the pentamethylmetallocenes indicate that

distortions of such small magnitude are most likely going to be obscured by the

standard errors due to librational motion and packing effects, and that any
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assignmentof the variationsobservedto Jahn-Teller distortionsshould be made

withreservation.
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ExDerimenta! Details

General

All reactions and product manipulations were carried out under an

atmosphere of dry nitrogenusing standard Schlenk and dry box techniques.

Solvents and solutionswere transferredbetween reactionvessels via stainless

steel tubing. Filtrationswere performedby attachingfiltersto one inchpiecesof

small-boreglasstubingsecuredto the ends of stainlesssteeltubingwithepoxy.

Pentane, hexane, toluene, diethylether, and tetrahydrofuranwere distilledfrom

sodium benzophenone ketyl under nitrogen immediately prior to use.

Dichloromethanewas distilledfrom calciumhydrideundernitrogenimmediately

priorto use. Allotherchemicalswereof reagentgradeand purifiedaccordingto

standard procedures as necessary.1 Deuterated solvents for NMR

measurementswere distilledfrom potassiumunder nitrogenand stored over

sodium. (MesCs)2Mg2was prepared from pentamethylcyclopentadieneand

bis(butyl)magnesiuminheptanesolutionat reflux.

Infrared spectrawere recordedon a Nicolet5DX F'FIRspectrometeras

Nujol mulls between Csl or KBr plates. All 1H, 130, and 31p{1H} nuclear

magnetic resonance spectra were measured on a JEOL FX90Q FT NMR

spectrometeroperatingat 89.6 (1H) or 23.6 (13C)MHz; or on one of severalFT

NMR spectrometersusingNicoletelectronicsassembledby Mr. R. Nunlistat the

Universityof Califomia,BerkeleyDepartmentof ChemistryNMR facilityas noted.

Chemicalshiftsfor 1Hand 13C{1H} spectra were referencedto tetramethylsilane(

= 0) with positivevalues at higher frequency. Chemical shifts for 31p{1H}

spectrawere referencedto 85% H3PO4(aq.)03= 0) withpositivevaluesat higher

frequency. Electronparamagneticresonancespectrawere recordedon an IBM
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ER-2090D-SRC spectrometer, and were measured in methylcyclohexane

(solutionor glass) unlessotherwisenoted. Simulationof the EPR spectra was

accomplishedby comparisonof experimentalspectra with calculated spectra

obtainedfrom a second-ordercalculationprogramwrittenby Dr. E. Gamp and

run on a SUN MP630 computerserver. EPR spectra with rhombicsymmetry

have three g-tensors,gl, g2, g3, and these labels were arbitrarilyassigned so

that gl < g2 < g3. Absoluteassignmentof the g-tensorsis impossiblesince the

relativeorientationof the crystallographicand magneticaxes in the glass is not

known. Melting points were measured on a Thomas-Hoover melting point

apparatusin sealedcapillariesand are uncorrected.

Solutionmagneticmomentsweredeterminedusingthe methoddescribed

by Evans3 usingthe aforementionedJEOL FX90Q FT NMR spectrometeror the

UCB 300 MHz instrument. Specifically,the apparatusconsistsof a 2 mm tube

placed concentricallywithin a 5 mm NMR tube and secured with epoxy. A

known concentrationsolutionof the compoundin C6DB was placed in the inner

tube, whichwas capped with a septum,and neat C6D 6 was placed in the outer

chamber betweenthe two tubes. The differencein chemicalshiftof the C6D5H

signal for the solution(solute+ C6D6)and the neat C6D 6 (AV, in Hz) was then

measured andthe followingformulawasusedto calculate_:4

- [ ,Av = (Sf.m o) Zo " (ZD +
vo MW 8(T + O)

where vo is the spectrometer frequency in hertz, mo is the mass (in grams) of the

compound dissolved in 1 mL of C6D6, 7,.ois the mass susceptibility of the solvent

(-0.702 x 10"6 emu/g for benzene), XDis the molar magnetic susceptibility of the

ligands (same as the diamagnetic correction used for solid-state magnetic

susceptibility measurements), MW is the molecular weight of the compound, I_is

the magnetic moment of the compound in IJ.B,T is the absolute temperature in
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Kelvin, e is the Weissconstantfor the compoundfrom the Curie-Weissequation

(if known),and Sf isthe shape factor,a correctionterm that is dependenton the

type of magnetusedin the experiment(it is -2rJ3 for permanentmagnets{JEOL}

and +4rJ3 for superconductingmagnets {UCB 300}). Unless specifically =

mentioned,e was ignoredin the calculationeitherbecause it was unknown(not

determinablefrom solid-statemeasurements)or it was small (l el< 10 K) and

notsignificantrelativeto the errorof the experiment.

Solid-statemagneticsusceptibilitymeasurements(SQUID) were obtained

from eithera S.H.E. CorporationModel905 or a QuantumDesignsMPMS HP-

150 superconductingmagnetometer. Samples were prepared and handled

accordingas previouslydescribed,s In all cases, the sampleswere purifiedby

crystallizationfollowedby sublimation,when possible. Susceptibilitydata were

correctedfor sampleand containerdiamagnetism. Regions in the plot of 1/ZM

vS. T that demonstratedCurie-Weissbehaviorwere fit to the Curie-Weiss law

1/ZM= (T- e)/C, where e is the Weiss constantand C is the Curie constant,

using a linear-leastsquare; programwrittenby Dr. E. Gamp. Electronimpact

and fast-atom bombardment mass spectra were recorded by the mass

spectrometry laboratory at the University of California, Berkeley. When

molecularionswere observed,the isotopicclusterwas reportedas follows: ion

ainu (observed intensity, calculated intensity). Elemental analyses were

performedbythe analyticallaboratoriesat the Universityof California,Berkeley.
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Selected Startlno Materials
.... v

Co(acac)=

This complexwas synthesizedaccordingto a publishedprocedure,e To a

solutionof cobalt acetate tetrahydrate(54.3 g, 0.250 mol) in 250 mL of water

was added 2,4-pentanedione(50.1 mL, 0.500 mol) in methanol (100 mL). The

dark purplesolutionwas heated to refluxfor 15 minutes,then cooledslowlyto

room temperature. Crystallizationof the solutionat 0 °C yielded rose red

crystals. Concentrationof the motherliquorprovidedadditionalcropsof crystals,

whichwere combinedandwashedthoroughlywithcoldwater,yieldingCo(acac)2

2H20 (49,8 g, 0.170 tool,68.0% yield),

The water of hydrationwas removed via toluene azeotrope in three

roughlyequal portions. Co(acac)2.2H20 (18.0 g, 61.4 mmol) was slurried in

toluene(ca. 150 mL) and the flaskwas equippedwitha condensorwitha Dean-

Stark trap. Refluxingfor 24 h producesa deep violet solution, which upon

coolingto -80 °C yieldsCo(acac)2asa lavenderpurplesolid. Additionalcropsof

material were obtained by concentratingthe mother liquor. The yield was

quantitativeexcept for manipulativelosses. The IR spectrumwas identicalto

that of the previouslyreportedcompound(Vco/cC 1590, 1516 cm"1 (Nujol);Lit.

1601, 1513 cn,"1(KBr)).7's

Ni(acac)2

Thiscomplexwas synthesizedaccordingto a publishedprocedure.6 To a

solutionof nickelacetatetetrahydrate(54.2 g, 0.250 mol) in 250 mL of waterwas

added 2,4-pentanedione(50.1 mL, 0.500 tool) in methanol(100 mL). The dark

purplesolutionwas heated to reflux for 15 minutes,then cooledslowlyto room
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temperature. Crystallizationof the solutionat 0 °C yieldedaquamarinecrystals,

Concentrationof the mother liquorprovidedadditionalcrops of crystals,which

were combinedand washedthoroughlywithcoldwater, yieldingNi(acac)2.2H20

(60.3 g, 0.206 mol,82.3% yield).

The water of hydrationwas removedvia tolueneazeotrope in two roughly

equal portions. Ni(acac)2.2H20(31.0 g, 0.106 mol)was slurriedin toluene (ca,

200 mL) and the flask was equippedwith a condensorwith a Dean-Stark trap.

Refluxingfor 24 h producesa forestgreensolution,whichuponcoolingto -80 °C

yields Ni(acac)2 as brightgreen microcrystals.Additionalcropsof crystalswere

obtainedby concentratingthe mother liquor. The yieldwas quantitativeexcept

for manipulativelosses, The IR spectrumwas identicalto that of the previously

reported compound (Vco/cc 1592, 1521 cm"1 (Nujol); Lit. 1598, 1514 cm "1

(KBr)).7,8

[(CsMes)Co(I.['Cl)]2

This complex was synthesized using a modification of a published

procedure,9 A solutionof bis(pentamethylcyclopentadienyl)magnesium(1.45 g,

4.92 mmol) in tetrahydrofuran(70 mL) was added to a slurryof CoCI2 (1.24 g,

9.55 mmol) in tetrahydrofuran(50 mL) at 0 °C. Upon mixing, the solution

immediatelychangedcolorfrom lightblue to dark brownand a gray precipitate

settled out. After stirring at 0 °C for 1 h, the solution was warmed to room

temperature. The volatilematerialswere completelyremoved under reduced

pressureand the residuewas extractedwithpentane(150 mL). The dark brown

solutionwas filteredand the filtratewas concentratedto ca. 50 mL, Coolingto

-80 °C afforded brown plates. Concentrationof the mother liquorprovidedan

additionalcropof crystalsfor a totalyieldof 1.55g (3.38 mmol,70.8% yield). Mp

179-180 °C. IR: 2719 (m), 1508 (sh), 1351 (m), 1156 (m), 1070 (m), 1022 (s),
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942 (m), 793 (m), 612 (w), 584 (m), 540 (w), 428 (s), 398 (m), 335 (m), 303 (w).

1HNMR (CTDs,303 K, 90 MHz): 8 37.6 (vl/2 = 245 Hz). ELMS: 458 (100,i00);

459 (20,22); 460 (66,67); 461 (13,15); 462 (i2,12); 463 (2,2). Magnetic

Susceptibility: 5kG (5-25 K), _eff = 2.67 I_B, e = -2.7 K; (160-300 K), _eff=

5.48 i_B,0 = .287 K; 40kG (5-50 K), I_eff = 3.03 _B,0 = -12 K; (160-300 K), I_eff=

4.70 _B, e = -207 K. No EPR signalwas observedin methylcyclohexaneglass

(2 K).9

[(CsMes)Co(_-Br)]=

This complex was synthesized using a modificationof a published

procedure.9 A solutionof bis(pentamethylcyclopentadienyl)magnesium(1.25 g,

4.24 retool) in tetrahydrofuran(75 mL) was addedto a solutionof CoBr2 (1.94 g,

8.87 retool) in tetrahydrofuran(60 mL) at 0 °C. Upon mixing, the solution

immediatelychanged colorfrom deep blueto deep brownand a grayprecipitate

settled out. After stirringat 0 °C for 1 h, the solutionwas warmed to room

temperature. The volatilematerialswere completelyremoved under reduced

pressureandthe residuewas extractedwithpentane (250 mL). The dark brown

solutionwas filteredand the filtratewas concentratedto ca. 100 mL. Coolingto

-80 °C afforded brown plates. Concentrationof the mother liquorprovidedan

additionalcrop of crystalsfor a total yield of 1.96 g (3.58 mmol, 84.4% yield).

Mp203 °C (dec.). IR: 2719 (m), 1505 (m), 1352 (s), 1262 (w), 1159 (m),

1069 (m), 1023 (s), 941 (m), 791 (m), 612 (w), 584 (m), 543 (w), 427 (m),

393 (m), 353 (w). 1H NMR (C6D 6, 293 K, 90 MHz): 5 30.7 (VI/2 = 225 Hz).

ELMS: 546 (50,51); 547 (13,11); 548 (100,100); 549 (23,22); 550 (48,50); 551

(9,11). Magnetic Susceptibility: 5kG (5-50 K), l_eff= 3.76 _B, 0 = -4.4 K;

(160-300 K), I_e_= 4.96 liB, 0 = -68.6 K; 40kG (5-50 K), t_eff = 4.19 I_B, e =
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-13.4 K; (180-300 K), _eff = 4.87 I_B,e = -64.8 K. No EPR signal was observed in

methylcyclohexane glass (2 K).9

[(CsMes)Ni(p'Br)]2

This complex was synthesized using a modification of a published

procedure. 10 A solution of bis(pentamethylcyclopentadienyl)magnesium (1.55 g,

5.26 retool) in tetrahydrofuran (50 mL) was added to a slurry of NiBr2(1,2-

dimethoxyethane) (3.28 g, 10.6 mmol) in tetrahydrofuran (75 mL) at -10 °C.

Upon mixing, the solution immediately changed color from tan to red-brown and

a gray precipitate settled out. After stirringat -10 °C for 1 h, the volatile materials

were completely removed under reduced pressure at -10 °C and the residue was

extracted with cold pentane (-30 °C, 150 mL). The red-brown solution was

filtered and the filtrate was concentrated to ca. 100 mL. Cooling to -80 °C

afforded deep red microcrystals. Concentration of the mother liquor provided an

additional crop of crystals for a total yield of 0.82 g (1.5 mmol, 14% yield). The

compound did not melt to 330 °C. IR: 2724 (m), 1428 (m), 1262 (m), 1097 (m),

1067 (m), 1021 (s), 941 (w), 801 (s), 548 (w), 349 (s). 1H NMR (C6D6, 293 K, 90

MHz): 5 258 (Vl/2 = 300 Hz). ELMS: 544 (67,36); 545 (36,8); 546 (100,99); 547

(47,24); 548 (81,100); 549 (34,25); 550 (41,49); 551 (16,13); 552 (11,15). The

chlride analogue could not be prepared by a related reaction.
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Chapter I

(CsMes)3Co3(l_3-CH)(p-H)

(a) From (CsMes)Co(acac)

To a solutionof sublimed(CsMes)Co(acac)(1.75 g, 5.97 mmol) in diethyl

ether (120 mL) was added 7.7 mL of a 0.77M diethyl ether solution of

methyllithium(5.9 mmol) at 0 °C. Uponmixing,the solutionturnedblack and a

flocculentprecipitateformed after approximately15 rain. The reactionvessel

was ventedperiodicallyto the nitrogenmanifoldto releasepressure,presumably

due to methane evolution. After stirringat 0 °C for 2 h, the volatile materials

were removedunderreducedpressure.The residuewas extractedwith pentane

at roomtemperature(ca. 200 mL) and filtered. The filtratewas concentratedto

ca. 120 mL and cooledto -30 °C, affordingblack prisms. Concentrationof the

mother liquor provided additionalcrops of crystals. Recrystallizationof the

combined crops of crystals from pentane yielded pure material (0.78 g, 1.3

mmol, 66% yield). The compounddid not melt to 330 °C. IR: 2713 (m),

1409 (sh), 1371 (s), 1290 (w), 1158 (m), 1066 (m), 1024 (s), 976 (w), 946 (w),

900 (m), 856 (m), 834 (s), 609 (w), 539 (m), 487 (m), 409 (m), 371 (m). No

resonances were observed in the 1H NMR spectrum in C6D 6 at room

temperature. No distinctmolecularion was observed in the ELMS; instead a

broadenvelopeapproximately20 amuwide, centeredat 600 amu was observed.

MagneticSusceptibility(per cluster): 5kG (7-50 K), _eff= 2.41 !_B, El= -0.3 K;

(160-300 K), _l.eff= 2.73 I_B,e = -40.7 K; 40kG (5-50 K), P.eff= 2.42 I_B, e =

-0.9 K; (160-300 K), _l.eff = 2.70 _B, e = -35.9 K. SolutionMagnetic Moment

(303 K, C6D 6, 300 MHz, 0 = -38 K): 2.28 !1B. EPR (powder, 2%, doped into
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(05Me5)3Co3(_3-OH)2): 1.7 K, g = 2.157 (broad), gl/2 = 4.268. Anal. Calcd for

031H470o3: C, 62.4; H, 7.94. Found: C, 62.6; H, 7.94. If the (CsMes)Co(acac)

was not purified by sublimation, then the overall yield is reduced and the isolated

cluster is impure.

(b) From [(CsMe5)Co(I_-CI)]2

To a solution of [(C5Mes)CoCI]2(0.50g, 1.1 mmol) in diethyl ether (70 mL)

was added 3.4 mL of a 0.66M diethyl ether solution of MeLi (2.2 mmol) at 0 °C.

Upon mixing, the solution slowly changed color from deep brown to black and a

gray precipitate appeared. The reaction vessel was vented periodically to the

nitrogen manifold to release pressure, presumably due to methane evolution.

After stirring at 0 °C for 4 h, the solution was allowed to warm to room

temperature and stirred for another 12 h. The volatile materials were completely

removed under reduced pressure and the residue was extracted with pentane

(70 mL). The black solution was filtered and the filtrate was concentrated to ca.

50 mL. Cooling to -30 °C afforded black prisms. Concentration of the mother

liquor provided additional crops of crystals for a total yield of 0.26 g (0.44 mmol,

60% yield). This method is inferior because the isolated product has impurities

that cannot be separated by fractional crystallization.

(CsMes)3Ni3(II3-CH)(I_'H)

To a solution of sublimed (CsMe5)Ni(acac)(0.92 g, 3.1 mmol) in diethyl

ether (75 mL) was added 4.8 mL of a 0.77M diethyl ether solution of

methyllithium (3.7 mmol) at 0 °C. Upon mixing, the solution turned a chocolate

brown color and a flocculent precipitate formed after approximately 15 min. The

reaction vessel was vented periodically to the nitrogen manifold to release

pressure, presumably due to methane evolution. After stirring at 0 °C for 4 h, the
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solution was allowed to warm to room temperature and stirred for another 12 h.

The volatile materials were removed under reduced pressure. The residue was

extracted with pentane (120 mL) and filtered. The filtrate was concentrated to

ca. 70 mL and cooled to -30 °C, affording brown prisms. Concentration of the

mother liquor provided additional crops of crystals. Recrystallization of the

combined crops of crystals from pentane yielded pure material (0.38 g, 0.64

mmol, 61% yield). The compound did not melt to 330 °C. IR: 2715 (m),

1435 (sh), 1371 (s), 1261 (w), 1155 (m), 1065 (m), 1023 (s), 981 (m), 943 (w),

819 (s), 612 (w), 390 (m), 354 (s). No resonances were observed in the 1H NMR

in C6D6 at room temperature. ELMS, low res: 593 (83,86); 594 (29,40); 595

(100,100); 596 (38,41); 597 (56,54); 598 (21,21); 599 (22,21); 600 (8,8); 601

(7,6). ELMS, high res: Calcd: 593.1738 (58Ni3), 595.1693 (58Ni260Ni); Found'

593.1725, 595.1681. Magnetic Susceptibility (5-300 K) (per cluster)' 5kG, llef f =

1.93 !_B, e =-8.23 K; 40kG, _eff = 1.86 ILLB, e = -4.28 K. Solution Magnetic

Moment (303 K, C6D6, 300 MHz)" 1.77 !_B. EPR: 298 K, g = 2.046; 88 K, g± =

2.114, gll = 2.009. Anal. Calcd for 031H47Ni3: C, 62.5; H, 7.95. Found: C,

62.9; H, 7.95.

(CsMes)3Co3(P3-CH)2

(a) From carbon tetrachloride

To a solution of (C5Me5)3Co3(P3-CH)(l.L-H) (0.07 g, 0.1 mmol) in toluene

(50 mL) was added 11.5 ILL of CCI4 (0.1 mmol). Upon mixing, the solution ve_'y

gradually changed color from black to red-purple and a black precipitate settled

out. After stirring at room temperature for 24 h, the volatile materials were

completely removed under reduced pressure and the residue was extracted with

pentane (65 mL). The red-purple solution was filtered and the filtrate was
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concentrated to ca. 15 mL. Cooling to -80 °C afforded purple prisms for a total

yield of 0.02 g (0.03 mmol, 27% yield). The compound did not melt to 330 °C.

IR: 2714 (m), 1687 (s), 1484 (sh), 1406 (w), 1371 (s), 1160 (m), 1069 (m),

1024 (m), 989 (w), 945 (w), 906 (w), 856 (s), 836 (w), 611 (w), 570 (w), 538 (s),

450 (w), 409 (s). 1H NMR (CsD6, 293 K, 90 MHz): 6 16.99 (s, 2H, I_3-CH),1.74 l

(s, 45H, CMs..M_e.es).ELMS: 608 (100,100); 609 (36,36); 610 (7,6). Anal. Calcd for

032H470o3: C, 63.2; H, 7.78. Found: C, 63.3; H, 8.02.

(b) From aqueous acid

To a solution of (CsMe5)3Co3(I.t3-CH)(_-H)(0.20 g, 0.33 mmol) in diethyl

ether (70 mL) was added 0.15 mL of a 12M degassed aqueous solution of

hydrochloric acid (1.8 mmol). Upon mixing, the solution slowly changed color

from black to reddish-purple and a blue colored precipitate settled out (0oCI2).

After stirring at room temperature for 16 h, the volatile materials were completely

removed under reduced pressure and the residue was extracted with pentane

(70 mL). The red-purple solution was filtered and the filtrate was concentrated to

ca. 30 mL. Cooling to -80 °C afforded purple prisms for a total yield of 0.03 g

(0.05 mmol, 15% yield).

(CsMes)3Co3(I_3"CH)(_2-H)3

A solution of (C5Mes)3Co3(_3-CH)(#-H)(0.22 g, 0.37 mmol) in hexane

(150 mL) was placed in a Fischer-Porter high pressure reaction vessel. The

atmosphere above the solution was flushed 3 times with hydrogen gas before a

static pressure of hydrogen (11 atm) was applied to the system. Upon mixing,

the solution very slowly changed color from dark brown to dark green. After

stirring at room temperature for 9 days, the mixture was transferred to a Schlenk

tube. The dark green solution was filtered and the filtrate was concentrated to
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ca. 60 mL. Cooling to -30 °C afforded black plates. Concentration of the mother

liquor provided an additional crop of crystals for a total yield of 0.19 g (0.32

mmol, 86% yield). Mp 297 °C. IR: 2713 (w), 1675 (m), 1407 (sh), 1357 (m),

1261 (m), 1186 (m), 1156 (w), 1098 (w), 1068 (w), 1022 (s), 942 (w), 854 (m),

832 (s), 804 (m), 732 (w), 611 (m), 557 (m), 541 (m), 413 (m), 401 (m). 1H NMR

(CsDs, 293 K, 400 MHz): q516.92 (s, 1 H, _3-CH), 1.77 (s, 45 H, C_s ), -32.06

(s, 3 H, 1_2-H). ElMS (M-H2)+: 596 (100,100); 597 (34,34); 598 (7,6). FAB MS

(M+): 598 (100,100); 599 (34,34); 600 (8,6). Anal. Calcd for 031H470o3: C,

62.2; H, 8.25. Found: C, 62.2; H, 8.42.

Reaction of (CsMes)3Ni3(P3-CH)(p-H) with CCI 4

To a solution of (CsMes)3Ni3(P3-CH)(p-H) (0.16 g, 0.27 mmol) in toluene

(65 mL) was added 28 ILL of CCI4 (0.29 mmol). Upon mixing, the solution

gradually changed color from brown to very pale yellow and a tan precipitate

formed. After stirring at room temperature for 12 h, the solution was filtered and

the volatile materials were corrpletely removed from the filtrate under reduced

pressure. The resulting residue was extracted with pentane (40 mL). The clear

solution was filtered and the filtrate was concentrated to ca. 10 mL. Cooling to

-80 °C afforded white plates of (1-chlo ro)(1-chlo romethyl)-3,4,5,6-

tetramethylfulvene for a total yield of 0.04 g (0.18 mmol, 23% yield). Mp 103-105

°C. IR: 2854 (s), 1300 (w), 1260 (m), 1217 (m), 1099 (w), 1016 (w), 1002 (w),

962 (w), 904 (m), 827 (m), 755 (w), 742 (w), 683 (m), 600 (m), 578 (w), 528 (m).

1H NMR (C6D6, 293 K, 400 MHz): 5 4.23 (s, 2 H, -CH2CI ), 2.34 (s, 3 H), 2.17 (s,

3 H), 1.97(s, 3H), 1.76(s, 3H). 13C NMR(CsD s, 293 K, 23.6 MHz): 5 135.1

(s), 134.7 (s), 134.3 (s), 133.6 (s), 133.2 (s), 132.9 (s), 42.4 (t, 1Jc.H = 150 Hz),

18.0 (q, 1Jc.H = 127 Hz), 16.9 (q, 1Jc.H = 127 Hz), 16.8 (q, 1Jc.H= 126 Hz), 15.8

(q, 1Jc.H = 127 Hz). ELMS, low res: 216 (100,100); 217 (15,12); 218 (65,65);
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219 (8,8); 220 (11,11). ELMS,high res: Calcd: 216.0472; Found: 216.0469.

The initial tan precipitate was insoluble in all solvents and was identified by

infrared spectroscopy as NiCI2.

Reaction of (CsMes)3Co3(iL[3-CH)(ll-H)with CO

A solution of (CsMes)3Co3(I_3-CH)(I_-H)(0.07 g, 0.1 mmol)in hexane (50

mL) was placed in a Fischer-Porter high pressure reaction vessel. The

atmosphere above the solution was flushed 3 times with carbon monoxide

before a static pressure of CO (3 atm) was applied to the system. Upon mixing,

the solution gradually changed color from dark brown te red-brown. After stirring

at room temperature for 4 days, the mixture was transferred to a Schlenk tube.

The volatile materials were completely removed under reduced pressure and the

residue was extracted with pentane (75 mL). The red-brown solution was filtered

and the filtrate was concentrated to ca. 25 mL. Cooling to -80 °C afforded red-

brown microcrystals. Concentration of the mother liquor provided an additional

crop of crystals for a total yield of 0.04 g. Infrared analysis indicated the product

was a mixture of (CsMe5)Co(CO)2 (Vco: 2008, 1883 cm"1 (Nujol); Lit. 2011,

1949 cm-1 (methylcyclohexane))11and (05Me5)3Co3(_L3-CO)2 (Vco: 1678 cm"1

(Nujol); Lit. 1685 cm"1(hexane)).12

Reaction of (CsMes)3Co3(P3-CH)(p2-H)3with CO

A solutionof (CsMes)3Co3(I_3-CH)(I_2-H)3(0.03 g, 0.05 retool)in hexane

(40 mL) was placed in a Fischer-Porterhigh pressure reaction vessel. The

atmosphere above the solution was flushed 3 times with carbon monoxide

before a staticpressureof CO (3 atm)was appliedto the system. Upon mixing,

the solutiongraduallychangedcolorfrom darkbrownto red-brown. After stirring

at roomtemperaturefor 4 days,the mixturewas transferredto a Schlenktube.
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The red-brown solutionwas filtered and the filtrate was concentrated to ca,

15 mL. Coolingto -80 °C affordedred-brownmicrocrystalsfor a total yield of

0.029. The IR spectrum was identical to that found in the reaction of

(CsMes)3Co3(I_3-CH)(p.-H)withCO.

Reaction of (CsMes)aNi3(I_a-CH)(I_-H)with CO

A solutionof (C5Mes)3Ni3(I_3-CH)(tI-H)(0.05 g, 0.08 mmol) in hexane (35

mL) was placed in a Fischer-Porterhigh pressure reaction vessel. The

atmosphere above the solutionwas flushed 3 times with carbon monoxide

before a staticpressureof CO (15 atm) was appliedto the system. Uponmixing,

the solutionslowlychangedcolorfrom brownto clear red. Afterstirringat room

temperaturefor 14 h, the mixturewas transferredto a Schlenktube. The red

solutionwas filteredand the filtratewas concentratedto approximately15 mL.

Cooling to -80 °C afforded red plates. Concentrationof the mother liquor

providedan additionalcropof crystalsfor a totalyieldof 0.04 g (0.09 mmol,72%

yield). Characterizational data is consistent with the product being

[(CsMe5)NiCO]2(Lit. Vco: 1857, 1815 cm"1(cyclohexane)).13 Mp 170-171 °C.

IR: 3633 (m), 2735 (w), 2725 (w), 1859 (s), 1805 (vs), 1505 (m), 1355 (s), 1261

(m), 1151 (m), 1099 (w), 1067 (w), 1027 (s), 941 (m), 907 (w), 803 (m), 645 (vs),

611 (s), 587 (sh), 541 (m), 486 (s), 392 (sh), 374 (s). ELMS:442 (100,100); 443

(25,25); 444 (78,80); 445 (23,22); 446 (30,28); 447 (9,8), 448 (8,8); 449 (2,2);

450 (2,2).
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(CsMes)Co(acac)

A solutionof bis(pentamethylcyclopentadienyl)magnesium(1.15 g, 3.90

mmol) in tetrahydrofuran (75 mL) was added to a slurry of bis(2,4-

pentanedionato)cobalt(ll)(2.01 g, 7.82 retool)in tetrahydrofuran(50 mL). Upon

mixing, the solutionimmediatelychanged color from pinK to deep red. After

stirringat room temperature for i h, the volatile materials were completely

removed under reduced pressureand the residue w_s extracted with diethyl

ether (125 mL). The deep red solutionwas filtered and the filtrate was

concentrated to ca. 40 mL. Cooling to -80 °C afforded deep red plates.

Concentrationof the mother liquorprovidedan additionalcrop of crystalsfor a

total yield of 1.86 g (6.34 mmol, 81.!% yield). Sublimationat 60 °C under

dynamic vacuum (oil diffusionpump) is necessaryto separate (CsMes)Co(acac)

from a minorvolatileimpurity. Mp 112-113 °C. IR: 2743 (w), 2723 (w), 2457

(w), 1958 (w), 1530 (vs), 1383 (s), 1365 (s), 1281 (s), 1193 (m), 1161 (m), 1069

(m), 1025 (s), 935 (m), 798 (s), 780 (s), 686 (w),660 (m), 634 (m), 626 (m), 590

(w), 470 (s), 420 (m), 398 (m), 352 (w). No resonanceswere observedin the 1H

NMR spectrumin C6D6 at roomtemperature. ELMS: 293 (100,100); 294 (17,

19); 295 (2,2). MagneticSusceptibility(5-300K): 5kG, l_eff = 1.94 I_B, 0 = -8.69

K; 40kG, l_eff= 1.91 _a, 0 = -6.53 K. SolutionMagneticMoment (303 K, CBD6,

90MHz)' 1.861_B. EPR: 298K, g=2.099, Ao=45.17G;2K,g1 =1.970,A 1=

43.11 G, 92= 2.091, A2 was not observeddue to line width,g3 = 2.241, A3 =

105.47 G.
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(CsMes)Ni(acac)

A solution of bis(pentamethylcyclopentadienyl)magnesium(1.76 g, 5.97

mmol) in tetrahydrofuran (70 mL) was added to a solution of bis(2,4-

pentanedionato)nickel(ll)(3.01 g, 11.7 retool)in tetrahydrofuran(70 mL). Upon

mixing,the solutionimmediatelychangedcolor from brightgreen to deep red.

After stirringat roomtemperaturefor 1 h, the volatilematerialswere completely

removed under reduced pressure and the residue was extracted with diethyl

ether (150 mL). The deep red solution was filtered and the filtrate was

concentrated to ca. 60 mL. Cooling to -80 °C afforded deep red plates.

Concentrationof the mother liquor providedan additionalcrop of crystalsfor a

total yield of 2.89 g (9.86 retool, 84.3% yield). Mp 98-99 °C. IR: 2735 (w),

2721 (w), 2453 (w), 1956 (w), 1550 (vs), 1390 (vs), 1276 (s), 1262 (s), 1196 (m),

1154 (m), 1066 (w), 1022 (s), 933 (s), 791 (s), 775 (s), 687 (w), 659 (m), 627 (m),

619 (m), 587 (w), 575 (w), 549 (w), 464 (s), 420 (m), 386 (m), 356 (w). 1HNMR

(C7D8, 299 K, 90 MHz): 5 63.40 (15H, Cs._.._5,1.)1/2= 30 Hz), -2.32 (6H,

acac-C..l_l_,_1/2 = 3 Hz),-10.04 (1H, acac-C_, "ol]2 = 5 Hz). ELMS: 292

(100,100); 293 (17,18); 294 (40,39); 295 (8,8); 296 (6,6). Solution Magnetic

Moment (303 K, C6D 6, 90 MHz): 1.32 I_a. Magneticsusceptibilitymeasurements

(5-300K) haveZM< 0 below-140 K, and ZM> 0 abovethistemperature.

(CsMes)Ni(acac)PMe3

To a solutionof sublimed(CsMe5)Ni(acac)(0.30 g, 1.0 mmol) in pentane

(40 mL) was added0.11 mL of trimethylphosphine(1.1 mrnol). Uponmixing,the

solutionimmediatelychangedcolorfromredto red-orange. Afterstirringat room

temperaturefor 15 rain, the solutionwas concentn'_d to ca. 20 mL. Coolingto

-80 °C afforded red-orangeplates. Concentrationof the motherliquorprovided

an additionalcrop of crystalsfor a total yieldof 0.35 g (0.95 retool, 93% yield).
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Mp 75-77 °C. IR: 3078 (w), 2742 (w), 2718 (w), 1594 (vs), 1514 (s), 1400 (vs),

1320 (sh), 1304 (m), 1284 (m), 1254 (m)0 11_4 (m), 1014 (m), 949 (s), 919 (m),

839 (m), 797 (w), 791 (w), 755 (m), 733 (m), 671 (w), 651 (w), 629 (w), 619 (w),

557 (m), 465 (w), 409 (m). IH NMR (C7De, 297 K, 90 MHz): 8 202 (15H, Cs_s,

1)1/2= 300 HZ), 69.6 (6H, acac-CJ::]3,_1/2 = 145 Hz), 5.80 (9H, PCJ::_,_1/2 = 20

Hz), -14.74 (1H, acac-CH, t_t/2= 35 Hz). Anal. Calcd for CleH31NiO2P: C, 58.6;

H, 8.46. Found: C, 58.3; H, 7.89.

(CsMes)NI(acac)PEt3

To a solution of sublimed (CsMes)Ni(acac) (0.34 g, 1.2 mmol) in pentane

(50 mL) was added 0.17 mL of triethylphosphine (1.2 mmol). Upon mixing, the

solution immediately changed color from red to red-orange. After stirringat room

temperature for 15 min, the solution was concentrated to ca. 25 mL. Cooling to

-80 °C afforded very thin red-orange plates. Concentration of the mother liquor

provided an additional crop of crystals for a total yield of 0.38 g (0.92 mmol, 80%

yield). Mp 79-81 °C. IR: 3072 (m), 2741 (w), 2725 (w), 1595 (s), 1509 (s), i402

(vs), 1380 (m), 1370 (m), 1331 (sh), 1254 (s), 1190 (m), 1039 (s), 1013 (m), 919

(m), 763 (s), 719 (m), 701 (w), 667 (w), 652 (w), 626 (w), 554 (m), 462 (w), 406

(m). 1H NMFI (CTD8, 301 K, 90 MHz): _ 141.3 (15H, C_. S, _1/2 = 325 Hz), 36.1

(6H, acac-CH__3,_1/2 = 145 Hz), 2.22 (6H, PC_2CH 3, _1/2 = 15 Hz), 1.92 (9H,

PCH2C.H--3,_1/2 = 20 Hz), -12.6 (1H, acac-Cl--], "ulj2 = 30 Hz). _ Calcd for

C21H37NiO2P: C, 61.3; H, 9.07. Found: C, 61.4; H, 9.31.
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[(CsMes)CoCI(p"cl)]=

A solutionof [(CsMes)CoCI]2 (0.29 g, 0.63 mmol) in dlchloromethane(45

mL) was added to a slurryof CuCI (0.14 g, 1.4 mmol) in dichloromethane(25

mL). Upon mixing,the solutionverygraduallychangedcolorfromdarkbrownto

deep green and finely divided copper metal settledout. After stirringat room

temperature for 24 h, the deep green solutionwas filteredand the filtratewas

concentratedto approximately40 mL. The resultingsolutionwas dilutedwith ca.

40 mL of pentane, and coolingthis solutionto -80 °C afforded deep green

needles. Concentrationof the mother liquor providedan additionalcrop of

crystalsfor a totalyieldof 0.32 g (0.60 retool, 96% yield). Mp 280 °C (dec.). IR:

2728 (w), 1486 (m), 1262 (s), 1164 (sh), 1097 (s), 1021 (s), 959 (w), 865 (m),

803 (s), 703 (w), 592 (w), 542 (w), 442 (m), 398 (m), 316 (w), 288 (m). 1H NMR

(C6Ds, 293 K, 300 MHz): _ 0.75 (vl/2 = 5 Hz) (Lit.14 5 1.06 (CD2CI2),8 1.20

(CD3NO2)). ElMS (M-CI2)*: 458 (100,100); 459 (23,22); 460 (69,67); 461

(15,15); 462 (11,12); 463 (3,2). FAB MS (sulfolane;(M-CI)*)' 493 (92,100); 494

(10,22); 495 (100,100); 496 (11,22); 497 (15,34).

(CsMes)Co(Cl)PMe3

To a solutionof [(CsMes)CoCI]2(0.20 g, 0.44 mmol) in dichloromethane

(20 mL) was added0.12 mL of trimethylphosphine(1.2 mmol). Uponmixing,the

solutionimmediatelychangedcolorfrom deep brownto clear red. After stirring

at room temperature for 1 h, the volatilematerialswere completelyremoved

under reducedpressureand the residuewas extractedwith pentane (60 mL).

The red solutionwas filtered and the filtrate was concentratedto ca. 30 mL.
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Cooling to -30 °C afforded red plates. Concentrationof the mother liquor

providedan additionalcropof crystalsfor a totalyieldof 0.24 g (0.78 mmol,89%

yield). Mp 1i2-115 °C. IR: 2728 (m), 1418 (m), 1355 (sh), 1299 (m), 1279 (s),

1274 (s), i161 (m), 1130 (w), 1071 (m), 1024 (m), 956 (s), 850 (m), 794 (w),

735 (s), 673 (m), 586 (w), 518 (w), 414 (m), 374 (m), 334 (m), 292 (m). 1HNMR

(C6De, 293 K, 90 MHz): 8-2.75 (vl/2 = 190 Hz) (no other resonanceswere

observedat this temperature). ELMS: 305 (100,100); 306 (15,15); 307 (34,33);

308 (5,5). _ Calcd for C13H24CoCIP:C, 51.1; H, 7.91. Found: C, 50.6; H,

7.62.
l

(CsMes)Co(Br)PMe3

To a solutionof [(CsMes)CoBr]2(0.24 g, 0.44 mmol) in dichloromethane

(40 mL) was added 0.10 mL of trimethylphosphine(0._7 mmol). Upon mixing,

the solutionimmediatelychanged color from deep brown to clear red. After

stirringat room temperature for 3 h, the volatile materials were completely

removedby exposingthe solidto dynamicvacuumovernight. The residuewas

extractedwith a 3:1 hexane:dichloromethanemixture(40 mL). The red solution

was filteredand the filtrate was concentratedto ca. 20 mL. Coolingto -30 °C

afforded red plates for a total yield of 0.20 g (0.57 mmol, 65% yield). Mp

121-122°C. IR: 2728 (w), 1497 (sh), 1430 (sh), 1417(m), 1356 (w), 1298 (w),

1280 (s), 1274 (s), 1158 (m), 1071 (w), 1023 (m), 957 (s), 940 (sh), 850 (m),

794 (w), 732 (s), 728 (sh), 673 (s), 587 (w), 410 (m), 366 (m). 1HNMR (C6D6,

293 K, 90 MHz): _-1.89 (vl/2 = 150 Hz) (no otherresonanceswereobservedat

this temperature). ELMS: 349 (100,100); 350 (29,15); 351 (89,98), 352 (19,14).

Calcd for C13H24CoBrP:C, 44.6; H, 6.91. Found: C, 44.5; H, 6.62.
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(CsMes)Co(Cl)PEt3

To a solutionof [(CsMes)CoCI]2 (0.22 g, 0.48 mmol) in dichloromethane

(70 mL) was added0.15 mL of triethylphosphine(1.0 mmol). Upon mixing,the

solutionimmediatelychangedcolorfrom deep brownto clear red. After stirring
I

at room temperature for 6 h, the volatile materialswere completelyremoved

under reduced pressureand the residuewas extractedwith pentane (90 mL).

The red solutionwas filtered and the filtrate was concentratedto ca. 40 mL.

Cooling to -30 °C afforded red blocks. Concentrationof the mother liquor

providedan additionalcropof crystalsfor a totalyieldof 0.32 g (0.92 mmol,96%

yield). Mp 160-162 °C. IR: 2724 (w), 1421 (w), 1358 (w), 1250 (m), 1242 (m),

1157 (m), 1068 (w), 1034 (s), 984 (w), 970 (w), 944 (w), 770 (s), 718 (s), 675 (w),

633 (m), 586 (w), 541 (w), 433 (w), 404 (m), 346 (w), 328 (w), 291 (w). 1H NMR

(C6D6, 293 K, 90 MHz): _-0.65 (vl/2 = 160 Hz) (no other resonanceswere

observedat this temperature). ELMS: 347 (100,100); 348 (19,18); 349 (33,34);

350 (7,6). Magnetic Susceptibility(5-300 K): 5kG, P.eff= 1.75 I_B,9 = -1.19 K;

40kG, _eff = 1.77 P.B,e = -1.82 K. EPR: 77 K, gl = 1.971, A 1 = 20.90 G, g2 =

2.080, A2 was not observed due to line width, g3 = 2.279, A3 = 77.89 G (31p

superhyperfine on g3 (only) was 20.5 G). _ Calcd for 016H30CoCIP: C,

55.3; H, 8.69. Found: C, 54.8; H, 9.10.

(CsMes)Co(Br)PEt3

to a solutionof [(CsMes)CoBr]2 (0.34 g, 0.62 mmol) in dichloromethane

(40 mL) was added 0.20 mL of triethylphosphine(1.4 retool). Uponmixing,the

solutionimmediatelychangedcolor from deep brownto clear red. After stirring

at room temperature for 6 h, the volatilematerials were completelyremoved

under reduced pressureand the residuewas extractedwith pentane (100 mL).

The red solution was filtered and the filtrate was concentratedto ca. 75 mL.
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Cooling to -30 °C afforded red blocks. Concentration of the mother liquor

provided additional crops of crystals for a total yield of 0.43 g (1.1 mmol, 88%

yield). Mp 170-171 °C. IR: 2725 (w), 1497 (sh), 1420 (w), 1355 (w), 1250 (m),

1242 (m), 1158 (w), 1067 (w), 1035 (s), 984 (w), 972 (w), 941 (w), 769 (s),

718 (s), 673 (w), 635 (m), 432 (w), 401 (m), 328 (w). 1H NMR (C6D6, 293 K, 90

MHz): (5 -0.64 (Vl/2 = 100 Hz) (no other resonances were observed at this

temperature). ELMS: 391 (100,100); 392 (18,18); 393 (96,99); 394"(16,18).

EPR: 81 K, gl = 1.993, A1 = 20.94 G, g2 = 2.102, A2 was not observed due to

line width, g3 = 2.302, A 3 = 70.04 G (31p superhyperfine on g3 was not resolvable

due to splitting by 79/81Br). Anal. Calcd for C16H30CoBrP: C, 49.0; H, 7.71.

Found: C, 48.7; H, 7.89.

(CsMes)Co(Me)PEt3

To a solution of (CsMe5)Co(acac) (0.33 g, 1.1 mmol) and

triethylphosphine (0.185 mL, 1.25 mmol) in diethyl ether (60 mL) was added 1.5

mL of a 0.77M diethyl ether solution of MeLi (1.2 mmol). Upon mixing, the

solution remained red, and a gray precipitate formed. After stirring at room

temperature for 20 h, the volatile materials were completely removed under

reduced pressure and the residue was extracted with pentane (60 mL). The red

solution was filtered and the filtrate was concentrated to ca. 20 mL. Cooling to

-80 °C afforded red plates. A second recrystallization from pentane was

necessary to remove a small amount of (CsMes)Co(acac), producing the

phosphine complex in a yield of 0.24 g (0.73 mmol, 65% yield). Mp 94-95 °C.
i

IR: 2715 (w), 2237 (w), 1433 (sh), 1400 (w), 1247 (m), 1161 (w), 1130 (m),

1106 (w), 1034 (s), 1021 (s), 999 (w), 985 (w), 965 (w), 765 (s), 713 (s), 667 (m),

628 (s), 586 (w), 505 (m), 433 (m). 1H NMR (CsD6, 293 K, 90 MHz): (5-1.68

(Vl/2 = 100 Hz) (no other resonances were observed at this temperature). ELMS:
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327 (100,100); 328 (24,19). EPR: 298 K, g = 2.138; 84 K, gl = 2.017, A1 =

29.76 G, g2 = 2.075, A2 = 24.79 G, g3 = 2.322, A3 = 60.93 G (31p superhyperfine

on g3 (only) was 25.6 G). Anal. Calcd for C17H33CoP: C, 62.4; H, 10.16.

Found: C, 62.0; H, 10.41.

(CsMes)Ni(Br)PEt3

To a solution of [(CsMes)NiBr]2(0.27 g, 0.49 mmol) in dichloromethane

(60 mL) was added 0.15 mL of triethylphosphine(1.0 mmol) at -20 °C. Upon

mixing, the solutionimmediatelychanged color from red-brownto clear red:

After stirringat -20 °C for 3 h, the volatilematerialswere completelyremoved

under reducedpressureand the residuewas extractedwith pentane (150 mL).

The red solutionwas filtered and the filtrate was concentratedto ca. 60 mL.

Cooling to -30 °C afforded red blocks. Concentrationof the mother liquor

providedan additionalcropof crystalsfor a totalyieldof 0.26 g (0.66 mmol,67%

yield). Mp 165-167 °C (dec.). IR: 2726 (w), 1532 (w), 1420 (s), 1346 (s),

1250 (m), 1240 (m), 1156 (m), 1066 (w), 1034 (s), 1022 (sh), 982 (w), 972 (w),

942 (w), 768 (s), 720 (s), 678 (m), 636 (m), 618 (w), 570 (w), 540 (w), 439 (m),

377 (m), 329 (w). 1H NMR (C6D6, 293 K, 300 MHz): 5 1.49 (d, 15 H, CMs_.M__5,

4Jp.H = 1.5 Hz), 1.40 (d of q, 6 H, CH2CH 3, 2Jp. H = 8.5 Hz, 3JR.H = 7.5 Hz), 0.93

(d of t, 9 H, CH2CH_.3, 3Je.H = 16 Hz, 3JR.H = 7.5 HZ). 31P{1H}NMR (0606, 293 K,

121.5 MHz): _ 24.53. ELMS: 390 (72,73); 391 (14,13); 392 (100,100); 393

(20,19); 394 (33,33); 395 (7,7); 396 (5,5). Anal. Calcd for C16H3oNiBrP: C,

49.0; H, 7.71. Found: C, 48.9; H, 7.80.

(CsMes)Ni(Me)PEt3

To a solution of (CsMe5)Ni(acac)(0.83 g, 2.8 mmol) and triethylphosphine

(0.41 mL, 2.8 mmol) in diethylether (60 mL) was added 3.7 mL of a 0.77M
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diethyl ether solution of MeLi (2.8 mmol) at 0 °C. Upon mixing, the solution

immediately changed color from red to brown and a gray precipitate formed.

After stirring at 0 °C for 4 h, the volatile materials were completely removed

under reduced pressure and the residue was extracted with pentane (75 mL).

The brown solution was filtered and the filtrate was concentrated to ca. 30 mL.

Cooling to -80 °C afforded deep green plates. Concentration of the mother liquor

provided an additional crop of crystals for a total yield of 0.75 g (2.3 mmol, 81%

yield). Mp 88-89 °C. IR: 2722 (w), 2268 (w), 1431 (sh), 1421 (sh), 1359 (m),

1249 (m), 1161 (w), 1143 (s), 1063 (w), 1035 (s), 1023 (s), 999 (sh), 985 (w),

965 (w), 945 (w), 767 (s), 715 (s), 869 (w), 631 (m), 587 (w), 545 (w), 515 (m),

445 (m), 405 (w), 363 (m), 332 (w), 303 (w). 1H NMR (C6D6, 293 K, 300 MHz):

_51.80 (d, 15 H, CM._.M_ee5, 4Je.H = 0.8 Hz), 5 1.17 (d of q, 6 H, CH2CH3, 2Je.H = 7.5

Hz, 3JR. H = 7.5 Hz), 0.84 (d of t, 9 H, CH2CH_H_.3,3Je. H = 15 Hz, 3JR. H = 7.5 HZ),

-0.94 (3 H, Ni-CH_.3, 3Je. H - 6 Hz). 31p{1H} NMR (CsD 6, 293 K, 121.5 MHz):

8 34.92. ELMS: 326 (100,100); 327 (19,19); 328 (40,40); 329 (9,9); 330 (6,6).

Anal. Calcd for C17H33NiP: C, 62.4; H, 10.17. Found: C, 62.2; H, 10.74. The

methyl complex did not react with either H2 (18 atm) or ethylene (9 atm).

(CsMes)Co(Cl)2PEt3

To a solution of [(C5Mes)CoCI2]2 (0.05 g, 0.09 mmol) in dichloromethane

(40 mL) was added 28 IlL of triethylphosphine (0.19 mmol). Upon mixing, the

solution immediately changed color from deep green to violet. After stirring at

room temperature for 10 min, the volatile materials were completely removed

under reduced pressure and the residue was extracted with diethyl ether (60

mL). The violet solution was filtered and the filtrate was concentrated to ca. 25

mL. Cooling to -80 °C afforded violet prisms. Concentration of the mother liquor

provided an additional crop of crystals for a total yield of 0.05 g (0.13 mmol, 69%
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yield). Mp 140-142 °C. IR: 2734 (w), 1508 (w), 1424 (m), 1358 (sh), 1260 (m),

1161 (w), 1103 (w), 1071 (w), 1037 (s), 1023 (sh), 803 (w), 754 (s), 718 (s),

700 (sh), 684 (w), 660 (w), 624 (w), 610 (w), 540 (w), 446 (w), 405 (s), 329 (w),

291 (w). 1H NMR (C6O6, 293 K, 300 MHz): 5 1.83 (d of q, 6 H, CH2CH3, 2Je.H =

10 HZ, 3JR. H = 7.5 Hz), 1.00 (d, 15 H, CMs..M.e_e5, 4Je. H - 1.5 Hz), 0.97 (d of t, 9 H,

CH2CH__.3, 3Je. H = 14 Hz, 3JR. H = 7.5 Hz). 31p{1H} NMR (C6D6, 293 K, 162 MHz):

5 25.25 (vl/2 = 110 Hz). FAB MS (sulfolane): 382 (100,100); 383 (68,17); 384

(78,61); 385 (41,11); 386 (14,10). Anal. Calcd for C16H3oCoCI2P: C, 50.2; H,

7.89. Found: C, 50.2; H, 8.11.
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Chapter 4

(CsMes)Co(CsHs)

This complex was synthesized according to a published procedure, is To

a solution of (CsMe5)Co(acac) (0.58 g, 2.0 retool) in tetrahydrofuran (70 mL) was

added 1.05 mL of a 1.88M tetrahydrofuran solution of cyclopentadienylsodium

(1.97 retool). Upon mixing, the solution immediately changed color from deep

red to dark brown and a white precipitate formed. After stirring at room

temperature for 4 h, the volatile materials were completely removed under

reduced pressure and the residue was extracted with pentane (60 mL). The dark

brown solution was filtered and the filtrate was concentrated to ca. 20 mL.

Cooling to -80 °C afforded green-black plates. Concentration of the mother

liquor provided an additional crop of crystals, which were combined and

sublimed at 30 °C under dynamic vacuum (oil diffusion pump) for a total yield of

0.38 g (1.5 retool, 74% yield). Mp 106-107 °C. IR: 3100 (m), 2721 (w), 1725

(m), 1639 (m), 1548 (m), 1465 (s), 1415 (m), 1355 (sh), 1260 (w), 1104 (m),

1068 (m), 1026 (s), 998 (s), 779 (vs), 725 (sh), 581 (m), 425 (m), 395 (w), 300

(m). No resonances were observed in the 1H NMR spectrum in C6D6 at room

temperature. ELMS: 259 (100,100); 260 (16,17). Magnetic Susceptibility (5-300

K): 5kG, l%ff = 1.76 #B, e = -7.78 K; 40kG, ,U.eft = 1.77 ILl.B,() = -7.34 K. EPR:

4.5 K, g± = 1.946, A± = 163.47 G, gll = 1.818, All was not observed due to line

width. Anal. Calcd for C15H2oCo: C, 69.5; H, 7.78. Found: C, 69.8; H, 8.22.

(CsMes)Ni(CsH5)

This complex was synthesized according to a published procedure. 15 A

solution of bis(cyclopentadienyl)magnesium (0.42 g, 2.6 mmol) in tetrahydrofuran
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(70 mL) was added to a solution of (CsMes)Ni(acac)(1.50 g, 5.11 mmol) in

tetrahydrofuran (100 mL) at 0 °C. Upon mixing, the solution immediately

changed color from red to bright green and a white precipitate formed. After

stirring at 0 °C for 4 h, the volatile materials were completely removed under

reduced pressure and the residue was extracted with pentane (80 mL). The

bright green solution was filtered and the filtrate was concentrated to ca. 50 mL.

Cooling to -80 °C afforded bright green plates. Concentration of the mother

liquor provided additional crops of crystals, which were combined and sublimed

at 35 °C under dynamic vacuum (oil diffusion pump) for a total yield of 1.14 g

(4.40 mmol, 86.1% yield). Mp 111-112 °C (Lit.16116 °C). IR: 3101 (m), 2723

(w), 1734 (m), 1634 (m), 1539 (m), 1466 (m), 1423 (s), 1263 (w), 1067 (w), 1023

(s), 1003 (vs), 869 (w), 773 (vs), 731 (w), 587 (w), 398 (sh), 376 (s). 1H NMR

(C6D6, 293 K, 90 MHz): (5230 (15 H, CMs..M__e,vl/2 = 350 Hz),-208 (5 H, C5_H_Hs,v

1/2= 430 Hz). ELMS: 258 (100,100); 259 (19,17), 260 (40,40); 261 (9,8); 262

(6,6). Magnetic Susceptibility (25-300 K)" 5kG, _eff= 3.05 _B, e = -48.3 K; 40kG,

_eff= 3.07 _B, e = -49.3 K. No EPR signal was observed in methylcyclohexane

glass (4 K).
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X.ray Grystallo_oraphicStudies

(CsMes)3Co3(P3-CH)(I_-H)

Black hexagonal prisms of the complex were grown from a pentane

solution at -30 °C. A crystal of approximate dimensions 0.42 mm x 0.30 mm x

0.26 mm was isolated and placed in Paratone N oil.17 The crystal was mounted

on the end of a cut quartz capillary tube and placed under a flow of cold nitrogen

on an Enraf-Nonius CAD4 diffractometer.18 The solidified oil held the crystal in

place and protected it from the atmosphere. The temperature was stabilized at

-98 °C with an automated flow apparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensions and an orientation matrix were determined by a least-squares fit to

the setting angles of the unresolved MoK(xcomponents of 2_ symmetry related

reflections. The dimensions and volume of the unit cell suggested trigonal

symmetry with 2 molecules in the unit cell. Details of the unit cell, collection

parameters, and structure refinement are listed in Table 1.

A set of three standard reflections (-6, 4, 1; 0, 7, -1; 2, -3, 6) was chosen

to monitor intensity and crystal orientation. The intensity was checked after

every hour of X-ray exposure time and showed no appreciable decay over the

course of the data collection. The crystal orientation was checked after every

200 reflections and was reoriented if any of the standard reflections were offset

from their predicted position by more than 0.1°. The crystal orientation matrix

was reoriented one time during the data collection.

The 1960 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization
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effects.lg,20,21 An empiricalabsorptioncorrectionwas applied to the data based

on averaged azimuthal psi scans for three reflections with % > 800.22

Examinationof the azimuthalscansshoweda variationof Imin/Imax = 0.75 for the

average relative intensitycurve. Analysisof the data revealed no systematic

absences,consistentwiththe spacegroupR3 (No. 148). Redundantdata were

averaged, with 83 reflectionsrejectedas "bad" (differencebetween equivalent

reflections> 5_), yieldinga finaltotalof 1273 reflections.

The coordinatesof the cobaltatoms were determinedby directmethods

(SHELXS).23 The locationsof all non-hydrogenatomswere determinedthrough

the use of standard Fouriertechniquesand refinedby least-squaresmethods.

All non-hydrogenatomswere refinedanisotropically.The 113-methylidynecarbon

was disorderedon eithersideof thetricobalttriangularface, withan approximate

occupancyratio of 3:1. A differenceFouriermap revealedthe positionsof the

pentamethylcyclopentadienylandmethylidyne(majorsiteonly) hydrogenatoms.

These atomswere placed in calculatedpositionsand includedin the structure

factor calculationsbut not refined. All hydrogenatoms were given isotropic

thermalparameters1.3 times the B(iso)of the atomto whichthey were bonded.

The positionof the hydridehydrogenboundto the metal(s) was masked by the

disorderof the cappingcarbyne fragment, and hence was not includedin the

structuresolution.

Final refinement of the 105 variables using the 1041 data for which

Fo2 > 3c(Fo2 ) gave residuals of R = 4.10 and Rw= 5.40. The R value based on

all 1270 uniquedata was 5.19 and the goodness-of-fitparameter was 1.855.

The leastsquaresprogramminimizedthe expression,T_,w(IFol- IFcl) 2, where

w is the weightof a givenobservation.A value of 0.04 for the p-factorwas used

to reduce the weightof intense reflectionsin the refinements.24 The analytical

forms of the scatteringfactor tables for the neutral atoms2s were used and all
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non-hydrogen scattering factors were corrected for both real and imaginary

componentsof anomalousdispersion.26

The data were evaluated through the residualsover ranges of sine/Z,

IFol, parity, and individualindices. No unusual features or trends were

observed. Priorto finalrefinement,3 reflectionswere rejectedas "bad" data due

to their high values of w x A2 The highest and lowest peaks in the final

difference Fourier map had electron densities of 0.89 and -0.14 e/A3,

respectively,and wereassociatedwiththe methylidynecarbonatoms.
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Table 1. CrystalData for (CsMes)3Co3(I_3-CH)(I_-H)

Formula Co3C31H47
FW 596.51
Space Group R3 (No. 148)
a, A 11.561(2)
o¢,deg. 100.533 (19)
V, A3 1455.9 (14)
Z 22
F(000) 628
dcalc,g/cm3 1.358
I_caSc,cm'l 17.04
size, mm 0.42 x 0.30 x 0.26
temperature -98 °C
diffractometer Enraf-NoniusCAD4
radiation MoKo_(0.71073 A)
monochromator highlyorientedgraphite
scan range,type 3.0° _<20 _;45°, ®-2®
scan width,deg. ,_®= 0.90 + 0.35(tan ®)
octantscollected _+h, + k, + I
reflectionscollected 1960
uniquereflections 1270
reflections,Fo2> 3o(Fo2) 1041
variables 105
R 4.10
Rw 5.40
Rajj 5.19
GOF 1.855
largest_a in final LScycle 0.00
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(CsMes)3Ni3(I_3-CH)(_-H)

Brown hexagonal prismsof the complex were grown from a pentane

solutionat -30 °C. A crystalof approximatedimensions0.34 mm × 0.42 mm x

0.51 mmwas isolatedand placedin ParatoneN oil.17 The crystalwas mounted

onthe endof a cutquartzcapillarytubeand placedundera flowof coldnitrogen

on an Enraf-NoniusCAD4 diffractometer.18 The solidifiedoil held the crystal in

place and protectedit from the atmosphere. The temperaturewas stabilizedat

-92 °C withan automatedflowapparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensionsand an orientationmatrixwere determinedby a least-squaresfit to

the settingangles of the unresolvedMoK(xcomponentsof 24 symmetry related

reflections. The dimensionsand volume of the unit cell suggested trigonal

symmetrywith 2 moleculesin the unit cell. Details of the unit cell, collection

parameters,andstructurerefinementare listedinTable2.

A set of three standardreflections(-2,-6, 2; -6, 0, -1; -1, 5, -5) was

chosento monitorintensityand crystalorientation. The intensitywas checked

after everyhourof X-ray exposuretime and showedno appreciabledecay over

the courseof the datacollec_:_n.The crystalorientationwas checkedafter every

200 reflectionsand was reorientedif any of the standardreflectionswere offset

from theirpredictedpositionby morethan0.1°. The crystalorientationmatrixdid

notreorientduringthe data collection.

The 2536 rawdata wereconvertedto structurefactoramplitudesand their

esds by correction for scan speed, background, and Lorentz-polarization

effects. 19,20,21 An empiricalabsorptioncorrectionwas appliedto the data based

on averaged azimuthal psi scans for three reflections with Z > 80°.22

Examination of the azimuthalscansshoweda variationof Imin/Imax = 0.89 for the
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average relative intensitycurve. Analysis of the data revealed no systematic

absences,consistentwiththe space groupR3 (No. 148). Redundantdata were

averaged, with 3 reflectionsrejected as "bad" (differencebetween equivalent

reflections> 5o), yieldinga final totalof 1705 reflections.

The coordinatesof the nickelatomswere determinedby direct methods

(SHELXS).23 The locationsof all non-hydrogenatomswere determinedthrough

the use of standard Fouriertechniquesand refinedby least-squaresmethods.

All non-hydrogen atoms were refined anisotropically, except for the

i.t3-methylidynecarbon. The l_3-methylidynecarbonwas disorderedon either

side of the trinickeltriangularface, with an approximateoccupancyratio of 3:2.

A difference Fourier map revealed the positions of the

pentamethylcyclopentadienylhydrogenatoms. These atoms were placed in

calculated positionsand included in the structure factor calculationsbut not

refined. All hydrogenatomswere given isotropicthermalparameters 1.3 times

the B(iso) of the atom to which they were bonded. The positionsof the

methylidynehydrogenand the hydridehydrogenbound to the metal(s) were

masked by the disorderof the cappingcarbynefragment,and hence were not

includedinthe structuresolution.

Final refinement of the 104 variables using the 1354 data for which

Fo2 > 3G(Fo2) gave residuals of R = 3.69 and Rw = 5.24. The R value based on

all 1705 unique data was 5.00 and the goodness-of-fitparameter was 2.162.

The least squares program minimized the expression,w(IFol - IFcl)2,where

w is the weightof a givenobservation.A value of 0.03 for the p-factorwas used

to reduce the weightof intensereflectionsin the refinements.24 The analytical

forms of the scatteringfactor tables for the neutralatoms25 were used and all

non-hydroger_scattering factors were corrected for both real and imaginary

componentsof anomalousdispersion.26
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The data were evaluated throughthe residualsover ranges of sine/Z,

I Fol, parity, and individualindices. No unusual features or trends were

observed. Priorto final refinement,4 reflectionswere rejectedas "bad" data due

to their high values of w x ,_2. The highest and lowest peaks in the final

difference Fourier map had electron densities of 1.20 and -0.14 e/A3,

respectively,andwere associatedwiththe methylidynecarbonatoms.



166

Table 2. CrystalData for (CsMes)3Nt3(I_3-CH)(I_-H)

Formula Nt3C31H47
FW 595.85
Space Group R3 (No. 148)
a, A 11.5557 (24)
(x,deg. 100.399 (17)
V, A3 1456.1 (12)
Z 2
F(000) 634
dcalc, g/cm 3 1.359
IJ'calc,cm'l 19.47
size, mm 0.34 x 0.42 x 0.51
temperature -92 °C
diffractometer Enraf-NoniusCAD4
radiation MoK(z(0.71073 .,&,)
monochromator highlyorientedgraphite
scanrange,type 3.0° _<;2e _;50°, ®-2®
scanwidth,deg. bE)= 0.60 + 0.35(tan E))
octantscollected :!:h, + k, + I
reflectionscollected 2536
uniquereflections 1705
reflections,Fo2 > 3a(Fo2 ) i354
variables 104
R 3.69
Rw 5.24
Ral I 5.00
GOF 2.162
largest _/o in finalLScycle 0.00
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(CsMes)3Co3(I_3"CH)2

Red-violet hexagonal prisms of the complex were grown from a pentane

solutionat -80 °C. A crystalof approximatedimensions0.51 mm x 0.40 mm x

0.34 mm was isolatedand placedin ParatoneN oil.17 The crystalwas mounted

on the end of a cut quartzcapillarytube and placedundera flowof coldnitrogen

on an Enraf-NoniusCAD4 diffractometer.18 The solidifiedoil held the crystalin

placeand protectedit from the atmosphere. The temperaturewas stabilizedat

-83 °C withan automatedflowapparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensionsand an orientationmatrixwere determinedby a least-squaresfit to

the settingangles of the unresolvedMoKe_componentsof 24 symmetry related

reflections. The dimensionsand volume of the unit cell suggested trigonal

symmetry with 2 moleculesin the unit cell. Detailsof the unit cell, collection

parameters,and structurerefinementare listedinTable3.

A set of three standardreflections(8, -1, -3; 0, 3, 7; 1, -8, 3) was chosen

to monitor intensityand crystal orientation. The intensitywas checked after

every hourof X-ray exposuretimeand showedthe intensity"faded" brieflyduring

the courseof the data collection.The "fading"wasadjustedfor by removing120

reflections,whichwere insignificantdue to the collectionof redundantdata. The

crystal orientation was checked after every 200 reflections and was reoriented if

any of the standard reflections were offset from their predicted position by more

than 0.1°. The crystal orientation matrix was reoriented one time during the data

collection.

The 2521 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects.19,20, 21 An empirical absorption correction based on averaged azimuthal
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psi scans for three reflections with X > 80°22 was attempted but found to be non-

representative of the crystal. The initial refinements were performed on

uncorrected data and an empirical absorption correction was applied to the

resulting solution using a Fourier series determined by minimizing the sum of the

squares of the residuals, using the correction program provided with the MoLEN

structure analysis package (DIFABS).20b Maximum correction was 23%.

Analysis of the data revealed no systematic absences, consistent with the space

group R3 (No. 148). Redundant data were averaged, with 97 reflections

rejected as "bad" (difference between equivalent reflections > 5a), yielding a final

total of 1600 reflections.

The coordinates of the cobalt atoms were determined by direct methods

(SHELXS).23 The locations of all non-hydrogen atoms were determined through

the use of standard Fourier techniques and refined by least-squares methods.

All non-hydrogen atoms were refined anisotropically. A difference Fourier map

revealed the positions of all hydrogen atoms. These atoms were included in the

structure refinement.

Final refinement of the 169 variables using the 1409 data for which

Fo2 > 3_(Fo2 ) gave residuals of R = 2.67 and Rw= 3.32. The R value based on

all 1600 unique data was 3.17 and the goodness-of-fit parameter was 1.625.

The least squares program minimized the expression, 7_,w(IFol - IFcl) 2, where

w is the weight of a given observation. A value of 0.03 for the p-factor was used

to reduce the weight of intense reflections in the refinements.24 The analytical

forms of the scattering factor tables for the neutral atoms25were used and all

non-hydrogen scattering factors were corrected for both real and imaginary

components of anomalous dispersion.26

The data were evaluated through the residuals over ranges of sine/X,

IFol, parity, and individual indices. No unusual features or trends were
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observed. The highest and lowest peaks in the final difference Fourier map had

electron densities of 0.29 and -0.12 e/A 3, respectively, and were associated with

the carbyne atoms.
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Table 3. Crystal Data for (CsMes)3Co3(#a-CH)2

Formula 003032H47

FW 608.53
Space Group R3 (No. 148)
a, ,&, 11.5003 (13)
o_,deg. 100.132 (10)
V, ,&,3 1439.9 (7)
Z 2
F(000) 640
dcalc,g/cm3 1.403
#talc,cml 17.24
size, mm 0.51 x 0.40 x 0.34
temperature -83 °C
diffractometer Enraf-Nonius CAD4
radiation MoK(z(0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0° < 20 _<50°, 0-20
scan width, deg. z_O= 0.80 + 0.35(tan O)
octants collected + h, + k, + I
reflections collected 2521
unique reflections 1600
reflections, Fo2 > 3_(Fo2) 1409
variables 169
R 2.67
Rw 3.32
Ra, 3.17
GOF 1.625
largest A/_ in final LS cycle 0.01
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(C5Me5)Co(acac)

Clear red prisms of the complex were grown by sublimation at 60 °C at

10.4 torr. A crystal of approximate dimensions 0.50 mm x 0.39 mm x 0.20 mm

was isolated and placed in Paratone N oil. 17 The crystal was mounted on the

end of a cut quartz capillary tube and placed under a flow of cold nitrogen on an

Enraf-Nonius CAD4 diffractometer. 18 The solidified oil held the crystal in place

and protected it from the atmosphere. The temperature was stabilized at -110 °

C with an automated flow apparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensions and an orientation matrix were determined by a least-squares fit to

the setting angles of the unresolved MoKo_components of 24 symmetry related

reflections. The original cell found and used for data collection was a non-

primitive doubled cell with C-centering. Upon transformation to a primitive cell,

the dimensions and volume of the unit cell suggested triclinic symmetry with 4

molecules in the unit cell. Details of the unit cell, collection parameters, and

structure refi;lement are listed in Table 4.

A set of three standard reflections (2, 5, -6; -6, -7, 8; 2, -1, -8) was chosen

to monitor intensity and crystal orientation. The intensity was checked after

every hour of X-ray exposure time and showed no appreciable decay over the

course of the data collection. The crystal orientation was checked after every

200 reflections and was reoriented if any of the standard reflections were offset

from their predicted position by more than 0.1°. The crystal orientation matrix did

not reorient during the data collection.

The 7937 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects.19,20,21 An empirical absorption correction based on averaged azimuthal
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psi scans for three reflections with 7. > 80°22 was attempted but found to be non-

representative of the crystal. The initial refinements were performed on

uncorrected data and an empirical absorption correction was applied to the

resulting solution using a Fourier series determined by minimizing the sum of the

squares of the residuals, using the correction program provided with the MoLEN

J. "70/structure analysis package (DIFABS). 2ob Maximum correction was ,,,,;.

Analysis of the data revealed the following systematic absences: h k I, h + k

odd, consistent with a C-centered cell. After the aforementioned cell

transformation to the primitive cell was performed, the 3848 remaining reflections

showed no systematic absences, consistent with the space group P 1 (No. 2).

The coordinates of the cobalt atoms were determined by Patterson

methods. The locations of all non-hydrogen atoms were determined through the

use of standard Fourier techniques and refined by least-squares methods. All

non-hydrogen atoms were refined anisotropically. A difference Fourier map

revealed the positions of the hydrogen atoms. These atoms were placed in

calculated positions and included in the structure factor calculations but not

refined. All hydrogen atoms were given isotropic thermal parameters 1.3 times

the B(iso) of the atom to which they were bonded.

Final refinement of the 325 variables using the 2945 data for which

Fo2> 3o'(Fo2) gave residuals of R = 4.22 and Rw= 5.40. The R value based on

all 3848 unique data was 6.01 and the goodness-of-fit parameter was 1.694.

The least squares program minimized the expression,  w(I FoI - I Fo[) 2, where

w is the weight of a given observation. A value of 0.05 for the p-factor was used

to reduce the weight of intense reflections in the refinements. 24 The analytical

forms of the scattering factor tables for the neutral atoms 25 were used and all

non-hydrogen scattering factors were corrected for both real and imaginary

components of anomalous dispersion. 26
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The data were evaluated through the residuals over ranges of sine/_,,

IFol, parity, and individual indices. No unusual features or trends were

observed. The highest and lowest peaks in the final difference Fourier map had

electron densities of 0.53 and -0.12 e/A 3, respectively, and were associated with

the cobalt atoms.
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Table 4. Crystal Data for (C5Mes)Co(acac)

Formula Co02ClsH22
FW 293.27

Space Group P 1 (No. 2)
a, A 8.539 (3)
b, A 12.399 (4)
c, A 15.505 (4)

o_,deg. 70.39 (2)

13,deg. 81.04 (2)
_/,deg. 72.64 (2)
V, A3 1473.1 (6)
Z 4

F(000) 620
dcalc,g/cm3 1.322
_calc,cm'l 11.54
size, mm 0.50 x 0.39 x 0.20

temperature -110 °C
diffractometer Enraf-Nonius CAD4
radiation MoK(z (0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0° _<20 _<45°, 0-20
scan width, deg. z_O= 1.00 + 0.35(tan O)
octants collected + h,_ k, __.1
reflections collected 7937
unique reflections 3848
reflections, Fo2 > 3o'(Fo2) 2945
variables 325
R 4.22
Rw 5.40
Rail 6.01
GOF 1.694

largest _/_ in final LS cycle 0.01
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(CsMes)Ni(acac)

Clear red plates of the complex were grown from a pentane solution at -80

°C. A crystal of approximate dimensions 0.50 mm x 0.42 mm x 0.25 mm was

isolated and placed in Paratone N oil.17 The crystal was mounted on the end of

a cut quartz capillary tube and placed under a flow of cold nitrogen on an Enraf-

Nonius CAD4 diffractometer.18 The solidified oil held the crystal in place and

protected it from the atmosphere. The temperature was stabilized at -103 °C

with an automated flow apparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensions and an orientation matrix were determined by a least-squares fit to

the setting angles of the unresolved MoK(xcomponents of 24 symmetry related

reflections. The dimensions and volume of the unit cell suggested triclinic

symmetry with 4 molecules in the unit cell. Details of the unit cell, collection

parameters, and structure refinement are listed in Table 5.

A set of three standard reflections (3, 5, 8; -4, -4, 2; 0, 3, -7) was chosen

to monitor intensity and crystal orientation. The intensity was checked after

every hour of X-ray exposure time and showed no appreciable decay over the

course of the data collection. The crystal orientation was checked after every

200 reflections and was reoriented if any of the standard reflections were offset

from their predicted position by more than 0.1°. The crystal orientation matrix

was reoriented one time during the data collection.

The 3848 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects. 19,20,21 ;\n empirical absorption correction was applied to the data based

on averaged azimuthal psi scans for three reflections with X > 80°.22

Examination of the azimuthal scans showed a variation of Imin/Imax = 0.84 for the
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average relative intensity curve. Analysis of the data revealed no systematic

absences, consistent with the space group P 1 (No. 2).

The coordinates of the nickel atoms were determined by direct methods

(SHELXS).23 The locations of all non-hydrogen atoms were determined through

the use of standard Fourier techniques and refined by least-squares methods.

The data were evaluated through the residuals over ranges of sine/X, IFol,

parity, and individual indices. This revealed sections of poor data throughout the

data set. A total of 114 data were rejected as "bad" before the structure refined

properly. The problem resulted from a peculiarity in crystal mounting that caused

misalignment of reflections with very high X. All non-hydrogen atoms were

refined anisotropically. A difference Fourier map revealed the positions of all of

the hydrogen atoms. These atoms were placed in calculated positions and

included in the structure factor calculations but not refined. All hydrogen atoms

were given isotropic thermal parameters 1.3 times the B(iso) of the atom to

which they were bonded.

Final refinement of the 325 variables using the 2964 data for which

Fo2 > 3o'(Fo 2) gave residuals of R = 4.81 and Rw= 6.26. The R value based on

all 3848 unique data was 6.17 and the goodness-of-fit parameter was 1.962.

The least squares program minimized the expression, Ew(!F o ! - IFol)2,where

w is the weight of a given observation. A value of 0.05 for the p-factor was used

to reduce the weight of intense reflections in the refinements.24 The analytical

forms of the scattering factor tables for the neutral atoms25were used a,ld all

non-hydrogen scattering factors were corrected for both real and imaginary

components of anomalous dispersion.26

The highest and lowest peaks in the final difference Fourier map had

electron densities of 0.89 and -0.17 e/A 3, respectively, and were associated with

the nickel atoms.
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Table 5. Crystal Data for (CsMes)Ni(acac)

Formula NiO2C1sH22
FW 293.05

Space Group P 1 (No. 2)
a, A 8.4857 (20)
b, A 12.4969 (32)
c, A 15.9013 (25)
o_,deg. 68.608 (17)
_, deg. 77.179 (16)
_/,deg. 71.958 (21)
V, A 3 1481.5 (6)
Z 4

F(000) 824
dcalc,g/cm3 1.314
_calc, cm'l 13.06
size, mm 0.50 x 0.42 x 0.25
temperature -103 °C
diffractometer Enraf-Nonius CAD4
radiation MoKo_(0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0 ° _<20 <__45.0 °, E)-2E)
scan width, deg. 4® - 0.80 + 0.35(tan ®)
octants collected + h, __.k, __.I
reflections collected 3848
unique reflections 3848
reflections, Fo2 > 3(_(Fo2) 2964
variables 325
R 4.81
Rw 6.26
Rail 6.17
GOF 1.962

largest _/_ in final LS cycle 0.01
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(CsMes)Ni(aca¢)PMe3

Red-orange plates of the complexwere grown from a pentane solutionat

-80 °C. A crystalof approximatedimensions0.20 mm x 0.27 mm x 0.34 mm

was isolatedand placed in Paratone N oil.17 The crystalwas mountedon the

end of a cut quartzcapillarytubeand placedundera flow of cold nitrogenon an

Enraf-NoniusCAD4 diffractometer.18 The solidifiedoil held the crystal in place

and protectedit from the atmosphere. The temperaturewas stabilizedat -125 o

C with an automatedflowapparatus.

After centering the crystal in the X-ray beam, a set of accurate cell
i

dimensionsand an orientationmatrixwere determinedby a least-squaresfit to

the settingangles of the unresolvedMoKe_componentsof 24 symmetry related

reflections. The dimensionsandvolumeof the unitcell suggestedorthorhombic

symmetry with 4 moleculesin the unit cell. Details of the unit cell, collection

parameters,and structurerefinementare listedinTable 6.

A setof threestandardreflections(6, 2, -1; 1, 7, 4; 1, -1, 8) was chosento

monitorintensityand crystalorientation.The intensitywas checked after every

hourof X-ray exposuretit._,,_and showedan abruptfadingnear the middleof the

data collection.The regionfrom 4 0 0 to 6 6 2 was duplicatedby recollectionat

the end of the data set. The crystal orientationwas checked after every 200

reflectionsandwas reorientedif any of the standardreflectionswere offsetfrom

their predictedpositionby more than 0.1°. The crystal orientationmatrix was

reoriented2 timesduringthe data collection.

The 1883 rawdata wereconvertedto structurefactor amplitudesandtheir

esds by correction for scan speed, background, and Lorentz-polarization

effects. 19,2°,21 An empiricalabsorptioncorrectionbased on averaged azimuthal

psi scansfor four reflectionswithX > 80°22was attemptedbut found to be non-
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representative of the crystal. The initial refinements were performed on

uncorrecteddata and an empirical absorptioncorrectionwas applied to the

resultingsolutionusinga Fourierseriesdeterminedby minimizingthe sum of the

squaresof the residuals,usingthe correctionprogramprovidedwiththe MoLEN

structure analysis package (DIFABS).20b Maximum correction was 15%.

Analysisof the data revealedthe followingsystematicabsences: h k 0, h odd;0

k i, k + I odd, consistentwith the space groupPnma (No. 62). Redundantdata

were notaveragedbecausecomparisonof the regionfrom 4 0 0 to 6 6 2 showed

that the fading duringcollectiondecreasedthe intensitiesof these reflections.

Subsequently,the initialvalues of these reflectionswere discarded,yieldinga

finaltotalof 1339 reflections.

The coordinatesof the nickeland phosphorusatomswere determinedby

Pattersonmethods. The locationsof all non-hydrogenatoms were determined

through the use of standard Fourier techniquesand refined by least-squares

methods. All non-hydrogenatoms were refined anisotropically. A difference

Fouriermap revealedthe positionsof allhydrogenatomsnot lyingon the mirror

plane. These atoms were placed in calculatedpositionsand included in the

structurefactor calculationsbut not refined. All hydrogenatoms were given

isotropicthermalparameters1.3 times the B(iso)of the atomto whichthey were

bonded.

Final refinement of the 109 variables using the 954 data for which

Fo2 > 3_(Fo2) gave residualsof R = 4.36 and Rw= 5.80. The R value basedon

all 1339 unique data was 6.74 and the goodness-of-fitparameter was 2.096.

The least squares program minimized the expression, .w(IFol- IFcl)2,where

w is the weight of a given observation. A value of 0.04 for the p-factor was used

to reduce the weight of intense reflections in the refinements.24 The analytical

forms of the scattering factor tables for the neutral atoms25were used and all
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non-hydrogen scattering factors were corrected for both real and imaginary

componentsof anomalousdispersion.26

The data were evaluated through the residualsover ranges of sine/Z,

IFol, parity, and individual indices. No unusual features or trends were

observed. The highestand lowestpeaks in the final differenceFouriermap had

electrondensitiesof 0.47 and -0.38 e/A 3, respectively,and were associatedwith

the nickelatom.
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Table 6. Crystal Data for (CsMe5)Ni(acac)PMe3

Formula NiPO2C18H31
FW 369.13
Space Group Pnma (No. 62)
a, A 13.3111 (30)
b, A 13.8551 (17)
c, A 10.6376 (34)
V, A3 1961.9 (8)
z 4
F(O00) 792
dcalc, g/cm 3 1.250
_calc,cm-1 10.77
size, mm 0.20 x 0.27 x 0.34
temperature -125 °C
diffractometer Enraf-Nonius CAD4
radiation MoK(z(0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0° _<20 __.45.0°, 0-20
scanwidth,deg. 4® = 0.80 + 0.35(tan O)
octantscollected + h, + k, + I
reflectionscollected 1883
uniquereflections 1339
reflections,Fo2> 3_(Fo2) 954
variables 109
R 4.36
Rw 5.80
Rail 6.74
GOF 2.096
largest_ in final LS cycle 0.00
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(CsMes)Co(Cl)PEt3

Dark red plates of the complex were grown from a pentane solution at

-30 °C. A crystal of approximate dimensions 0.13 mm x 0.37 mm x 0.47 mm

was isolated and placed in Paratone N oil. 17 The crystal was mounted on the

end of a cut quartz capillary tube and placed under a flow of cold nitrogen on an

Enraf-Nonius CAD4 diffractometer.18 The solidified oil held the crystal in place

and protected it from the atmosphere. The temperature was stabilized at -118 o

C with an automated flow apparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensions and an orientation matrix were determined by a least-squares fit to

the setting angles of the unresolved MoK0_components of 24 symmetry related

reflections. The dimensions and volume of the unit cell suggested tetragonal

symmetry with 4 molecules in the unit cell. Details of the unit cell, uollection

parameters, and structure refinement are listed in Table 7.

A set of three standard reflections (7, -3, 2; -1, 8, 1; 2, -5, -4) was chosen

to monitor intensity and crystal orientation. The intensity was ch_cked after

every hour of X-ray exposure time and showed no _,,_prr._iabledecay over the

course of the data collection. The crystal orient_!ir,n _5_ _-i-,e_,rd after every

250 reflections and was reoriented if any of the sta;_._¢drefi_ct,_onswere offset

from their predicted position by more than 0.1°. TH_c_tai orientation matrix did

not reorient during the data collection.

The 1807 raw data were converted to structure _._',::,_'amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects.19,2o, 21 An empirical absorption correction was applied to the data based

on averaged azimuthal psi scans for three reflections with Z > 80°.22

Examination of the azimuthal scans showed a variation of Imin/Imax = 0.96 for the
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average relative intensity curve. Analysis of the data revealed no systematic

absences, consistent with the space group P4 (No. 81). Redundant data were

averaged, with no reflections rejected as "bad" (difference between equivalent

reflections > 5(_),yielding a final total of 1792 reflections.

The coordinates of the cobalt, chlorine and phosphorus atoms were

determined by Patterson methods. The locations of all non-hydrogen atoms

were determined through the use of standard Fourier techniques and refined by

least-squares methods. All non-hydrogen atoms were refined anisotropically. A

difference Fourier map revealed the positions of most of the hydrogen atoms.

These atoms were placed in calculated positions and included in the structure

factor calculations blot not refined. All hydrogen atoms were given isotropic

thermal parameters 1.3 times the B(iso) of the atom to which they were bonded.

Final refinement of the 172 variables using the 1614 data for which

Fo2 > 30"(Fo2) gave residuals of R = 5.08 and Rw= 5.78. The R value based on

all 1792 unique data was 5.68 and the goodness-of-fit parameter was 2.271.

The least squares program minimized the expression, 7_,w(IFol - IFcl)2, where

w is the weight of a given observation. A value of 0.03 for the p-factor was used

to reduce the weight of intense reflections in the refinements.24 The analytical

forms of the scattering factor tables for the neutral atoms25were used and all

non-hydrogen scattering factors were corrected for both real and imaginary

components of anomalous dispersion.26

The data were evaluated through the residuals over ranges of sine/X,

IFol, parity, and individual indices. Prior to final refinement, 31 reflections were

rejected as "bad" data due to their high values of w x z_2. This was probably due

to multiple diffraction, and reflections were rejected using an arbitrary cutoff of

/k / Fobs > 0.22 for positive values of A. The highest and lowest peaks in the final

i
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difference Fourier map had electron densities of 0.61 and -0.28 e/A3,

respectively, and were associated with the cobalt atom.
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Table 7. Crystal Data for (C5Me5)Co(CI)PEt3

Formula CoCIPC16H3o
FW 347.78
Space Group P4 (No. 81)
a, A 14.260 (3)
c, A 8.725 (2)
v, A3 1774.2 (6)
z 4
F(O00) 740
dealt, g/cm3 1.302
_calc,cm'l 11.93
size, mm 0.13 x 0.37 x 0.47
temperature -118 °C
diffractometer Enraf-Nonius CAD4
radiation MoK(z(0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0° < 2e < 50.0°, e-2e
scan width, deg. Ae = 0.70 + O.35(tane)
octants collected + h, + k, + I
reflections collected 1807
unique reflections 1792
reflections, Fo2 > 3_(Fo2 ) 1614
variables 172
R 5.08
Rw 5.78
RalI 5.68
GOF 2.271
largest_/_ in final LScycle 0.00
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(CsMes)Ni(Br)PEt3

Red plates of the complex were grown from a pentane solutionat -30 °C.

A crystal of approximate dimensions 0.25 mm x 0.45 mm x 0.50 mm was

isolated and placed in Paratone N oil.17 The crystal was mounted on the end of

a cut quartz capillary tube and placed under a flow of cold nitrogen on an Enraf-

Nonius CAD4 diffractometer.18 The solidified oil held the crystal in place and

protected it from the atmosphere. The temperature was stabilized at -112 °C

with an automated flow apparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensions and an orientation matrix were determined by a least-squares fit to

the setting angles of the unresolved MoK(_components of 24 symmetry related

reflections. The dimensions and volume of the unit cell suggested tetragonal

symmetry with 4 molecules in the unit cell. Details of the unit cell, collection

parameters, and structure refinement are listed in Table 8.

A set of three standard reflections (8, 1, 1; 6, -6, 1; 4, 6, -3) was chosen to

monitor intensity and crystal orientation. The intensity was checked after every

hour of X-ray exposure time and showed no appreciable decay over the course

of the data collection. The crystal orientation was checked after every 200

reflections and was reoriented if any of the standard reflections were offset from

their predicted position by more than 0.1°. The crystal orientation matrix did not

reorient during the data collection.

The 1858 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects. 19,20,21 An empirical absorption correction was applied to the data based

on averaged azimuthal psi scans for three reflections with Z > 80°.22

Examination of the azimuthal scans showed a variation of Imin/Imax = 0.75 for the
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average relative intensity curve. Analysis of the data revealed no systematic

absences, consistent with the space group P4 (No. 81). Redundant data were

averaged, with 6 reflections rejected as "bad" (difference between equivalent

reflections > 5(_),yielding a final total of 1842 reflections.

The coordinates of the nickel and bromine atoms were determined by

Patterson methods. The locations of all non-hydrogen atoms were determined

through the use of standard Fourier techniques and refined by least-squares

methods. All non-hydrogen atoms were refined anisotropically. A difference

Fourier map revealed the positions of most of the hydrogen atoms. These atoms

were placed in calculated positions and included in the structure factor

calculations but not refined. All hydrogen atoms were given isotropic thermal

parameters 1.3 times the B(iso) of the atom to which they were bonded.

Final refinement of the 172 variables using the 1610 data for which

Fo2 > 3o'(Fo2 ) gave residuals of R = 3.37 and Rw= 3.87. The R value based on

all 1842 unique data was 4.19 and the goodness-of-fit parameter was 1.355.

The least squares program minimized the expression, T-w(IFol- IFcl)2,where

w is the weight of a given observation. A value of 0.04 for the p-factor was used

to reduce the weight of intense reflections in the refinements.24 The analytical

forms of the scattering factor tables for the neutral atoms25were used and all

non-hydrogen scattering factors were corrected for both real and imaginary

components of anomalous dispersion.26

The data were evaluated through the residuals over ranges of sine/X,

IFol, parity, and individual indices. No unusual features or trends were

observed. Prior to final refinement, 2 reflections were rejected as "bad" data due

to their high values of w x z_2. The highest and lowest peaks in the final

difference Fourier map had electron densities of 0.77 and -0.19 e/A 3,

respectively, and were associated with the nickel atom.
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Table 8. Crystal Data for (CsMes)Ni(Br)PEt 3

Formula NiBrPClsH3o
FW 1813.7

Space Group P4 (No. 81)
a, A 14.416 (2)
c, A 8.7271 (13)
v, A 3 1813.7 (9)
z 4

F(O00) 840
dcalc,g/cm3 1.458
_calc,cm'l 33.33
size, mm 0.25 x 0.45 x 0.50

temperature -112 °C
diffractometer Enraf-Nonius CAD4

radiation MoKcz (0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0 ° _<20 < 50.0 °, 0-20

scan width, deg. AO = 0.60 + 0.35(tan O)
octants collected + h, + k, + I
reflections collected 1858
unique reflections 1842
reflections, Fo2> 3a(Fo2) 1610
variables 172
R 3.37

Rw 3.87
Rail 4.19
GOF 1.355

largest _/c in final LS cycle 0.00
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(CsMes)Ni(Me)PEt3

Dark green plates of the complex were grown from a pentane solutionat

-80 °C. A crystalof approximatedimensions0.35 mm x 0.34 mm x 0.29 mm

was isolatedand placed in ParatoneN oil.17 The crystalwas mountedon the

end of a cut quartzcapillarytube and placedundera flowof coldnitrogenon an

Enraf-NoniusCAD4 diffractometer.18 The solidifiedoil held the crystal in place

and protectedit from the atmosphere. The temperaturewas stabilizedat -89 °C

withan automatedflowapparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensionsand an orientationmatrixwere determinedby a least-squaresfit to

the settingangles of the unresolvedMoKo_componentsof 24 symmetry related

reflections. The original cell found and used for data collection was a non-

primitive doubled cell with C-centering. Upon transformation to a primitive cell,

the dimensions and volume of the unit cell suggested tetragonal symmetry with 4

molecules in the unit cell. Details of the unit cell, collection parameters, and

structure refinement are listed in Table 9.

A set of three standard reflections (-2, 4, 5; -7, -11, 2; 7, -11, -2) was

chosen to monitor intensity and crystal orientation. The intensity was checked

after every hour of X-ray exposure time and showed a slight linear intensity

decay over the course of the data collection. The decay was expressed as a

linear function and a correction was applied to the data, with a maximum

correction of 1.8%. The crystal orientation was checked after every 200

reflections and was reoriented if any of the standard reflections were offset from

their predicted position by more than 0.1°. The crystal orientation matrix did not

reorient during the data collection.
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The 3638 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects.19,2o,21 An empirical absorption correction based on averaged azimuthal

psi scans for three reflections with Z > 80°22was attempted but found to be non-

representative of the crystal. The initial refinements were performed on

uncorrected data and an empirical absorption correction was applied to the

resulting solution using a Fourier series determined by minimizing the sum of the

squares of the residuals, using the correction program provided with the MoLEN

structure analysis package (DIFABS).20b Maximum correction was 16%.

Analysis of the data revealed the following systematic absences: h k I, h + k

odd, consistent with a C-centered cell. After the aforementioned cell

transformation to the primitive cell was performed, the 1814 remaining reflections

showed no systematic absences, consistent with the space group P4 (No. 81).

The coordinates of the nickel and phosphorus atoms were determined by

Patterson methods. The locations of all non-hydrogen atoms were determined

through the use of standard Fourier techniques and refined by least-squares

methods. Only the following atoms were refined anisotropically: the nickel, the

Cp* ring carbons, and all non-hydrogen atoms related to the PEt3 ligand. The

methyl carbon was refined isotropically. The structure revealed a disorder of the

Cp* ligand across a pseudo-mirror plane containing the nickel and phosphorus

atoms, the methyl carbon, and C2 of the Cp* ligand. The methyl carbons of the

Cp* ligand were modeled using a 2:1 occupancy ratio of two sites displaced

circumferentially by approximately 0.5 A in either direction from the predicted

location of the methyl carbon (based on an idealized geometry for the Cp*

ligand). A difference Fourier map revealed the positions of the methyl and

triethylphosphine hydrogen atoms. Only these atoms were placed in calculated

positions. They were included in the structure factor calculations but not refined.
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All hydrogenatoms were given isotropicthermal parameters 1.3 times the B(iso)

of the atom to whichthey were bonded. The positionsof the Cp* hydrogens

were masked by the disorder, and hence were not included in the structure

solution.

Final refinement of the 162 variables using the 1594 data for which

Fo2> 3_(Fo2) gave residualsof R = 8.51 and Rw= 10.65. The R value based on

all 1814 unique data was 9.53 and the goodness-of-fitparameter was 3.245.

The least squaresprogramminimizedthe expression,T_,w(IFol- I Fcl)2, where

w is the weightof a givenobservation.A valueof 0.04 for the p-factorwas used

to reduce the weightof intensereflectionsin the refinements.24 The analytical

forms of the scatteringfactor tables for the neutralatoms2s were used and all

non-hydrogenscattering factors were corrected for both real and imaginary

componentsof anomalousdispersion.26

The data were evaluated throughthe residualsover ranges of sine/Z,

IFol, parity, and individual indices. No unusual features or trends were

observed. Priorto final refinement,8 reflectionswere rejectedas "bad" data due

to their high values of w x z_2. The highestand lowest peaks in the final

difference Fourier map had electron densities of 0.97 and -0.39 e/A 3,

respectively, andwereassociatedwiththe CsMe5 ringcarbonatoms.
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Table 9. CrystalData for (CsMes)Ni(Me)PEt3

Formula NiPC17H33
FW 327.14
Space Group P4 (No. 81)
a, A 14.455 (4)
c, A 8.706 (2)
V, A3 1819.1 (6)
z 4
F(000) 712
dcalc,g/cm3 1.194
_calc, cm'l 11.46
size, mm 0.35 x 0.34 x 0.29
temperature -89 °C
diffractometer Enraf-Nonius CAD4
radiation MoK_ (0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0° _<20 < 50.0°, 0-20
scan width, deg. z_E)= 1.00 + 0.35(tan ®)
octants collected + h, + k, + I
reflections collected 3638
unique reflections 1814
reflections,Fo2 > 3_(Fo2) 1594
variables 162
R 8.51
Rw 10.65
Rail 9.53
GOF 3.245
largest_J_ in finalLS cycle 0.01
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(CsMes)Co(CsHs)

Black polyhedra of the complex were grown by sublimation at 30 °C at

10.4 tort. A crystalof approximatedimensions0.41 mm x 0.41 mmx 0.32 mm

was isolatedand placed in Paratone N oil.17 The crystalwas mountedon the

end of a cut quartzcapillarytube and placedundera flowof coldnitrogenon an

Enraf-NoniusCAD4 diffractometer.18 The solidifiedoil held the crystal irl place

and protectedit from the atmosphere. The temperaturewas stabilizedat -114 °

C with an automatedflowapparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensionsand an orientationmatrixwere determinedby a least-squaresfit to

the settingangles of the unresolvedMoK_ componentsof 24 symmetry related

reflections. The dimensionsand volume of the unit cell suggested triclinic

symmetrywith 2 moleculesin the unit cell. Details of the unit cell, collection

parameters,andstructurerefinementare listedinTable 10.

A setof three standardreflections(1, 1, -7; 3, -4, 4; -2, -3, 2) was chosen

to monitor intensityand crystal orientation. The intensitywas checked after

every hour of X-ray exposuretime and showedno appreciabledecay over the

courseof the data collection. The crystal orientationwas checked after every

200 reflectionsand was reorientedif any of the standardreflectionswere offset

from their predictedpositionby more than 0.1°. The crystal orientationmatrix

was reorientedone timeduringthe data collection.

The 3363 rawdata wereconvertedto structurefactoramplitudesandtheir

esds by correction for scan speed, background, and Lorentz-polarization

effects.19,2o,21 An empiricalabsorptioncorrectionwas appliedto the data based

on averaged azimuthal psi scans for three reflections with Z. > 80°-22

Examination of the azimuthalscansshoweda variationof Imin/Imax = 0.87 for the



194

average relative intensity curve. Analysis of the data revealed no systematic

absences, consistent with the space group P 1 (No. 2). Redundant data were

averaged, with 58 reflections rejected as "bad" (difference between equivalent

reflections > 5(_),yielding a final total of 1682 reflections.

The coordinates of the cobalt atom was determined by Patterson

methods. The locations of all non-hydrogen atoms were determined through the

use of standard Fourier techniques and refined by least-squares methods. All

non-hydrogen atoms were refined anisotropically. A difference Fourier map
i

revealed the positions of all hydrogen atoms. These atoms were included in the

structure refinement.

Final refinement of the 225 variables using the 1532 data for which

Fo2 > 3_(Fo2 ) gave residuals of R = 2.09 and Rw= 2.83. The R value based on

all 1682 unique data was 2.38 and the goodness-of-fit parameter was 1.560.

The least squares program minimized the expression,  w(IFol- IFcl)2,where

w is the weight of a given observation. A value of 0.02 for the p-factor was used

to reduce the weight of intense reflections in the refinements.24 The analytical

forms of the scattering factor tables for the neutral atoms25were used and all

non-hydrogen scattering factors were corrected for both real and imaginary

components of anomalous dispersion.26

The data were evaluated through the residuals over ranges of sine/X,

IFol, parity, and individual indices. No unusual features or trends were

observed. The highest and lowest peaks in the final difference Fourier map had

electron densities of 0.21 and -0.30 e/A 3, respectively, and were associated with

the cobalt atom.
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Table 10. Crystal Data for (CsMes)Co(C5H 5)
i

Formula CoC15H2o
FW 259.26
Space Group P 1 (No. 2)
a,A 7.7126(16)
b,A 8.1970(17)
c, A 12.2098 (24)
e_,deg. 101.582 (17)
_, deg. 96.938 (16)
"y,deg. 118.182 (17)
V, A3 645.4 (3)
Z 2

F(O00) 274
dcalc,g/cm3 1.334
l_calc' cm-1 12.97
size, mm 0.41 x 0.41 x 0.32
temperature -114 °C
diffractometer Enraf-Nonius CAD4
radiation MoK(z (0.71073 A)
monochromator highly oriented graphite
scan range, type 3.0 ° _<20 ___45.0 °, 0-20
scan width, deg. AO = 0.60 + O.35(tan O)
octants collected +_.h, + k, +_.1
reflections collected 3363
unique reflections 1682
reflections, Fo2> 3o'(Fo2) 1532
variables 225
R 2.09
Rw 2.83
Rail 2.38
GOF 1.560

largest _ in final LS cycle 0.05
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(CsMes)Ni(CsHs)

Forest green plates of the complex were grown from a pentane solutionat

-80 °C. A crystalof approximatedimensions0.20 mmx 0.47 rnm x 0.50 mm

was isolatedand placed in ParatoneN oil.17 The crystalwas mountedon the

end of a cut quartzcapillarytube andplaced undera flow of coldnitrogenon an

Enraf-NoniusCAD4 diffractometer.18 The solidifiedoil held the crystal in place

and protectedit from the atmosphere. The temperaturewas stabilizedat -96 °C

with an automatedflowapparatus.

After centering the crystal in the X-ray beam, a set of accurate cell

dimensionsand an orientationmatrixwere determinedby a least-squaresfit to

the settingangles of the unresolvedMoKo_componentsof 24 symmetry related

reflections. The originalcell found and used for data collectionwas a doubled

cell with pseudo-C-centering,caused by a near-perfecttwinningof the crystal.

The data was "untwinned"by the following procedure: First, the cell was

transformedto matchthe unitcell of (C5Mes)Co(CsHs)as closelyas possible(all

dimensionsthe same exceptfor the c axisbeingdoubled). Then, the reflections

were sortedby their sin e/X values, producingpairs of reflectionswith identical

values. These pairs were relatedby the twinninglaw: h'= h, k' = -(h + k),

I'-h + 2k + I. The intensitieswere then correctedusing Dr. Fred Hollander's

programUNTWIN by treatingthe data as comingfrom two crystalswith relative

sizesof 2:1. The datawas deconvolutedusingthe equations:
It(n) = x.l(n) + (1-x).l(n')

It(n') = x.l(n')+ (1-x).l(n)

where it is the intensity of the reflection in the twinned crystal, I is the intensity of

the reflection if the crystal were single, x is the square of the percentage that the

larger twin constitutes of the whole crystal (in this case, 0.8: (2:1)2 = 4:1), and n
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and n' represent the indices of the reflections due to the two fractions (h k l and

h' k' I', respectively). After deconvolution, all of the reflections with n' indices had

Fo2 < 3_(Fo2), yielding a non-primitive doubled cell with C-centering. Upon

transformation to a primitive cell, the dimensions and volume of the unit cell

suggested triclinic symmetry with 2 molecules in the unit cell. Details of the unit

cell, collection parameters, and structure refinement are listed in Table 11.

A set of three standard reflections (2, 4, -4; 3, 3, 10; 3, 1, 10) was chosen

to monitor intensity and crystal orientation. The intensity was checked after

every hour of X-ray exposure time and showed no appreciable decay over the

course of the data collection. The crystal orientation was checked after every

200 reflections and was reoriented if any of the standard reflections were offset

from their predicted position by more than 0.1°. The crystal orientation matrix

was reoriented 2 times during the data collection.

The 3441 raw data were converted to structure factor amplitudes and their

esds by correction for scan speed, background, and Lorentz-polarization

effects. 19,20,21 An empirical absorption correction was applied to the data based

on averaged azimuthal psi scans for three reflections with , > 80°. 22

Examination of the azimuthal scans showed a variation of Imin/Imax = 0.81 for the

average relative intensity curve. Analysis of the data revealed no systematic

absences, consistent with the space group P 1 (No. 2).

The coordinates of the nickel atom was determined by Patterson

methods. The locations of all non-hydrogen atoms were determined through the

use of standard Fourier techniques and refined by least-squares methods. All

non-hydrogen atoms were refined anisotropically. A difference Fourier map

revealed the positions of most of the hydrogen atoms. These atoms were placed

in calculated positions and included in the structure factor calculations but not
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refined. All hydrogen atoms were given isotropicthermal parameters1.3 times

the B(iso)of the atomto whichtheywerebonded.

Final refinement of the 145 variables using the 1580 data for which

Fo2> 3o'(Fo2) gave residualsof R = 3.54 and Rw= 4.92. The R valuebased on

all 1722 uniquedata was 4.06 and the goodness-of-fitparameter was 2.578.

The least squaresprogramminimizedthe expression,T_,w(IFol- IFcl)2, where

w isthe weightof a givenobservation.A valueof 0.02 for the p-factorwas used

to reduce the weight of intense reflectionsin the refinements.24 The analytical

forms of the scatteringfactor tables for the neutral atoms25were used and all

non-hydrogenscattering factors were corrected for both real and imaginary

componentsof anomalousdispersion.2s

The data were evaluated through the residualsover ranges of sine/Z,

IFol, parity, and individual indices. No unusual features or trends were

observed once the untwinningprocedurewas completed. The highest and

lowest peaks in the final differenceFouriermap had electrondensitiesof 0.37

and -1.28 e/A 3, respectively, and wereassociatedwiththe nickelatom.
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Table 11. CrystalData for (CsMes)Ni(CsHs)

Formula NiClsH2o
FW 259.04
Space Group P 1 (No. 2)
a, A 7.860 (3)
b,A 8.204(2)
c,A 12.285 (7)
e_,deg. 101.19(2)

13,deg. 97.79 (3)
"y,deg. 118,57 (2)
V, A3 658.1 (9)
Z 2
F(O00) 276
dcalc,g/cm3 1.307
l_calc,cm'l 14.52
size, mm 0.20 x 0.47 x 0.50
temperature -96 °C
diffractometer Enraf-NoniusCAD4
radiation MoK(x(0.71073 A)
monochromator highlyorientedgraphite
scan range, type 3.0° <_.20 __.45.0°, 0-20
scanwidth,deg. A® = 0.65 + 0.35(tan O)
octantscollected + h, +_.k, _ I
reflectionscollected 3441
uniquereflections 1722
reflections,Fo2 > 3a(Fo2) 1580
variables 145
R 3.54
Rw 4.92
Ra, 4.06
GOF 2.578
largest_/G in final LS cycle 0.00
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Appendix I, Tqbtes of Posltion_ andThermsI Parameters

!

(CsMes)3Co3(I_3-CH)(I_-H)

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2)

Co 0.20850(1) 0.32733(1) 0.17723(1) 2.27(1)
C1 0.2423(4) 0.4190(4) 0.0405(4) 2.2(1)
C2 0.1173(4) 0.3667(4) 0.0181(4) 2.1(1)
C3 0.0713(4) 0.4159(4) 0.1166(4) 2.2(1)
C4 0.1700(4) 0.5006(4) 0.2024(4) 2.1(1)
C5 0.2751(4) 0.5029(4) 0.1552(4) 2.4(1)
C6 0.3206(5) 0.4037(5) .0.0483(5) 3.3(1)
C7 0.0423(5) 0.2786(5) -0.0953(5) 3.4(1)
ce -0.0592(4) 0.3916(5) 0.1198(5) 3.0(1)
C9 0.1613(5) 0.5793(5) 0.3179(5) 3.4(1)
C10 0.3966(5) 0.5848(5) 0.2110(5) 3.9(1)
Cll 0.3135(7) 0.314 0.314 2.31(6)
Cl1' 0.150(2) 0.15 0.15 1.9(6)*
H6A 0.31442(1) 0.46093(1) -0.09732(1) 4.2*
H6B 0.40212(1) 0.41609(1) -0.00625(1) 4.2*
HSC 0.29509(1) 0.32445(1) -0.09786(1) 4.2*
H7A 0.01220(1) 0.32176(1) .0.15213(1) 4.4*
HTB 0.09082(1) 0.22950(1) -0.12876(1) 4.4*
H7C -0.02342(1) 0.22900(1) .0.07615(1) 4.4*
HeA -0.09617(1) 0.44804(1) 0.08523(1) 3.9"
H8B -0.09758(1) 0.31210(1) 0.07513(1) 3.9*
H8C -0.06695(1) 0.39928(1) 0.20110(1) 3.9*
H9A 0.14283(1) 0.65254(1) 0.30237(1) 4.4*
H9B 0.09938(1) 0.53848(1) 0.34939(1) 4.4*
Hgc 0.23612(1) 0.59658(1) 0.37482(1) 4.4*
H10A 0.40085(1) 0.65825(1) 0.18451(1) 5.1"
HIOB 0.40849(1) 0.60124(1) 0.29639(1) 5.1"
H10C 0.45750(1) 0.54680(1) 0.18739(1) 5.1"
Hll 0.37333(1) 0.37333(1) 0.37333(1) 4.0*

Starred atoms were included with isotropic thermal parameters. The thermal

parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as: (4/3) . [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +

ab(cos _t).B(1,2) + ac(cos 13).B(1,3) + bc(cos (x).B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.
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(CsMes)3Co3(I_3-CH)(I_-H)

Table of Anisotropic Thermal Parameters - B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv

Co 2.62(2) 2.43(2) 2.36(2) 1.15(2) 0.91(2) 1.06(2) 2.27(1)
C1 2.6(2) 1.9(2) 2.4(2) 0.5(1) 0.7(1) 0.9(1) 2.2(1)
C2 2.7(2) 1.8(2) 2.1(2) 0.5(1) 0.3(1) 0.9(1) 2.1(1)
C3 2.4(2) 1.9(2) 2.4(2) 0.6(1) 0.4(1) 0.8(1) 2.2(1)
C4 2.6(2) 1.9(2) 1.9(2) 0.7(1) 0.4(1) 0.6(1) 2.1(1)
C5 2.3(2) 2.1(2) 2.7(2) 0.3(2) 0.3(2) 0.8(1) 2.4(1)
C6 3.8(2) 3.2(2) 3.6(2) 1.1(2) 1.8(2) 1.6(2) 3.3(1)
C7 3.9(2) 3.0(2) 2.5(2) -0.1(2) 0.2(2) 0.2(2) 3.4(1)
C8 2.5(2) 3.2(2) 3.4(2) 0.6(2) 0.6(2) 0.7(2) 3.0(1)
C9 4.0(2) 2.8(2) 2.7(2) 0.7(2) 0.4(2) -0.1(2) 3.4(1)
C10 3.2(2) 3.5(2) 4.2(3) -0.5(2) 0.4(2) 0.4(2) 3.9(1)
Cll 2.5(2) B(1,1) B(1,1) 0.9(2) B(1,2) B(1,2) 2.31(6)

The form of the anisotropic temperature factor is: exp[-0.25{h2a2.B(1,1) +
k2b2.B(2,2) + 12c2.B(3,3)+ 2hkab.B(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,
and c are reciprocal lattice constants.
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(CsMes)3Ni3(_3-CH)(_-H)

Table of PositionalParameters andTheir Estimated Standard Deviations

Atom x y z B(A2)

Ni 0.21025(1) 0.32721(1) 0.17798(1) 2.13(1)
C1 0.1692(4) 0.5021(3) 0.1994(4) 2.07(8)
C2 0.2748(4) 0.5042(4) 0.1534(4) 2.22(9)
C3 0.2448(4) 0.4204(3) 0.0393(4) 2.09(8)
C4 0.1194(4) 0.3653(3) 0.0175(3) 1.99(8)
C5 0.0722(4) 0.4159(3) 0.1142(4) 2.07(9)
C6 0.1602(4) 0.5829(4) 0.3136(4) 3.2(1)
C7 0.3953(4) 0.5882(4) 0.2100(5) 3.6(1)
C8 0.3242(4) 0.4051(4) -0.0480(4) 3.1(1)
C9 0.0465(5) 0.2768(4) -0.0952(4) 3.3(1)
C10 -0.0585(4) 0.3902(4) 0.1170(4) 2.9(1)
Cl1' 0.1566(7) 0.157 0.157 1.2(2)*
C11 0.329(1) 0.329 0.329 1.2(3)*
H6B 0.09899(1) 0.54285(1) 0.34655(1) 4.2*
H6C 0.23524(1) 0.60163(1) 0.37012(1) 4.2*
H6A 0.14069(1) 0.65525(1) 0.29616(1) 4.2*
H7B 0.40570( 1) 0.60538( 1) 0.29528(1 ) 4.6*
H7C 0.45759(1) 0.55106(1) 0.18825(1) 4.6*
H7A 0.39880(1) 0.66101(1) 0.18234(1) 4.6*
H8B 0.40533(1) 0.41791(1) -0.00523(1) 4.0*
HSC 0.29956(1) 0.32578(1) -0.09700(1) 4.0*
H8A 0.31821(1) 0.46201(1) -0.09761(1) 4.0*
H9B 0.09623(1) 0.22844(1) -0.12786(1) 4.2*
H9C -0.01895(1) 0.22674(1) -0.07637(1) 4.2*
HgA 0.01633(1) 0.31951(1) -0.15270(1) 4.2*
H10B -0.09561(1) 0.31041_1) 0.07298(1) 3.8*
H10C -0.06677(1) 0.39815(1) 0.19818(1) 3.8*
H10A -0.09629(1) 0.44580(1) 0.08152(1) 3.8*

Starred atoms were includedwith isotropicthermal parameters. The thermal
parameter given for anisotropicallyrefined atoms is the isotropicequivalent
thermal parameter defined as: (4/3) • [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +
ab(cos_,).B(1,2)+ ac(cos _).B(1,3) + bc(coso0.B(2,3)] where a,b,c are real cell
parameters,and B(i,j)are anisotropicbetas.
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(CsMes)3N i3(_3-CH)(!_-H)

Table of Anisotropic Thermal Parameters - B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv

Ni 2.50(2) 2.28(2) 2.48(2) 1.26(1) 1.24(2) 1.32(2) 2.13(1)
C1 2.5(2) 1.7(1) 2.1(2) 0.7(1) 0.4(1) 0.6(1) 2.07(8)
C2 2.4(2) 1.9(1) 2.3(2) 0.2(1) 0.4(1) 0.7(1) 2.22(9)
C3 2.6(2) 1.6(1) 2.5(2) 0.6(1) 0.8(1) 1.0(1) 2.09(8)
C4 2.6(2) 1.7(1) 1.8(1) 0.5(1) 0.4(1) 0.8(1) 1.99(8) I
C5 2.3(2) 1.6(1) 2.4(2) 0.5(1) 0.3(1) 0.8(1) 2.07(9)
C6 3.7(2) 2.8(2) 2.9(2) 0.9(2) 0.6(2) -0.1(2) 3.2(1)
C7 2.8(2) 3.0(2) 4.3(2) -0.4(2) 0.5(2) 0.5(2) 3.6(1)
C8 3.6(2) 2.9(2) 3.4(2) 0.8(2) 1.6(1) 1.2(1) 3.1(1)
C9 3.8(2) 2.9(2) 2.6(2) 0.5(2) 0.0(2) 0.1(2) 3.3(1)
C10 2.4(2) 3.2(2) 3.1(2) 0.6(1) 0.4(1) 0.9(1) 2.9(1)

The form of the anisotropic temperature factor is: exp[-0.25{h2a2.B(1,1) +
k2b2.B(2,2) + 12c2.B(3,3)+ 2hkab.B(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,
and c are reciprocal lattice constants.
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(CsMes)3Co3(_3-CH)2

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2.)

Co 0.28845(1) 0.32088(1) 0.17074(1) 1.307(5)
C1 0.3800(2) 0.4834(2) 0.1367(2) 1.74(4)
C2 0.2543(2) 0.4600(2) 0.0808(2) 1.87(4)
C3 0.2245(2) 0.3469(2) -0.0036(2) 1.87(4)
C4 0.3310(2) 0.3005(2) -0.0007(2) 1.81(4)
C5 0.4277(2) 0.3852(2) 0.0859(2) 1.81(4)
C6 0.4504(2) 0.5947(2) 0.2260(2) 2.77(5)
C7 0.1747(2) 0.5493(2) 0.0956(2) 2.76(5)
C8 0.1041(2) 0.2908(3) -0.0859(2) 3.07(6)
C9 0.3401(2) 0.1860(2) -0.0807(2) 2.79(5)
C10 0.5593(2) 0.3819(2) 0.1122(2) 2.50(5)
C11 0.3374(2) 0.337 0.337 1.35(2)
C12 0.1825(2) 0.183 0.183 1.33(2)
H6A 0.480(4) 0.655(4) 0.187(4) 8(1)*
H6B 0.387(3) 0.626(3) 0.268(3) 7(1)*
H6C 0.505(3) 0.577(3) 0.282(3) 6.0(8)*
H7A 0.177(2) 0.598(2) 0.034(2) 3.1(6)*
H7B 0.093(3) 0.512(3) 0.088(3) 5.3(8)*
H7C 0.204(3) 0.606(3) 0.175(3) 4.6(7)*
H8A 0.099(3) 0.316(3) -0.156(3) 6.0(9)*
H8B 0.094(3) 0.213(3) -0.100(3) 4.6(7)*
H8C 0.036(3) 0.313(3) -0.044(3) 4.5(7)*
H9A 0.337(3) 0.198(3) -0.155(3) 5.0(8)*
H9B 0.418(3) 0.172(3) -0.063(3) 5.7(8)*
H9C 0.288(2) 0.123(2) -0.071(2) 3.0(6)*
H10A 0.613(3) 0.457(3) 0.103(3) 4.8(7)*
H10B 0.583(2) 0.373(2) 0.189(2) 3.2(6)*
H10C 0.580(3) 0.318(3) 0.060(3) 5.0(8)*
H11 0.406(2) 0.406 0.406 0.2(4)*
H12 0.113(2) 0.113 0.113 0.2*

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as: (4/3) [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +
ab(cos "y).B(1,2) + ac(cos J]).B(1,3) + bc(cos (x).B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.
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(C5Me5)3Co3(jLI.3-CH)2

Table of Anisotropic Thermal Parameters - B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv

Co 1.393(9) 1.372(9) 1.173(9) 0.267(7) 0.279(7) 0.336(7) 1.307(5)
C1 2.13(8) 1.70(7) 1.40(7) 0.11(6) 0.35(6) 0.65(6) 1.74(4)
C2 2.59(8) 1.71(7) 1.58(7) 0.59(6) 0.56(6) 0.84(5) 1.87(4)
C3 2.23(8) 1.93(7) 1.31(7) 0.14(6) 0.15(6) 0.52(6) 1.87(4)
C4 2.29(8) 1.90(7) 1.28(7) 0.26(6) 0.55(6) 0.46(6) 1.81 (4)
C5 2.01(7) 1.95(7) 1.61(7) 0.28(6) 0.61(6) 0.67(6) 1.81(4)
C6 3.4(1) 1.88(8) 2.50(9) -0.19(8) 0.27(8) 0.36(7) 2.77(5)
C7 3.22(9) 2.84(8) 2.69(9) 1.49(7) 0.55(7) 1.04(7) 2.76(5)
C8 2.8(1) 3.7(1) 2.18(9) 0.37(8) -0.46(8) 0.62(8) 3.07(6)
C9 3.9(1) 2.37(9) 2.05(8) 0.52(8) 1.01(7) -0.06(7) 2.79(5)
C10 1.84(8) 3.08(9) 2.73(8) 0.33(7) 0.67(7) 1.03(7) 2.50(5)
Cll 1.38(5) 9(1,1) B(1,1) 0.37(6) 9(1,2) 9(1,2) 1.35(2)
C12 1.38(5) 9(1,1) B(1,1) 0.42(6) B(1,2) B(1,2) 1.33(2)

The form of the anisotropic temperature factor is: exp[-0.25{h2a2.B(1,1) +

k2b2.B(2,2) + 12c2.B(3,3)+ 2hkab.B(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,
and c are reciprocal lattice constants.
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(CsMe5)Co(acac)

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2)

Col 0.24796(7) 0.11001(1) 0.76474(1) 2.02(1)
Co2 0.26345(7) 0.35832(1) 0.27482(1) 2.16(1)
Oi 0.1224(3) 0.1221(2) 0.6706(2) 2.33(7)
02 0.3804(4) 0.2065(3) 0.6879(2) 2.55(7)
03 0.2201(4) 0.2102(3) 0.3026(2) 2.80(8)
04 0.4736(4) 0.2971(3) 0.3198(2) 2.86(8)
C1 0.0253(6) 0.1798(4) 0.5241(3) 3.0(1)
C2 0.1409(5) 0.1808(4) 0.5862(3) 2.1(1)
C3 0.2566(5) 0.2459(4) 0.5501(3) 2.2(1)
C4 0.3681(5) 0.2559(4) 0.6012(3) 2.2(1)
C5 0.4850(6) 0.3314(4) 0.5550(3) 3.2(1)
C6 0.1603(6) -0.0148(4) 0.8711(3) 2.7(1)
C7 0.3339(6) -0.0442(4) 0.8753(3) 2.4(1)
C8 0.3705(5) 0.0563(4) 0.8822(3) 2.3(1)
C9 0.2183(5) 0.1440(4) 0.8904(3) 2.1(1)
C10 0.0905(5) 0.0995(4) 0.8826(3) 2.3(1)
Cll 0.0642(7) -0.0924(4) 0.8603(4) 4.4(1)
C12 0.4529(7) -0.1609(5) 0.8765(4) 4.2(2)
C13 0.5376(6) 0.0732(5) 0.8831(3) 3.6(1)
C14 0.2040(7) 0.2601(4) 0.9030(3) 3.5(1)
C15 -0.0895(6) 0.1598(5) 0.8845(4) 3.7(1)
C21 0.2583(7) 0.0037(4) 0.3505(4) 4.5(2)
C22 0.3189(6) 0.1102(4) 0.3398(3) 2.8(1)
C23 0.4736(6) 0.0948(4) 0.3667(3) 3.2(1)
C24 0.5443(6) 0.1865(4) 0.3550(3) 2.9(1)
C25 0.7175(7) 0.1579(5) 0.3814(4) 4.6(1)
C26 0.0388(6) 0.4863(4) 0.2748(3) 2.7(1)
C27 0.1689(6) 0.5305(4) 0.2835(3) 2.6(1)
C28 0.2806(6) 0.5274(4) 0.2048(3) 2.8(1)
C29 0.2186(6) 0.4862(4) 0.1465(3) 2.8(1)
C30 0.0715(6) 0.4561(4) 0.1925(3) 2.5(1)
C31 -0.1123(6) 0.4786(5) 0.3385(4) 3.9(1)
C32 0.1829(7) 0.5755(4) 0.3589(4) 4.3(1)
C33 0.4389(6) 0.5631(5) 0.1872(4) 4.6(2)
C34 0.2925(7) 0.4751(5) 0.0547(4) 4.4(2)
C35 -0.0330(7) 0.4019(4) 0.1593(4) 4.2(1)
H1A 0.04885(1) 0.22559(1) 0.46320(1) 3.9*
H1B 0.03772(1) 0.10043(1) 0.52572(1) 3.9*
H1C -0.08437(1) 0.21277(1) 0.54361(1) 3.9*
H5A 0.46772(1) 0.36438(1) 0.49134(1) 4.1"
H5B 0.46593(1) 0.39360(1) 0.58130(1) 4.1"
H5C 0.59495(1) 0.28385(1) 0.56338(1) 4.1"
H3 0.25928(1) 0.28619(1) 0.48604(1) 2.9*
H11A 0.03790(1) -0.14235(1) 0.91901(1) 5.7*
H11B -0.03430(1) -0.04422(1) 0.83148(1) 5.7*
H11C 0.12812(1) -0.13987(1) 0.82372(1) 5.7*

(C5Me5)Co(acac)
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Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

Atom x y z B(A2)

H12A 0.46423(1) -0.21128(1) 0.93808(1) 5.4*
H12B 0.41328(1) -0.19697(1) 0.84225(1) 5.4*
H12C 0.55667(1) -0.14862(1) 0.85010(1) 5.4*
H13A 0.57158(1) 0.04220(1) 0.94415(1) 4.7*
H13B 0,61436(1) 0.03274(1) 0.84553(1) 4.7*
H13C 0.53225(1) 0.15550(1) 0.86024(1) 4.7*
H14A 0.19154(1) 0.25218(1) 0.96666(1) 4.6*
H14B 0.30044(1) 0.28526(1) 0.87703(1) 4.6*
H14C 0.11100(1) 0.31730(1) 0.87349(1) 4.6*
H15A -0.13443(1) 0.14162(1) 0.94609(1) 4.8*
H15B -0.10559(1) 0.24327(1) 0.85919(1) 4.8*
H15C -0.14279(1) 0.13297(1) 0.84947(1) 4.8*
H21A 0.33861(1) -0.06678(1) 0.37849(1) 5.8*
H21B 0.15869(1) 0.00761(1) 0.38783(1) 5.8*
H21C 0.23951(1) 0.00313(1) 0.29185(1) 5.8*
H25A 0.75865(1) 0.07440(1) 0.40665(1) 6.0*
H25B 0.78467(1) 0.18616(1) 0.32868(1) 6.0*
H25C 0.71862(1) 0.19515(1) 0.42575(1) 6.0*
H23 0.53546(1) 0.01611(1) 0.39521(1) 4.1"
H31A -0.19463(1) 0.55162(1) 0.32073(1) 5.1"
H31B -0.15222(1) 0.41625(1) 0.33539(1) 5.1"
H31C -0.08566(1) 0.46303(1) 0.39948(1) 5.1"
H32A 0.12780(1) 0.65766(1) 0.34418(1) 5.6*
H32B 0.13418(1) 0.53327(1) 0.41431(1) 5.6*
H32C 0.29559(1) 0.56429(1) 0.36626(1) 5.6*
H33A 0.41880(1) 0.64516(1) 0.15376(1) 5.9"
H33B 0.48226(1) 0.54884(1) 0.24402(1) 5.9*
H33C 0.51564( 1) 0.51796( 1) 0.15269(1 ) 5.9*
H34A 0.24991(1) 0.54688(1) 0.00821(1) 5.7*
H34B 0.40857(1) 0.45979(1) 0.05338(1) 5.7*
H34C 0.26598(1) 0.41147(1) 0.04431(1) 5.7*
H35A -0.11425(1) 0.46301(1) 0.12235(1) 5.4*
H35B 0.03403(1) 0.35353(1) 0.12410(1) 5.4*
H35C -0.08507(1) 0.35467(1) 0.21043(1) 5.4*

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as: (4/3) . [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +
ab(cos _).B(1,2) + ac(cos 13).B(1,3)+ bc(cos o_).B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.
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(CsMes)Nl(acac)

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2)

Nil 0.27915(8) 0.11027(1) 0.76275(1) 1.94(1)
Ni2 0.24010(8) 0.34860(1) 0.27000(1) 1.92(2)
O1 0.1523(4) 0.1295(3) 0.6721(2) 2.25(8)
02 0.4241(4) 0.2053(3) 0.6891(2) 2.47(9)
03 0.1810(4) 0.2058(3) 0.3002(2) 2.34(8)
04 0.4458(4) 0.2881(3) 0.3167(2) 2.28(8)
C1 0.0652(7) 0.1995(5) 0.5269(3) 2.7(1)
C2 0.1814(6) 0.1926(4) 0.5892(3) 2.0(1)
C3 0.3043(6) 0.2538(4) 0.5541(3) 2.1(1)
C4 0.4175(6) 0.2579(4) 0.6036(3) 2.1(1)
C5 0.5407(7) 0.3316(5) 0.5570(4) 3.2(2)
C6 0.1725(7) -0.0107(4) 0.8703(3) 2.3(1)
C7 0.3480(7) -0.0452(4) 0.8766(3) 2.5(1)
C8 0.3678(6) 0.0544(4) 0.8812(3) 2.3(1 )
C9 0.2310(6) 0.1433(4) 0.8937(3) 2.1(1)
C10 0.1014(6) 0.1035(4) 0.8863(3) 2.1(1)
Cll 0.0707(8) -0.0829(5) 0.8599(4) 3.5(1)
C12 0,4640(9) -0,1638(5) 0.8790(4) 3,8(2)
C13 0.5548(7) 0.0683(5) 0.8817(4) 3.4(2)
C14 0.2196(6) 0.2585(5) 0.9070(4) 3.5(2)
C15 -0.0805(7) 0.1662(5) 0.8891(4) 3.1(1)
C21 0.2093(7) -0.0001(5) 0.3564(4) 3.2(1)
C22 0.2766(7) 0.1043(4) 0.3393(3) 2.3(1 )
C23 0.4293(7) 0.0881(4) 0.3655(3) 2.3(1)
C24 0.5088(7) 0.1756(4) 0.3528(3) 2.2(1)
C25 0.6770(6) 0.1433(5) 0.3821(4) 3.3(1)
C26 0.0067(7) 0.4839(4) 0.2774(3) 2.4(1 )
C27 0.1312(6) 0.5262(4) 0,2845(3) 2.1(1)
C28 0.2575(6) 0.5214(4) 0.2054(4) 2.4(1)
C29 0.1955(7) 0.4876(4) 0.1452(3) 2.3(1)
C30 0.0487(7) 0,4535(4) 0.1931(3) 2.3(1)
C31 -0.1517(7) 0.4716(5) 0.3406(4) 3.4(2)
C32 0.1483(8) 0.5668(5) 0,3591(4) 3.7(2)
C33 0,4160(8) 0.5573(5) 0,/878(4) 3,7(2)
C34 0.2774(9) 0.4825(6) 0.0513(4) 4.0(2)
C35 -0,0578(7) 0.4024(5) 0.1618(4) 3.3(1)
H1C -0.04645(1) 0,23318(1) 0.54790(1) 3.5*
HIA 0.09476(1) 0.24760(1) 0.46690(1) 3.5*
HIB 0.07432(1) 0,12189(1) 0.52656(1) 3.5 °
H3 0.31227(1) 0.29666(1) 0.49089(1) 2.7*
H5A 0.52736(1) 0.36718(1) 0.49420(1) 4.2*
H5C 0.65086(1) 0.28247(1) 0,56347(1) 4.2*
HSB 0.52197(1) 0.39182(1) 0,58375(1) 4.2*
H11A 0.03509(1) -0.13194(1) 0.91818(1) 4.6 °
H11B -0.02407(1) -0.03140(1) 0.8307Y(1) 4.6*
H11C 0.13662(1) -0.13125(1) 0.82402(1) 4.6*

(CsMes)Ni(acac)
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Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

Atom x y z B(A2)

H12A 0,46791(1) -0.2i419(1) 0,94031(1) 4.9"
H12B 0.42499(1) -0.19823(1) 0.84587(1) 4.9"
H12C 0.57263(1) -0,15421(1) 0,85226(1) 4.9"
H13A 0.58175(1) 0.03723(1) 0.94231(1) 4.4*

1 H13B 0.63593(1) 0.02643(1) 0.84533(1) 4.4"
H13C 0.55375(1) 0,15010(1) 0.85769(1) 4.4"
H14A 0.19785(1) 0.24938(1) 0.97019(1) 4.5"
H14B 0.32202(1) 0.28053(1) 0,88267(1) 4.5*
H14C 0,13155(1) 0.31859(1) 0.87670(1) 4.5*
H15A -0.13107(1) 0.14951(1) 0.95047(1) 4.0"
H15B -0.09285(1) 0.24933(1) 0.86206(1) 4.0"
H15C -0.13288(1) 0.13935(1) 0.85634(1) 4.0*
H21C 0,19267(1) -0.00288(1) 0.30015(1) 4.2*
H21A 0.28665(1) -0.07100(1) 0,38517(1) 4.2*
H21B 0.10595(1) 0,00727(1) 0.39466(1) 4.2"
H23 0.48589(1) 0.00868(1) 0.39540(1) 3.0*
H25A 0.71329(1) 0.05947(1) 0.40762(1) 4.3*
H25C 0.67115(1) 0.17929(1) 0.42642(1) 4.3"
H25B 0.75393(1) 0.17057(1) 0.33102(1) 4.3"
H31A -0.23225(1) 0.54595(1) 0.32772(1) 4.4*
H31B -0.19362(1) 0.41433(1) 0.33236(1) 4.4*
H31C -0.12948(1) 0.44666(1) 0.40179(1) 4.4*
H32A 0,08870(1) 0,64768(1) 0.34863(1) 4.9*
H32B 0.10413(1) 0.51962(1) 0.41594(1) 4.9 °
H32C 0.26297(1) 0.55892(1) 0.36013(1) 4.9"
H33A 0.39653(1) 0,64044(1) 0.15749(1) 4.9*
H33B 0.45636(1) 0.53835(1) 0,24401(1) 4.9"
H33C 0.49644(1) 0.51617(1) 0.15081(1) 4.9*
H34A 0.23617(1) 0.55601(1) 0.00691(1) 5.2*
H34B 0.39490(1) 0.46784(1) 0.04831(1) 5,2"
H34C 0.25239(1) 0o42036(1) 0.03989(1) 5.2"
H35A -0.13849(1) 0.46517(1) 0.12747(1) 4,2"
H35B 0,01062(1) 0.35621(1) 0.12498(1) 4.2"
H35C -0.11301(1) 0.35367(1) 0.21325(1) 4.2"

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as: (4/3). [a2.B(1,1) + b2-B(2,2) + c2.B(3,3) +
ab(cos _/).B(1,2) + ac(cos 13).B(1,3)+ bc(cos (x).B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.
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(CsMes)Nt(acac)PMe3

Tableof PositionalParametersandTheirEstimatedStandardDeviations

Atom x y z B(A2)

Ni 0.08538(7) 0.25 -0.00197(9) 2.13(2)
P -0.0887(2) 0,25 0.0260(2) 2.65(4)
O 0.0744(3) 0.1452(2) -0.1353(3) 2.42(8)
C1 0.0792(5) 0.0715(4) -0.3334(5) 3.3(1)
C2 0.0763(4) 0.1596(4) -0.2517(5) 1.9(1)
C3 0.0741(6) 0.25 -0.3118(6) 2.2(2)
C4 -0.1473(5) 0.3522(5) 0.1040(7) 4.4(2)
C5 -0.1515(7) 0.25 -0.1218(9) 5.0(3)
C6 0.2404(4) 0.1997(4) 0.0504(5) 2.5(1)
C7 0.1696(4) 0.1674(4) 0.1433(5) 2.8(1)
C8 0.1291(6) 0.25 0.2005(7) 2.7(2)
C16 0.3030(5) 0.1356(5) -0.0303(6) 3.3(1)
C17 0.1465(5) 0.0639(5) 0.1744(6) 4.8(2)
C18 0.0608(8) 0.25 0.3138(9) 6.3(3)
H1A 0.08053(1) 0.01539(1) -0.28205(1) 4.3"
H1B 0.02128(1) 0.07010(1) -0.38547(1) 4.3"
H1C 0.13778(1) 0.07311(1) -0.38444(1) 4.3"
H3 0.07586(1) 0,25000(1) -0.40097(1) 2.9"
H4A -0.21779(1) 0.34217(1) 0.10863(1) 5.7"
H4B -0.12073(1) 0.35849(1) 0.18650(1) 5.7" !
H4C -0.13397(1) 0.40941(1) 005768(1) 5.7"
H5A -0.22205(1) 0.25000(1) -0.i0855(1) 6.5"
H5B -0.13291(1) 0.30598(1) -0.16779(1) 6.5"
HSB' -0.13291(1) 0.19402(1) -0.16779(1) 6.5"
H16B 0.26891(1) 0.07619(1) -0.04342(1) 4.3*
H16C 0.31465(1) 0.16605(1) -0.10695(1) 4.3"
H16A 0.36548(1) 0.12356(1) 0.01005(1) 4.3"
H17A 0.19070(1) 0.04217(1) 0,23848(1) 6.3"
H17B 0.07903(1) 0.05894(1) 0.20290(1) 6.3"
H17C 0.15503(1) 0.02527(1) 0.10140(1) 6.3"
H18A 0.10019(1) 0.25000(1) 0.38832(1) 8.1"
H18B 0.01961(1) 0.30598(1) 0.31227(1) 8.1"
H18B' 0.01960(1) 0.19402(1) 0.31226(1) 8.1"

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropicallyrefined atoms is the isotropicequivalent
thermal parameter defined as: (4/3) . [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +

ab(cos _,).B(1,2) + ac(cos 13).B(1,3) + bc(cos o_).B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.
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(CsMes)Ni(acac)PMe3

Table of Anisotropic Thermal Parameters - B's

Atom B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv

Ni 1.77(3) 3.25(4) 1.37(3) 0 -0.08(5) 0 2.13(2)
P 1.81(8) 4.1(1) 2.07(9) 0 0.05(8) 0 2.65(4)
O 2.9(2) 2.4(2) 1.9(1) -0.3(2) -0.0(2) 0.4(1) 2.42(8)
C1 4.0(3) 3.2(3) 2.6(2) 0.1(3) 0.3(3) -0.7(2) 3.3(1)
C2 1.2(2) 2.9(2) 1.8(2) 0.1(2) 0.0(2) -0.3(2) 1.9(1)
C3 1.8(3) 3.9(4) 0.9(3) 0 0.1(3) 0 2.2(2)
C4 2.9(3) 5.0(4) 5.3(3) 0.4(3) 0.6(3) -0.2(3) 4.4(2)
C5 2.9(4) 8.5(7) 3.5(4) 0 0.1(4) 0 5.0(3)
C8 1.7(2) 3.2(2) 2.4(2) 0.2(2) -0.5(2) 0.5(2) 2.5(1) !
C7 2.5(3) 4.2(3) 1.8(2) -0.5(2) -0.6(2) 1.0(2) 2.8(1)
C8 2.5(4) 4.9(4) 0.7(3) 0 -0.2(3) 0 2.7(2)
C16 2.9(2) 3.5(3) 3.8(3) 0.5(2) -0.2(2) 0.4(3) 3.3(1)
C17 4.1(3) 6.0(4) 4.3(3) .1.2(3) .1.2(3) 2.8(3) 4.8(2)
C18 3,6(5) 12.0(9) 3.2(4) 0 0.6(4) 0 6.3(3)

The form of the anisotropic temperature factor is: exp[-0.25{h282.B(1,1) +

k2b2.B(2,2) + 12c2.B(3,3) + 2hkab.B(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,

and c are reciprocal lattice constants.
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(CsMes)Co(CI)PEt3

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A,?.)

Co 0.23616(6) 0.26958(7) 0.1645(1) 1.35(1)
CI 0.3386(1) 0,1629(1) 0.0874(2) 2.29(4)
P 0.2009(1) 0.3065(1) .0.0743(2) 1.78(4)
C1 0.2674(6) 0.3549(6) 0.3567(9) 2.4(2)
C2 0.2640(5) 0.2590(6) 0.3932(8) 2.2(2)
C3 0.1718(6) 0.2220(5) 0.3655(9) 2.2(2)
C4 0.1214(5) 0,2939(6) 0.3019(9) 2.4(2)
C5 0.1781(6) 0.3764(5) 0.2953(8) 2.1(2)
C6 0.3464(6) 0,4233(6) 0.377(1) 3.3(2)
C7 0.3477(7) 0.2054(6) 0,463(i) 3.1(2)
C8 0.1439(7) 0.1212(6) 0.394(1) 3.6(2)
C9 0.0171(6) 0.2874(7) 0,263(1) 3.5(2)
C10 01402(7) 0.4715(7) 0.251(1) 3.6(2)
C11 0.1678(6) 0.2018(6) .0o180(1) 3.0(2)
C12 0.0823(6) 0.1551(6) -0.115(1) 3.3(2)
C13 0.3053(6) 0.3476(6) -0.178(1) 2.6(2)
C14 0.3426(6) 0.4391(6) -0.108(1) 3.6(2)
C15 0.1102(6) 0.3910(6) -0.1259(9) 2.7(2)
C16 0.0939(7) 0.4020(8) -0.297(1) 4.7(2)
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(CsMes)Co(CI)PEt3

Table of PositionalParametersandTheirEstimatedStandardDeviations(cont.)

Atom x y z B(A2)

H6A 0.34236(1) 0.45132(1) 0.47538(1) 4.3*
H6B 0.40457(1) 0.39135(1) 0.36734(1) 4.3*
H6C 0.34231(1) 0.47061(1) 0.30039(1) 4,3*
H7A 0.34583(1) 0.21048(1) 0.57141(1) 4.0*
H7B 0,34416(1) 0.14121(1) 0.43435(1) 4.0"
H7C 0.40464(1) 0.23148(1) 0.42582(1) 4.0*
H8A 0,11599(1) 0.11597(1) 0.49243(1) 4.6*
H8B 0.10023(1) 0.10192(1) 0.31801(1) 4.6*
H8C 0.19797(1) 0.08238(1) 0.38925(1) 4.6*
H9A -0.01893(1) 0.30282(1) 0.35106(1) 4.5"
H9B 0,00287(1) 0.32995(1) 0.18261(1) 4,5*
Hgc 0.00257(1) 0.22532(1) 0.23132(1) 4.5*
H10A 0.11860(1) 0.50327(1) 0.33957(1) 4.6*
H10B 0.18843(1) 0.50715(1) 0.20337(1) 4.6"
H10C 0.08962(1) 0.46377(1) 0.18081(1) 4.6*
H11A 0.21846(1) 0.15863(1) -0.17765(1) 3.9*
H11B 0.15524(1) 0.21890(1) -0.28366(1) 3.9*
H13A 0.28930(1) 0.35829(1) -0.28231(1) 3.4*
H13B 0.35275(1) 0.30092(1) -0.17247(1) 3.4*
H15A 0.12766(1) 0.45039(1) -0.08569(1) 3.5°
H15B 0.05293(1) 0.37139(1) -0.08029(1) 3.5"
H12A 0.06770(1) 0.10103(1) -0.17410(1) 4.3°
H12B 0.09417(1) 0,13727(1) -0.01213(1) 4.3"
H12C 0.03096(1) 0.19754(1) -0,11814(1) 4.3*
H14A 0.39644(1) 0.45912(1) -0.16308(1) 4.7*
H14B 0.29546(1) 0.48606(1) -0.11360(1) 4.7*
H14C 0.35894(1) 0.42868(1) -0.00376(1) 4.7*
H16A 0.04589(1) 0.44697(1) -0.31435(1) 6.1"
H16B 0.15021(1) 0.42242(1) -0.34496(1) 6_1"
H16C 0.07548(1) 0.34342(1) -0.33956(1) 6.1"

Starred atoms were included with isotropicthermalparameters. The thermal
parameter given for anisotropicallyrefined atoms is the isotropic equivalent
thermal parameter defined as: (4/3). [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +
ab(cos_/).B(1,2)+ ac(cos I_).B(1,3)+ bc(cos _).B(2,3)] where a,b,c are real cell
parameters,and B(i,j)are anisotropicbetas.
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(CsMes)Co(CI)PEt 3

Table of AntsotropicThermal Parameters- B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Be<Iv

Co 1.32(3) 1.36(3) 1.36(3) 0.26(3) -0.05(4) -0.04(3) 1.35(1)
CI 2.14(7) 2.49(7) 2.25(7) 1.06(6) -0.13(7) -0.29(7) 2.29(4)
P 2.12(8) 1.67(7) 1.48(7) 0.47(6) -0.04(7) -0.05(7) 1.78(4)
C1 2.8(3) 3.1(3) 1.5(3) -0.2(3) 0.5(3) -0.7(3) 2.4(2)
C2 1.5(3) 3.6(4) 1.6(2) 0,7(3) -0.0(3) -1.4(3) 2.2(2)
C3 3.0(3) 1.7(3) 1.8(4) -0.4(3) 0.3(3) 0.2(3) 2.2(2)
C4 1.1(3) 4.3(4) 1.6(3) 0.2(3) -0.2(3) -1.7(3) 2.4(2)
C5 3.1(3) 1.9(3) 1.2(3) 0.5(3) 0.1(3) -0.6(3) 2.1(2)
C6 3.5(4) 2.7(3) 3.7(5) -0.5(3) 0.1(4) -0.9(3) 3.3(2)
C7 3.8(4) 2.9(4) 2.6(4) 0.9(3) -0.6(3) -0.0(3) 3.1(2)
C8 5,2(5) 3.0(4) 2.4(4) -1.6(3) -0.1(4) 0.1(3) 3.6(2)
C9 1.7(3) 5.7(5) 3.1(4) -0.1(4) 0.1(3) 0.1(4) 3.5(2)
C10 3.5(4) 3.8(4) 3.4(4) 0.9(4) 0.0(4) -0.3(4) 3.6(2)
C11 3.7(4) 2.3(3) 3.0(4) 1.7(3) -1.3(4) -0.9(3) 3.0(2)
C12 3.1(4) 2.8(4) 4.1(5) .0.6(3) -1.1(4) -0.6(4) 3.3(2)
C13 3.4(4) 2.9(3) 1.5(3) 0.6(3) 0.9(3) 0.6(3) 2.6(2)
C14 3.7(4) 2.9(4) 4.2(5) -0.9(3) 1.9(4) 0.1(4) 3.6(2)
C15 2.3(3) 2.9(3) 2.7(4) 1.0(3) 0.0(3) 0.7(3) 2.7(2)
C16 5.5(5) 5.6(5) 3.0(4) 3.3(4) -0.7(4) 0.0(4) 4.7(2)

The form of the anisotropic temperature factor is: exp[-0,25{h2a2.B(1,1)+
k2b2.B(2,2) + 12c2.B(3,3) + 2hkab.B(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,
and c are reciprocal lattice constants.
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(CsMes)Ni(Br)PEt3

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2)

Br 0.33943(1) 0.15345(1) 0.08333(8) 2.50(1)
Ni 0.23716(1) 0.27060(1) 0.15803(9) 1.57(1)
P 0.2063(1) 0.3074(1) 0.9236(2) 1.88(3)
C1 0.2664(4) 0.3541(4) 0.3576(7) 2.0_1)
C2 0.2670(4) 0.2583(4) 0.3941(7) 1.8(1)
C3 0.1757(4) 0.2200(4) 0.3678(7) 2.0(1)
C4 0.1203(4) 0.2880(4) 0.3080(7) 1.9(1)
C5 0.1766(4) 0.3723(4) 0.2952(7) 1.8(1)
C6 0.3429(5) 0.4218(5) 0.3783(8) 2.9(1)
C7 0.3482(5) 0.2067(5) 0.4631(8) 2.6(1)
C8 0.1493(5) 0.1200(5) 0.3992(9) 3.2(2)
C9 0.0191(5) 0.2839(6) 0.2699(9) 3.3(2)
C10 0.1405(5) 0.4664(5) 0.2551(9) 3.0(1)
Cll 0.1709(5) 0.2060(4) 0.8120(8) 2.6(1)
C12 0.0885(5) 0.1566(5) 0.884(1) 3.7(2)
C13 0.3087(5) 0.3494(5) 0.8245(9) 2.9(1)
C14 0.3474(5) 0.4384(5) C.893(1) 3.7(2)
C15 0.1178(5) 0.3941(5) 0.8768(8) 2.7(1)
C16 0.0996(6) 0.4080(6) 0.7068(9) 4.5(2)
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(CsMes)Ni(Br)PEt3

Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

Atom x y z B(A2)

H6A 0.33901(1) 0.44855(1) 0.47758(1) 3.8*
H6B 0.40083(1) 0.39105(1) 0.36735(1) 3.8*
H6C 0.33797(1) 0.46927(1) 0.30315(1) 3.8*
H7A 0.34589(1) 0.21159(1) 0.57159(1) 3.4*
H7B 0.34514(1) 0.14316(1) 0.43440(1) 3.4*
H7C 0.40452(1) 0.23279(1) 0.42670(1) 3.4*
H8A 0.12361(1) 0.11516(1) 0.49909(1) 4.2*
H8B 0.10475(1) 0.10025(1) 0.32583(1) 4.2*
H8C 0.20289(1) 0.08191(1) 0.39217(1) 4.2*
H9A -0.01629(1) 0.29425(1) 0.36017(1) 4.4*
H9B 0.00480(1) 0.33026(1) 0.19632(1) 4.4*
H9C 0.00455(1) 0.22451(1) 0.22923(1) 4.4*
H10A 0.11715(1) 0.49565(1) 0.34469(1) 3.8*
H10B 0.18929(1) 0.50280(1) 0.21331(1) 3.8*
H10C 0.09216(1) 0.46059(1) 0.18178(1) 3.8*
H11A 0.22153(1) 0.16402(1) 0.80616(1) 3.4*
H11B 0.15430(1) 0.22562(1) 0.71176(1) 3.4*
H12A 0.07204(1) 0.10449(1) 0.82335(1) 4.9*
H12B 0.10456(1) 0.13643(1) 0.98438(1) 4.9*
H12C 0.03733(1) 0.19803(1) 0.88998(1) 4.9*
H13A 0.29286(1) 0.36065(1) 0.72044(1) 3.7*
H13B 0.35527(1) 0.30294(1) 0.82944(1) 3.7*
H14A 0.40061(1) 0.45703(1) 0.83629(1) 4.8*
H14B 0.30163(1) 0.48574(1) 0.88745(1) 4.8*
H14C 0.36404(1) 0.42802(1) 0.99646(1) 4.8*
H15A 0.13698(1) 0.45184(1) 0.91855(1) 3.5*
H15B 0.06124(1) 0.37545(1) 0.92356(1) 3.5*
H16A 0.05298(1) 0.45392(1) 0.69354(1) 5.8*
H16B 0.15507(1) 0.42764(1) 0.65787(1) 5.8*
H16C 0.07933(1) 0.35125(1) 0.66287(1) 5.8*

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as: (4/3) • [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +
ab(cos 7).B(1,2) + ac(cos _).B(1,3) + bc(cos o0.B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.
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(C5Mes)Ni(Br)PEt3

Table of AnisotropicThermal Parameters - B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv

Br 2.55(2) 2.51(2) 2.44(2) 0.96(2) -0.06(3) -0.36(3) 2.50(1)
Ni 1.66(3) 1.63(3) 1.42(2) 0.15(2) -0.04(3) -0.05(3) 1.57(1)
P 2.15(6) 1.98(6) 1.51(5) 0.32(5) 0.09(6) -0.18(6) 1.88(3)
C1 2.0(2) 2.6(2) 1.6(3) 0.3(2) 0.1(2) -0.8(2) 2.0(1) I
C2 2.1(2) 2.0(2) 1.2(2) 0.3(2) -0.2(2) -0.2(2) 1.8(1)
C3 2.2(2) 2.1(2) 1.8(3) -0.3(2) 0.3(2) -0.0(2) 2.0(1)
C4 1.6(2) 2.8(3) 1.3(2) 0.2(2) 0.3(2) -0.1(2) 1.9(1)
C5 2.1(2) 1.8(2) 1.6(2) 0.3(2) 0.1(2) -0.1(2) 1.8(1)
C6 3.2(3) 2.8(3) 2.7(3) -0.6(2) -0.1(3) -0.7(3) 2.9(1)
C7 2.5(3) 2.7(3) 2.6(3) 0.7(2) -0.2(3) 0.3(3) 2.6(1)
C8 4.6(3) 2.5(3) 2.6(3) -1.1(3) -0.1(3) 0.3(3) 3.2(2)
C9 2.3(3) 4.5(3) 3.3(3) 0.3(3) 0.4(3) 0.0(3) 3.3(2)
C10 3.6(3) 2.6(3) 2.7(3) 0.8(3) -0.2(3) -0.5(3) 3.0(1)
Cll 4.0(3) 2.1(2) 1.7(3) 0.6(2) -0.8(3) -0.5(2) 2.6(1)
C12 3.8(3) 2.8(3) 4.6(4) -0.6(3) -0.9(3) -0.7(3) 3.7(2)
C13 3.2(3) 3.3(3) 2.1(3) 1.0(2) 0.7(3) 0.6(3) 2.9(1)
C14 3.2(3) 3.0(3) 4.8(4) -0.6(3) 0.5(3) 0.6(3) 3.7(2)
C15 2.4(3) 3.0(3) 2.7(3) 0.6(2) 0.2(2) 0.7(3) 2.7(1)
C16 5.3(4) 5.4(4) 2.7(3) 2.2(3) -0.4(3) 0.8(3) 4.5(2)

The form of the anisotropictemperature factor is: exp[-0.25{h2a2.B(1,1)+
k262.B(2,2)+ 12c2.B(3,3)+ 2hkab.B(1,2)+ 2hlac.B(1,3)+ 2klbc.B(2,3)}]wherea,b,
and c are reciprocallatticeconstants.
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(CsMes)Ni(Me)PEt3

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2)

Ni 0.2304(1) 0.2669(1) 0.1564(2) 2.00(3)
P 0.2000(3) 0.2960(3) -0.0756(4) 2.82(7)
Ct 0.2744(8) 0.3353(9) 0.359(2) 2.9(3)
C2 0.2463(9) 0.2418(8) 0.386(1) 2.4(3)
C3 0.154(1) 0.230(1) 0.362(2) 4.0(3)
C4 0.1234(9) 0.317(1) 0.304(2) 4.3(4)
C5 0.198(1) 0.377(1) 0.307(2) 3.8(4)
C6 0.379(1) 0.352(1) 0.395(3) 2.7(4)*
C6A 0.353(3) 0.416(3) 0.378(5) 2.4(8)*
C7 0.293(1) 0.158(1) 0.452(2) 2.0(4)*
C7A 0.348(3) 0.201 (3) 0.465(5) 2.9(8)*
C8A 0.137(2) 0.129(2) 0.395(4) 1.9(7)*
C8 0.077(2) 0.156(2) 0.383(3) 4.5(6)*
C9 0.029(2) 0.364(2) 0.264(3) 3.5(5)*
C9A 0.017(3) 0.296(3) 0.263(5) 2.6(8)*
C10A 0.141(2) 0,477(2) 0.256(4) 1.4(6)*
C10 0.207(1) 0.484(1) 0.273(2) 2.7(4)*
Cll 0.159(1) 0.199(1) -0.181(2) 5.1(4)
C12 0.072(1) 0.151(1) -0.111(2) 5.2(4)
C13 0.299(1) 0.334(1) -0.188(2) 5.2(4)
C14 0.348(1) 0.414(1) -0.118(3) 5.8(5)
C15 0.118(1) 0.387(1) -0.119(2) 4.3(4)
C16 0.098(1) 0.404(1) -0.294(2) 6.4(4)
C17 0.3235(9) 0.1764(9) 0.092(2) 2.6(2)*
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(CsMes)Ni(Me)PEt3

Table of Positional Parameters and Their Estimated Standard Deviations (cont.)

H11A 0.20682(I) 0.15407(I) -0.18594(I) 6.6"
H11B 0.14356(I) 0.21868(I) -0.28191(I) 6.6"
H13 0.27771(1) 0.35127(1) -0.28757(1) 6.7*
H13B 0.34092(1) 0.28362(1) -0.19744(1) 6.7*
H15A 0.14110(1) 0.44346(1) -0.07706(1) 5.6*
H15B 0.06082(1) 0.37237(1) -0.06985(1) 5.6*
H12A 0.05414(1) 0.10048(1) -0.17335(1) 6.8 °
H12B 0.08575(1) 0.13013(1) -0.01032(1) 6.8*
H12C 0.02248(1) 0.19474(1) -0.10629(1) 6.8*
H14A 0.39891(1) 0.43107(1) -0.18062(1) 7.5*
H14B 0.30667(1) 0.46475(1) -0.10873(1) 7.5*
H14C 0.36988(1) 0.39710(1) -0.01860(1) 7.5*
H16A 0.05412(1) 0.45229(1) -0.30517(1) 8.3*
H16B 0.15352(1) 0.41959(1) -0.34477(1) 8.3*
H16C 0.07324(1) 0.34850(1) -0.33757(1) 8.3*
H17A 0.35138(1) 0.14949(1) 0.18030(1) 3.3"
H17B 0.29481(1) 0.12935(1) 0.03261(1) 3.3*
H17C 0.36957(1) 0.20635(1) 0.03222(1) 3.3*

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropically refined atoms is the isotropic equivalent
thermal parameter defined as: (4/3) [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +

ab(cos "y).B(1,2) + ac(cos _).B(1,3) + bc(cos (x).B(2,3)] where a,b,c are real cell
parameters, and B(i,j) are anisotropic betas.



225

(CsMes)Ni(Me)PEt3

Table of Anisotropic Thermal Parameters - B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv
=

Ni 1.77(5) 2.19(5) 2.04(5) 0.54(5) 0.09(6) -0.08(6) 2.00(3)
P 2.6(1) 3.6(2) 2.3(1) 1.1(1) 0.0(1) 0.2(1) 2.82(7)
C1 2.1(5) 3.7(6) 3.1(6) -1.2(4) -1.2(5) -1.1(6) 2.9(3)
C2 3.2(6) 1.7(5) 2.4(5) 1.5(4) 1.1(5) -0.4(5) 2.4(3)
C3 5.6(7) 4.3(6) 2.1(6) -2.6(5) 0.7(_) -0.3(6) 4.0(3)
C4 0.9(5) 10(1) 1.7(6) 2.1(6) 0.4(4) -0.6(6) 4.3(4)
C5 3.4(6) 4,5(7) 3.4(7) 0.6(6) 1.2(6) 0.3(6) 3.8(4)
C11 3.7(7) 6.9(9) 4.6(8) 1.2(7) -0.2(7) -3.2(7) 5.1(4)
C12 6.8(9) 2.9(7) 6(1) -0.2(6) -2.5(8) -1.5(7) 5.2(4)
C13 4.5(7) 8.3(9) 2.7(7) 3.9(6) 2.5(6) 1.9(7) 5.2(4)
C14 4.6(8) 4.6(8) 8(1) -0.7(6) 1.3(9) 2.2(9) 5.8(5)
C15 6.6(9) 3.2(6) 3.1(7) 1.8(6) -1.0(7) -1.1(6) 4.3(4)
C16 7.5(9) 7.9(9) 3.8(8) 4.1(7) -1.0(7) 2.5(7) 6.4(4)

The form of the anisotropic temperature factor is: exp[-0.25{h2a2.B(1,1) +
k2b2.B(2,2) + 12c2.B(3,3)+ 2hkab.B(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,
and c are reciprocal lattice constants.
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(CsMes)Co(CsH5)

Table of Positional Parameters and Their Estimated Standard Deviations

Atom x y z B(A2)

Co 0.18720(1) 0.37020(1) 0.22678(1) 1.742(6)
C1 -0.0875(3) 0.3642(3) 0.1994(2) 2.10(5)
C2 0.0689(3) 0.5512(3) 0.2715(2) 2,36(5)
C3 0.1545(3) 0.5278(3) 0.3719(2) 2.70(6)
C4 0.0462(3) 0.3255(3) 0.3629(2) 2.71(5)
C5 .0.1035(3) 0.2258(3) 0.2580(2) 2.29(5)
C6 -0.2175(3) 0.3213(3) 0.083t(2) 3.25(6) i
C7 0.1257(4) 0.7385(3) 0.2454(2) 4.15(7)
C8 0.3244(4) 0.6812(4) 0.4722(3) 5.24(8)
C9 0.0850(4) 0.2324(4) 0.4511(2) 5.06(7)
C10 -0.2570(4) 0.0130(3) 0.2139(2) 4.18(7)

J C11 0.2576(3) 0.3062(3) 0.0691(2) 2.24(5)
C12 0.4136(3) 0.4906(3) 0.1380(2) 2.44(5)
C13 0.4962(3) 0.4708(3) 0.2393(2) 2.61(6)
C14 0.3930(3) 0.2716(3) 0.2321(2) 2.88(6)
C15 0.2476(3) 0.1699(3) 0.1260(2) 2.58(5)
H6A -0.258(3) 0.193(3) 0.032(2) 4.7(6)*
H6B -0.319(3) 0.334(3) 0.090(2) 4.8(6)*
H6C -0.131(4) 0.426(3) 0.038(2) 6.9(6)*
H7A 0.028(3) 0.782(3) 0.262(2) 5.7(7)*
H7B 0.125(4) 0.730(3) 0.162(2) 6.1(7)*
H7C 0.243(4) 0.829(4) 0.291(3) 7.7(8)*
H8A 0.384(3) 0.786(3) 0.451(2) 3.3(5)*
HeB 0.279(3) 0.709(3) 0.537(2) 5.2(7)*
H8C 0.431(5) 0.654(4) 0.494(3) 9(1)*
H9A 0.032(4) 0.260(3) 0.518(2) 6.9(8)"
H9B 0.224(4) 0.315(3) 0.492(2) 7.8(9)*
H9C 0.042(6) 0.109(5) 0.420(3) 14(1)*
H10B -0.201(4) -0.059(3) 0.245(2) 6.3(7)*
H10C -0.279(4) -0.038(3) 0.125(2) 7.6(8)*
H10A -0.367(3) -0.013(3) 0.241(2) 5.2(7)*
Hll 0.171(3) 0.276(2) -0.005(2) 2.6(5)*
H12 0.450(3) 0.604(3) 0.119(2) 3.3(5)*
H13 0.604(3) 0.570(2) 0.296(2) 3.0(5)*
H14 0.418(3) 0.219(3) 0.287(2) 4.0(6)*
H15 0.142(3) 0.025(3) 0.096(2) 3.3(5)*

Starred atoms were included with isotropic thermal parameters. The thermal
parameter given for anisotropically refined atoms is the isotropic equivalent

thermal parameter defined as: (4/3) • [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +

ab(cos _/).B(1,2) + ac(cos 13).B(1,3) + bc(cos 0_).B(2,3)] where a,b,c are real cell

parameters, and B(i,j) are anisotropic betas.
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(CsMes)Co(CsHs)

Table of Anisotropic Thermal Parameters- B's

Name B(1,1) B(2,2) B(3,3) B(1,2) B(1,3) B(2,3) Beqv

Co 1.685(8) 1.971(8) 1.73(1) 1.035(6) 0.570(7) 0.512(8) 1.742(6)
C1 1.93(6) 2.92(7) 1.99(8) 1.61(5) 0.70(6) 0.72(6) 2.10(5)
C2 2.49(7) 2.25(6) 2.90(9) 1.51(5) 1.30(6) 0.70(7) 2.36(5)
C3 2.17(7) 3.48(8) 2.02(9) 1.53(5) 0.39(6) -0.20(7) 2.70(6)
C4 3.30(7) 4.47(7) 2.36(8) 2.91(5) 1.66(6) 1.97(6) 2.71(5)
C5 2.06(6) 2.44(7) 2.97(9) 1.29(5) 1.42(6) 1.16(7) 2.29(5)
C6 2.78(7) 5.44(9) 2.56(9) 2.89(5) 0.83(7) 1.05(8) 3.25(6)
C7 4.94(9) 2.98(7) 6.1(1) 2.60(6) 3.00(8) 2.01(8) 4.15(7)
ca 3.14(9) 6.5(1) 3.7(1) 2.06(8) o.15(9) -1.7(1) 5.24(8)
C9 6.16(9) 9.5(1) 3.7(1) 5.96(7) 2.84(8) 4.14(9) 5.06(7)
C10 3.44(9) 2.64(8) 6.5('J) 1.23(6) 2.83(8) 1.43(9) 4.18(7)
C11 2.19(7) 2.72(7) 1.83(8) 1.35(5) 0.65(6) 0.38(6) 2.24(5)
C12 2.33(7) 2.24(7) 3.00(9) 1.11(5) t.31(6) 1.01(7) 2.44(5)
C13 1.60(7) 3.42(8) 2.35(9) 1.01(6) 0.14(6) -0.35(8) 2.81(6)
C14 3.24(7) 4.46(7) 2.81(9) 2.93(5) 1.48(6) 1.88(7) 2.88(6)
C15 2.73(7) 2.32(7) 3,10(9) 1.53(5) 1.24(6) 0.65(7) 2.58(5)

The form of the anisotropic temperature factor is: exp[-0.25{h2a2.B(1,1) +

k2b2.B(2,2) + 12c2.B(3,3) + 2hkabB(1,2) + 2hlac.B(1,3) + 2klbc.B(2,3)}] where a,b,

and c are reciprocal lattice constants.
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(CsMes)Nt(CsH5)

Table of PositionalParametersand Their EstimatedStandardDeviations

Atom x y z B(A2)

Nil 0.18746(1) 0.36963(1) 0.22656(1) 1.81(1)
C1 -0.0926(5) 0.3647(5) 0.2012(3) 2.14(8)
C2 0.0646(5) 0.5512(4) 0.2721(3) 2.37(8)
C3 0.1505(5) 0.5309(5) 0.3737(3) 2.73(9)
C4 0.0463(5) 0.3314(5) 0.3662(3) 2.63(9)
C5 -0.1046(5) 0.2283(5) 0,2601(3) 2.37(9)
C6 -0.2221(5) 0.3207(6) 0,0853(4) 3,6(1)
C7 0.1243(6) 0.7384(6) 0,2443(4) 4,8(1)
ca 0.3212(6) 0.6895(7) 0.4725(4) 5,5(1)
C9 0.0836(6) 0.2406(6) 0.4549(4) 5.3(1)
C10 -0.2567(6) 0.0144(6) 0.2178(4) 4.2(1)
C11 0.2667(5) 0.3039(5) 0.0670(3) 2.33(9)
C12 0.4180(5) 0.4888(5) 0.1362(3) 2.55(9)
C13 0.5007(5) 0.4689(5) 0.2374(3) 2.9(1)
C14 0.3994(5) 0.2713(5) 0.2308(3) 2.96(9)
C15 0.2539(5) 0.1689(5) 0.1245(3) 2.71(9)
H6C -0.26283(1) 0.19421(1) 0.03950(1) 4.7"
H6A -0.33743(1) 0.32645(1) 0.09434(1) 4.7*
H6B -0.14809(1) 0.41356(1) 0.04859(1) 4.7"
H7C 0.09779(1) 0.71443(1) 0.16319(1) 6.2"
H7A 0.04938(1) 0.79121(1) 0.27321(1) 6.2*
H7B 0.26365(1) 0.82801(1) 0,27877(1) 6.2*
H8C 0,40940(1) 0.79057(1) 0.44512(1) 7.2"
H8A 0.27028(1) 0.73970(1) 0.52701(1) 7.2"
H8B 0.39235(!) 0.63876(1) 0.50797(1) 7.2*
H9C 0.22192(1) 0.31408(1) 0.49523(1) 6.8"
H9A 0.00526(1) 0.23931(1) 0.50760(1) 6.8*
H9B 0.04704(1) 0.11120(1) 0.41786(1) 6.8*
H10C -0.20051(1) -0,05400(1) 0.24623(1) 5.5"
H10A -0.37234(1) -0.01055(1) 0.24432(1) 5.5*
H10B -0.29355(1) -0.02786(1) 0.13606(1) 5.5"
Hll 0.18571(1) 0.27444(1) -0.00711(1) 3.0"
H12 0.45780(1) 0.60715(1) 0.11801(1) 3.3"
H13 0.60739(1) 0.57180(1) 0.29990(1) 3.8*
H14 0.42465(1) 0.21665(1) 0.28792(1) 3.8"
H15 0.16296(1) 0.03229(1) 0.09659(1) 3.5"

Starred atoms were includedwith isotropicthermal parameters. The thermal
parameter given for anisotropicallyrefined atoms is the isotropicequivalent
thermal parameter defined as: (4/3). [a2.B(1,1) + b2.B(2,2) + c2.B(3,3) +
ab(cos_,)B(1,2) + ac(cos 13).B(1,3)+ bc(cos(x).B(2,3)]where a,b,c are real cell
parameters,and B(i,j)are anisotropicbetas.
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