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Abstract

A series of tungsten alkyls of stoichiometry Cp”W(NO)(R)(R’) [Cp’ = Cp, Cp*; R =
CH,CMe;, CH,CMe;Ph, CH,SiMes; R’ = CH,CMes, CH,CMe;Et, CH,CMe,Ph, CH,SiMes,
CHj;, Ph, Cl, CH,Ph, OCHj3, NMe,] is shown by NMR and, in some cases, IR spectroscopies to
adopt an a-agostic structure when secondary interactions such as lone pair or n-electron
donation are not possible. This was confirmed by X-ray diffraction studies of several of these
compounds and by a neutron diffraction study of Cp*W(NO)(CH,CMes),. In each, the agostic
interaction is best described as a closed, 3-center, 2-electron bond and serves to give the
electron-deficient tungsten center an 18-electron configuration. The complexes in which R and
R’ are neopentyl-like display fluxional behavior in solution, exhibiting averaged NMR spectra
as a result of a competition between R and R’ for formation of an a-agostic bond with the metal.
This competition is manifested in terms of unusual NMR chemical shifts and coupling constants
for the o.-CH; groups. These data establish that the strength of the C—H--W interaction is
dependent on the nature of Cp’, R, and R’. For complexes with R = R’, it varies in the order
Cp* > Cp and R =R’ = CH,CMe; = CH,CMe,Ph > CH,SiMe;. For complexes with R # R’,
two trends are observed: First, among all the alkyl ligands studied, the relative a-agostic donor
ability is CH,CMe; > CH,CMe,Et > CH,CMe,Ph > CH,SiMe; >> CH3 (CH,Ph is nonagostic).
Second, when R = CH,CMe; and R’ = CH,CMes;, CH,CMe;,Et, CH,CMe,Ph, CH,SiMe;, CH3,
Ph, Cl, or CH,Ph, the a-agostic donor ability of R decreases as R’ is changed from Ph to CHj to
Cl to CH,SiMe; to CH,CMe,Ph to CH,CMe,Et to CH,CMes to CH,Ph.

The neopentyl complexes, Cp’W(NO)(CH,CMes), [Cp’ = Cp, Cp*] and
Cp*W(NO)(CH,;CMe;)(CH,Ph), undergo facile a-abstraction of neopentane at 60-70 °C to
give transiently the 16-electron alkylidene complexes, [Cp’W(NO)(=CHCMe;)] and
[Cp*W(NO)(=CHPh)], respectively. Both [Cp’”W(NO)(=CHCMe3)] and [Cp*W(NO)(=CHPh)]
can be trapped with tertiary phosphines in THF solvent to yield the corresponding phosphine

adducts as the anti rotamer. In the case of [Cp*W(NO)(=CHCMes)], the trapping can also be
effected in neat pyridine or Me;NEt. Cp*W(NO)(=CHCMes)(PMe;) undergoes associative
addition reactions with Me,NH, MeOH, and PhCO,H to give Cp*W(NO)(CH,CMe3)(ER) [ER
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= NMe,, OMe, OzCPh] and free PMes. The amido complex is also formed smoothly when
[Cp*W(NO)(=CHCMe;)] is generated in THF in the presence of Me,NH. When
[Cp*W(NO)(=CHCMej3)] is generated in alkene solvents, it undergoes [2+2] cycloaddition
and/or C—H activation reactions depending on the alkene structure. Cycloaddition is observed
for acyclic alkenes which lack allylic C—H bonds and for cyclic alkenes with strained C=C
bonds. In the case where the acyclic alkenes contain accessible allylic hydrogens, complicated

C—H activation product mixtures are formed.

Alkanes and arenes also react readily with [Cp*W(NO)(=CHCMe;)] at 70 °C by C-H
activation. Reactions with alkanes proceed with moderate steric selectivity and produce mixed
bis(alkyl), metallacyclobutane, alkene, or allyl complexes depending on the alkane structure.
Cp*W(NO)(CH,CMe;)(CH,SiMes) is produced in high yield in the reaction with Me4Si. The
major product of the reaction with 1,1,2,2-tetramethylcyclopropane is a metallacycle formed by
intermolecular C—H activation followed by y-cyclometalation. Neohexane and cyclohexane,
which are capable of B-elimination, react to give alkene complexes which can be trapped by
PMes; or Me,NH. In contrast, alkanes such as pentane and methylcyclohexane react to give
Cp*W(N O)(773 -allyl)(H) complexes in both the presence and absence of PMe;. Reactions with
arenes are similarly sensitive to steric effects and involve competitive aryl vs benzyl C-H
activation. The benzyl-activated products are unstable at 70 °C, decomposing to give

benzylidene complexes that also readily cleave aryl and benzyl C-H bonds.

Mechanistic studies, including isotopic labeling, isotope effect, and kinetic studies,
strongly implicate that the thermal decompositions of Cp’W(NO)(CH,CMe;), proceed by a
reversible, rate-determining a-abstraction process to form the neopentane complex,

[Cp’ W(NO)(=CHCMe;)(7>-H-CH,CMe3)], in which the metal can coordinate interchangeably
to the neopentane a- and y-C—H bonds. Concurrently, the coordinated neopentane dissociates

irreversibly from the metal center to yield [Cp”W(NO)(=CHCMes)], which can rapidly form

adducts with dative ligands or coordinate another hydrocarbon and undergo addition reactions.
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The thermal decompositions of the mixed bis(alkyl) complexes,
Cp*W(NO)(CH,;CMe;)(R), where R = CH,CMe,Et, CH,CMe,Ph, CH,SiMes, CH3, and Ph, are
also reported. These studies show that the pathway by which these compounds decompose is
governed primarily by the strengths of the M—C bond broken and formed, and that the presence

of a-agostic interactions in the ground state has little, if any, effect on the mechanism of

decomposition.
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CHAPTER 1

Background, Scope, and Format
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1.3 Thesis FOIMAL ....cccuiiiiiiiei ettt e et s et e s e se e smsaeaneeneeens 3
1.4 References and NOTES ......cceovirieriiire ettt e e s 4

1.1 Background

- An ongoing goal of research in the Legzdins group has been the development of
organotransition-metal nitrosyl complexes as specific and selective reagents for organic and
organometallic transformations of practical significance.' In particular, major efforts have been
directed toward the synthesis, characterization, and reactivity studies of the molybdenum and
tungsten complexes Cp’M(NO)R; (Cp’ = Cp, Cp* and R = alkyl, aryl).? These complexes are
formally d*, 16-electron species. They are monomeric and possess a three-legged piano-stool
structure in which the M—NO linkage is essentially linear. In this configuration, the metal d,,

and d,, orbitals are significantly stabilized by backbonding to the nitrosyl ©* orbitals, while the

d,(?'_y2 orbital (= LUMO) remains high in energy and available for bonding to additional ligands.?

In general, the molybdenum and tungsten Cp’M(NO)R, complexes exhibit reactivity
patterns that are very similar. Although most are relatively air-stable and thermally stable as
solids, their solution chemistry is quite diverse. For example, in addition to forming 1:1 metal-
centered adducts with small Lewis bases and isonitrosyl adducts with Lewis acids,* they both
react readily with oxygen™ to form the bis(oxo) complexes, Cp’M(=0),R, and with sulfur,’
isocyanides,* NO,* CO,® and heterocumulenes to form products arising from insertion into the

M-C o-bonds. More interestingly, however, are their reactions with water’ and hydrogen,”’



which vary depending on the identity of the metal. For example, while exposure of
Cp*Mo(NO)(CH,SiMes), to H; leads to the formation of [Cp’Mo(NO)(CH,SiMes)](u-
N)[Cp’Mo(O)(CH,SiMe3)],® the same reaction with the tungsten analogue produces the hydride
complex, Cp*W(NO)(CH,SiMes)(H), as a short-lived species.” The objective of this thesis is to
investigate further the chemistry of the tungsten bis(alkyl) complexes. In particular, research

has been focused on the structures and thermal reactivity of these compounds.

1.2 Thesis Outline

This thesis is divided into five chapters, each of which is self-contained, and an appendix
section. Chapter 2 reports a systematic spectroscopic and structural investigation of a series of
Cp’W(NO)(R)(R?) complexés, where R = alkyl, and R’ = alkyl, aryl, chloride, alkoxide, or
amide. In contrast to previous reports,” this study shows that, in the absence of secondary
interactions such as lone pair or n-electron donation, these complexes are in fact electronically
saturated species due to the presence of an a-agostic C—H interaction. These interactions exist
in both the solid and solution states and give rise to a number of unusual spectroscopic and
structural features that have allowed the strength of the o-C—H---W interaction to be established
as a function of Cp’, R, and R’.

Thermolysis of the neopentyl complexes, Cp’W(NO)(CH,CMe;j), [Cp’ = Cp, Cp*] and
Cp*W(NO)(CH,CMes)(CH,Ph), leads to extrusion of neopentane and formation of
[Cp"W(NO)(=CHCMes)] and [Cp*W(NO)(=CHPh)], respectively, as reactive intermediates.
The reactivity of these alkylidene intermediates with a range of trapping agents forms the basis
of Chapter 3. The reactions of [Cp’W(NO)(=CHCMes)] and [Cp*W(NO)(=CHPh)] with L,
where L = tertiary phosphine, pyridine, or tertiary amine, afford Cp”W(NO)(=CHCMe;)(L) and
Cp*W(NO)(=CHPh)(L) complexes. Both [Cp*W(NO)(=CHCMes)] and its PMes adduct
undergo addition reactions with REH substrates to form complexes of the type,
Cp*W(NO)(CH,CMe;)(ER) [ER = NR,, OR, OC(O)R]. Alkenes also react readily with
[Cp*W(NO)(=CHCMe;)]. These reactions, however, lead to complicated product mixtures

resulting from [2+2] cycloaddition and/or C—H activation depending on the alkene structure.




The products for both types of reactions are discussed, and mechanisms are proposed for their

formation.

Chapter 4 is an extension of Chapter 3 and is concerned with the alkane and arene C-H
activation reactions of [Cp*W(NO)(=CHCMes)], and to a lesser extent the Cp analogue. The
reactions of [Cp*W(NO)(=CHCMe;)] with alkanes proceed with moderate steric selectivity and
are typically followed by rapid rearrangement transformations that result in overall
dehydrogenation of the alkane. The reactions with arenes are similarly sensitive to steric effects
and involve competitive aryl vs benzyl C—H activation. The benzyl-activated products are
thermally unstable at the tefnperature at which they are formed, decomposing to give

neopentane and benzylidene complexes that also readily cleave aryl and benzyl C—H bonds.

Finally, Chapter 5 reports a detailed mechanistic investigation of the chemistry described
in Chapters 3 and 4. Specifically, the kinetics of the thermal decompositions of
Cp’W(NO)(CH,CMes), in the presence of phosphines are presented, along with the results of an
isotope effect and an isotope labeling study, which not only provide further support for the
intermediacy of {Cp’W(NO)(=CHCMej3)] but which also provide strong evidence for the
involvement of 6-C—H complexes in the formation and C—H activation reactions of these
coordinatively unsaturated alkylidene species. The thermal decompositions of the mixed
bis(alkyl) complexes, Cp*W(NO)(CH,CMe;)(R), where R = CH,CMe;Et, CH,CMe,Ph,
CH,SiMes, CHj3, and Ph, are also presented. These studies show that the pathway by which
these compounds decompose is governed primarily by the strengths of the M—C bond broken
and formed, and that the presence of o-agostic interactions in the ground state has little, if any,

effect on the mechanism of decomposition.

1.3 Thesis Format

This thesis is formatted in a manner similar to that described in the Ph. D. thesis of former

group member, J. E. Veltheer,'® with Chapters 2 through 5 having five major sections. For a

given Chapter X, the sections are: X.1 Introduction, X.2 Experimental Section, X.3 Results and




Discussion, X.4 Epilogue or Conclusions, and X.5 References and Notes. Subsections of these
categories are numbered usiﬁg legal outlining procedures, e.g. X.1.1, X.1.1.1, X.1.2, X.1.2.1,
etc. In each chapter, all new compounds prepared are catalogued numerically. For example,
those in Chapter 2 are referred to as 2.1,2.2 , 2.3, and so on. Schemes, figures, and equations
are similarly sequenced. The standard experimental methodologies outlined in Section 2.2.1
apply to the entire thesis. An Appendix is also included which contains tables of

crystallographic data, etc.
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2.1 Introduction

The interaction between a ligand C-H bond and an electronically unsaturated metal
center is called an agostic interaction.! First observed in the late 1960s by Ibers,” Shaw,’ and
‘ Trofimenko, such an interaction has since become increasingly widespread, existing not only
in transition-metal complexes but also in complexes of the lanthanide and actinide series. In
all cases the C—H moiety acts as a weak two-electron donor to the metal, forming a three-
center, two-electron bond whose strength and geometry depend upon the energy of the vacant
metal orbital and the steric and conformational effects of the molecule. In general, the energy
of an agostic interaction is 10—20 kcal mol ™, while its geometry varies from a linear or open
arrangement (I) to a canted side-on or closed structure (II) in which the H atom is closer to the
metal. The bonding, on the other hand, is best described in terms of two synergistic

components: (1) a o-type interaction that involves C—H (0)-to-metal direct donation, and (2) a

T-type interaction that involves metal-to-C-H (6*) back donation.




C—H--M /M

M (D

It has been proposed that the driving force for the formation of an agostic C-H---M
interaction is to reduce the electron deficiency of the metal and to stabilize what would
otherwise be an unsaturated species.” While this interaction is often benign, its strength can be
such as to have a marked effect on the chemical properties of the coordinated C-H bond and
the reactivity of the molecule. For example, it is now well established that agostic C—H
binding can significantly weaken the C—H bond and increase its Bronsted acidity,® thereby
rendering it susceptible to a wide range of C—H activation reactions.*®*!*!" In other instances,
the coordinated C—H bond never becomes broken; instead, it plays an important role in
lowering the activation barrier and in influencing the stereochemical outcome of chemical

12,13

transformations such as Ziegler-Natta-type polymerization of alkenes and alkynes."*

In general, agostic C—H"M linkages may be detected in the solid state by X-ray and
neutron diffraction studies and in solution by IR and NMR spectroscopic methods. Keys to
the structural identification of these links are short M--H and M--C distances, a lengthening of
the coordinated C—~H bond, and (in certain cases) a geometrical distortion of the ligand that
contains this group. Spectroscopically, the anomalous chemical shifts of the agostic Hand C
atoms and the reduced values of the 'Jcy coupling constant evident in the NMR spectra and the
vcn stretching frequency of the coordinated C—H bond in the IR spectra are most diagnostic of
C-H binding. The latter two parameters, in particular, have also proven important in
determining the degree of agosticity of a C—H--"M interaction, especially when comparisons
are made for members of a related series of compounds. Typically, these 'Jey and vey values

fall in the ranges 50—100 Hz and 2300-2700 cm’', respectively, compared to 120-130 Hz and

2900-3100 cm™ for the corresponding unperturbed C—H groups.'




This chapter describes the results of a spectroscopic and X-ray structural study of a
series of d? tungsten alkyl complexes of the type Cp’W(NO)(R)(R’), where Cp’ represents a
cyclopentadienyl or pentamethylcyclopentadienyl ring, R is an alkyl ligand that contains a-H
atoms, and R’ is either an alkyl group, an aryl moiety, or a potential multi-electron donor
ligand. The principal objectives of this work are to determine the solution and solid-state
structures of these compounds and to rationalize some of their chemical behavior which
typically involves the cleavage of an o-C—H bond. As depicted in eqs 2.1-2.3, this may
proceed by deprotonation15 as reported recently by Legzdins and Sayers, or it may involve H-

atom abstraction'® or exchange as described in the ensuing chapters of this thesis.

BPM®
Cp*W(NO)(CH,SiMe;), ——»  [Cp*W(NO)(=CHSiMe;)(CH,SiMe;)[M  (2.1)
-BH

L
CpW(NO)CH,CMe;), ——»  Cp'WENO)=CHCMe;)L + CMe,  (2.2)
A

Al,O4
Cp*W(NO)(CHDCMe;)(CgDs) ——>» Cp*W(NO)(CH,CMe3)(CeDs) . 2.3)
Hexane

In this chapter it will be demonstrated that Cp’W(NO)(R)(R’) complexes, which lack ©t
or lone-pair donation, are not 16-electron complexes as had previously been inferred,'” but are
in fact more electronically rich due to the presence of at least one o-agostic C—H interaction.
In particular, it will be established vthat these interactions not only exist in both the solution and
solid states but also vary in strength and multiplicity depending on the nature of Cp’, R, and
R’. For example, when R and R’ are both bulky alkyl ligands containing o-H atoms, the
molecule assumes a structure in which two a-C—H units from different alkyl ligands form

three-center, two-electron bonds with tungsten.

Examples of multiple agostic C—H bonds in a mononuclear complex are rare, with the
1819

majority occurring in transition-metal complexes with very low. electron count

I




complexes of the rare earth elements.2*?'? Indeed, it was not until very recently that three 16-
electron transition metal complexes containing multiple agostic bonds were discovered and
reported. Interestingly, these complexes, which include the bis(methyl) complex, (‘Pr,-2,6-
CsH3N=),MoMe;,, > and the bis(neopentyl) compounds, CpW(ECAd)(CH2CMe3)224 (Ad=1-
adamantyl) and CpNb(=NAr)(CH,CMe;), (Ar = C¢H3-2,6-"Pr;),” also possess a-agostic
structures. The first complex has been proposed to contain four a-agostic interactions based
on neutron-diffraction data, while the second and third complexes have been shown to exhibit
two such interactions. A comparison of the structure of these latter complexes with that of the

Cp’W(NO)R)(R’) bis(alkyl) systems will therefore also be presented.
2.2 Experimental Section
2.2.1 Methods

The experimental methodologies described in this chapter apply to the entire thesis.
All reactions and subsequent manipulations of air- and/or water-sensitive compounds were
performed under anaerobic and anhydrous conditions under an atmosphere of pre-purified
dinitrogen or argon. Purification of these gases was achieved by.sequential passage over MnO
on vermiculite and activated 4-A molecular sieves. Conventional glovebox and Schlenk
techniques were utilized throughout. The specific glovebox used in this work was an

Innovative Technology dual-station glovebox.

IR spectra were recorded at room temperature as solutions in NaCl cells or as Nujol
mulls between KCl plates on an ATI Mattson Genesis Series FT-IR spectrophotometer using
WinFIRST 2.0 software. NMR spectra were obtained at room temperature unless otherwise
noted on either a Varian XL (300 MHz, 'H), Bruker WH (400 MHz, 'H), or Bruker AMX (500
MHz, 'H) spectrometer. Where necessary, selective homonuclear decoupling, 'H NOE
difference, *C(APT), gated *C{'H}, '"H-'H COSY, 'H-""C HMQC, and 'H-"*C HMBC
experiments were carried out to correlate and assign 'H and 13C signals. 'H and °C chemical

shifts are recorded in ppm, relative to the residual proton or natural-abundance carbon signal(s)
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of the solvent employed. *H{'H} NMR signals are referenced to C¢HsD (8 7.15). All

coupling constants are reported in Hz.

Mrs. M. T. Austria and Ms. L. K. Darge of the UBC NMR laboratory assisted in
obtaining some NMR data. Low-resolution mass spectra (EI, 70 eV, probe temperature 150
°C) were recorded by Mr. M. Lapawa and Ms. L. Madilao of the UBC mass spectrometry
facility using a Kratos MS—50 spectrometer. Elemental analyses were performed by Mr. P.

Borda of this Department. Reported yields are not optimized unless specified.

2.2.2 Reagents

Hexanes, pentane, THF, and Et,O were distilled from Na/benzophenone ketyl under
dinitrogen. Deuterated solvents were purchased from Cambridge Isotope Laboratories (all
>99.9 atom % D) and then degassed and vacuum-transferred from Na/benzophenone ketyl
(C¢Dg), Na (toluene-dy), or activated 4-A molecular sieves (CD,Cl,). Celite and neutral
alumina I were oven-dried (>130 °C) and cooled under vacuum prior to use. KH (Alfa, 50%
in oil) was washed with hexanes and dried in vacuo prior to use. Dialkylmagnesium reagents
R,Mg-(dioxane) (R = Me, CH,CMe3;, CH,SiMes, CH,CMe,Ph) were prepared by modified
literature procedures®® using 2.2 equiv of dioxane; the titre of each was determined by back-
titration with 0.10 N aqueous HCI using phenolphthalein as indicator. With the exception of
Cp*W(NO)(CH,CMes), (2.4), the known complexes 2.1-2.6°"*® and 2.8-2.14%° were
prepared according to published procedures. The complexes Cp*W(NO)(CH,CMe;)(OMe)
(2.16), Cp*W(NO)(CH,CMes)(NMe;) (2.17), and Cp*W(NO)(CH,CMe;)(CsHs-2,5-Mey)
(2.11°) were prepared as described in Sections 3.2.2 and 4.2.2. For brevity, the complete 'H
NMR data of the known complexes are excluded since they do not differ significantly from

those reported in the literature and since they are not necessary for the analysis. The a-proton

and o-carbon signals that are listed in Table 2.2 are also omitted to avoid redundancy.
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2.2.3.Preparation of EtMe,CCH,Br

To a 1-L, three-necked round-bottomed flask containing LiAlHy4 (6.30 g, 166 mmol)
and connected to a condenser and a 100-mL addition funnel was added THF (400 mL) by
cannula. The stirred grey suspension was cooled to —78 °C and was then treated dropwise
with a 50-mL THF solution of 2,2-dimethylbutyric acid (18.9 g, 163 mmol) via addition
funnel. Once the addition was complete, the resulting mixture was stirred at —78 °C for 45
min and at room temperature for ca. 1.5 d, whereupon no noticeable change occurred. In air,
the reaction mixture was cooled to 0 °C and quenched successively with 3N aqueous NaOH
(25 mL) and water (200 mL). The white precipitate formed was removed by filtration, and the
filtrate was extracted with Et,O (200 mL). The aqueous layer was re-extracted with Et;O (3 %
150 mL). The combined organic layers were reduced in volume on a rotary evaporator,
washed with water (2 x 30 mL), dried over MgSOs, filtered, and concentrated in vacuo. The
crude mixture was distilled in air at 140—150 °C to obtain the desired 2,2-dimethylbutanol as a
viscous, pale yellow liquid (16.0 g, 98 % yield). To a portion of this alcohol (13.0 g, 0.127
mmol) was added dry DMF (75 mL). The resulting solution was cooled to 0 °C, and then the
sequential slow addition of #n-BusP (50.0 mL, 200 mmol) by cannula, and Br; (7.0 mL, 200
mmol) by disposable syringe were effected. After being stirred for 3.5 h in the dark, the bright
orange solution was distilled in air at 140-205 °C. The pale yellow distillate was extracted
with water. The bottom organic layer was re-extracted with water (2 x 10 mL), dried over
MgSO,, and filtered. The filtrate was next distilled from P,Os under Ar (1 atm) at ~150-200
°C to obtain the desired alkyl bromide as a colorless liquid (6.50 g, 31% yield). Conversion of
this alkyl bromide to the corresponding dialkyl Mg reagent was carried out in a manner

analogous to that described for the preparation of (Me;CCH;),Mg-(dioxane).

2.2.4 Preparation of PhMe,CCD;,Br

To a THF (350 mL) mixture of KH (6.85 g, 171 mmol, 3 equiv) at -10 °C was added

dropwise PhCH,CO,;Me (8.0 mL, 56.8 mmol) by cannula. The resulting clear, colorless

solution over white solids was stirred at ambient temperatures for 2 h, after which time it was
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re-cooled to —10 °C. Freshly distilled Mel (28.0 mL, 450 mmol) was added slowly via
dropping funnel over a period of 1 h, causing the reaction solution to become pale yellow.
This mixture was stirred at room temperature for another 2 d, whereupon the solution became
clear and colorless. Working in air, the reaction mixture was filtered through a plug of Celite
(5 x 10 cm). The filtrate was concentrated in vacuo, and then distilled under reduced pressure

to obtain pure PhCMe,CO,Me as a clear, colorless liquid (4.22 g, 80 % yield). Reduction of
this ester (4.22 g, 23.7 mmol) with LiAlD4 (0.498 g, 11.9 mmol) in Et;O (200 mL) based on

the procedure for the preparation of Me;CCD,OH led to the isolation of PhCMe,CD,0OH as a

slightly viscous colorless liquid (3.60 g, 99% yield) after simple distillation under reduced

pressure. This alcohol (3.60 g, 23.7 mmol) was then converted to the bromo derivative by
treatment with #n-BusP (8.85 mL, 35.6 mmol, 1.5 equiv) and excess Bry (1.71 mL, 33.2 mmol,
1.4 equiv) in DMF as described above. The bromide product was purified by flash
chromatography on silica gel (230-400 mesh, 3 X 10 cm) using pure hexanes (Ry= 0.55) as the

eluting solution and isolated as a colorless liquid (2.46 g, 48% yield). The bromide was then

converted into the desired magnesium reagent in the usual manner.
2.2.5 *C NMR Data of CpW(NO)(CH,CMe3); (2.1)

Gated *C{'H} NMR (75 MHz, C¢Dg) & 34.3 (q, "Jen = 124, CMe3), 39.4 (s, CMes),
101.2 (d, 'Jen = 178, CsHs).

2.2.6 *C NMR Data of CpW(NO)(CH,CMe,Ph), (2.2)

Gated *C{'H} NMR (75 MHz, C¢D¢) & 32.7 (q, 'Jeu = 125, CMeMe), 33.5 (q, "Jeu =
125, CMeMe), 46.1 (s, CMey), 101.4 (d, 'Jeu = 178, CsHs), 125.6 (d, 'Jen = 159, Ar CH),
126.0 (d, 'Jou = 156, Ar CH), 128.3 (d, 'Jen = 158, Ar CH), 152.8 (5, Cipso)-
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2.2.7 MS and *H NMR Data of CpW(NO)(CD,CMe;Ph), (2.2-d)

MS (LREIL m/z) 549 [M", '"®*W]. 2H{'H} (77 MHz, C¢Hy) 8 —1.05 (br s, 2D, WCD,),
3.55 (br s, 2D, WCD).

2.2.8 ’C NMR Data of CpW(NO)(CH,SiMe3); (2.3)

Gated *C{'H} NMR (75 MHz, CsD¢) 8 2.8 (q, 'Jen = 118, SiMe3), 101.5 (d, 'Jey =
178, CsHs).

2.2.9 Improved Preparation of Cp*W(NO)(CH,CMes), (2.4)

To a Schlenk flask containing a mixture of Cp*W(NO)CI, (909 mg, 2.16 mmol) and
(Me;CCH;),Mg-(dioxane) (277 mg, 2.16 mmol) at =196 °C was added THF (~40 mL) by
vacuum transfer. The resulting brown mixture was thawed and stirred at ~10 °C for 20 min,
during which time it became a dark purple solution. THF was then removed in vacuo, and the
flask was returned to the glovebox, charged with additional (Me;CCH;),Mg:(dioxane) (277
mg, 2.16 mmol), and reconnected to a high vacuum line. Et,O was then added by vacuum
transfer at —196 °C. The resulting mixture was thawed and stirred at room temperature for 30
min, during which time a red solution containing a pale yellow precipitate formed. Next, the
solvent was removed in vacuo and the residue was extracted with 5:1 hexanes/Et,O (30 mL).
The extracts were filtered through alumina I (3 x 2 cm) supported on a medium-porosity frit.
The alumina column was washed with additional 5:1 hexanes/Et,O until the filtrate was
colorless. Diminishing the volume of the combined filtrates under reduced pressure, followed
by cooling to —30 °C for 2 d afforded 2.4 (684 mg, 65% yield in 3 crops) as dark wine-red

needles.

Anal. Caled. for C,0H3;NOW: C, 48.89; H, 7.59; N, 2.85. Found: C, 48.63; H, 7.73;
N, 2.77. MS (LREL m/z) 491 [M", '"W]. 'H NMR (500 MHz, C¢Ds) & 1.32 (s, 18H, CMe3),
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1.54 (s, 15H, CsMes). Gated >C{'H} NMR (75 MHz, C¢Ds) 8 9.9 (q, 'Jeu = 128, CsMes),
34.7 (q, 'Jou = 124, CMes), 39.2 (s, CMe3), 110.2 (s, CsMes).

2.2.10 Preparation of Cp*W(NO)(CH,CMe;)(CD,CMes) (2.4-d>)

This complex was prepared in the same manner as described for the synthesis of 2.4
but using (Me;CCD;)Mg-(dioxane) for the second alkylation step. The only exception was
that the hexanes/Et,O extracts were filtered through a pad of Celite rather than alumina I. MS
(LREI, m/z) 493 [M", "*W]. IR (cm™', Nujol) no reduced vcou observed. Gated *C{'H}
NMR spectra obtained at —80 and +20 °C were identical to that of 2.4 at +20 °C.

2.2.11 *C NMR Data of Cp*W(NO)(CH,CMe,Ph), (2.5)

Gated "C{'H} NMR (75 MHz, C¢Dg) & 9.4 (q, 'Jou = 127, CsMes), 32.4 (q, 'Jen =
125, CMeMe), 33.8 (q, 'Jou = 125, CMeMe), 45.9 (s, CMe,), 109.7 (s, CsMes), 125.5 (d, 'Jeu
=159, Ar CH), 126.4 (d, 'Jeu = 157, Ar CH), 128.4 (d, 'Jen = 158, Ar CH), 153.2 (s, Cipso)-

2.2.12 *C Data of Cp*W(NO)(CH,SiMe;); (2.6)

Gated “C{'H} NMR (75 MHz, CsD¢) & 2.9 (q, "Jou = 117, SiMes), 9.9 (q, "Jeu = 127,
C5M€5), 110.2 (S, C5Me5).

2.2.13 Preparation of Cp*W(NO)(CH;CMe;)(CH,CMe;Et) (2.7)

To a mixture of Cp*W(NO)(CH,CMe;)CI (375 mg, 0.823 mmol) and
(EtMe,CCHj;),Mg-(dioxane) (128 mg, 0.823 mmol) at —196 °C was added Et,O (10 mL) by
vacuum transfer. The resulting contents were thawed and stirred at ambient temperature for 10

min, during which time the mixture changed from purple to deep red. The solvent was then

removed in vacuo. The residue was triturated with pentane (3 x 5 mL) and filtered through
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Celite. The dark red filtrate was reduced in volume at room temperature and then stored at —30

°C overnight to obtain 2.7 as shiny rust-colored crystals (279 mg, 67% yield).

Anal. Caled. for C;;H3NOW: C,49.91; H, 7.78; N, 2.77. Found: C, 49.63; H, 7.73;
N, 2.77. IR (cm™) vno 1576 (s). MS (LREL m/z) 505 [M", "**W]. "H NMR (500 MHz, C¢D¢)
80.97 (t, *Jun = 7.5, 3H, CH,Me), 1.23 (s, 3H, CMeMe), 1.38 (s, 9H, CMes), 1.42 (s, 3H,
CMeMe), 1.52 (s, 15H, CsMes), 1.63 (m, 2H, CH,Me). PC{'H} NMR (75 MHz, C¢Ds) & 9.78
(q, "Jen = 125, CH,Me), 9.83 (q, 'Jen = 127, CsMes), 30.9 (q, 'Jen ~ 125, CMeMe), 31.1 (q,
| Jen = 124, CMeMe), 34.4 (q, 'Jen = 124, CMe3), 39.2 (s, CMe3), 39.5 (t, 'Jen = 124, CHMe),
41.2 (s, CMeyEt), 109.6 (s, CsMes).

2.2.14 >*C NMR Data of Cp*W(NO)(CH,CMe;)(CH,CMe,Ph) (2.8)

Gated *C{'H} NMR (75 MHz, CsD¢) 8 9.7 (q, "Jeu = 127, CsMes), 32.6 (q, 'Jon =
125, CMeMe), 34.0 (q, 'Jen = 124, CMeMe), 34.2 (q, 'Jen = 124, CMes), 39.6 (s, CMe), 45.4
(s, CMey), 109.7 (s, CsMes), 125.5 (d, 'Jeu = 159, Ar CH), 126.3 (d, 'Jen = 157, Ar CH),
128.4 (d, "Jeu = 158, Ar CH), 153.6 (5, Cipso)-

2.2.15 *C and 'H NOE Difference NMR Data of Cp*W(NO)(CH,CMe;)(CH,SiMe;) (2.9)

Gated *C{'H} NMR (75 MHz, C¢Ds) 8 2.8 (q, 'Jeu = 117, SiMe3), 9.8 (q, 'Jeu = 127,
CsMes), 34.2 (q, 'Jon = 124, CMe3), 39.8 (s, CMe3), 109.8 (s, CsMes). 'H NOEDS (400 MHz,
CeDg) irrad. at —2.12 ppm, NOEs at 6 —1.29 and 3.28,; irrad. at —1.29 ppm, NOEs at  —2.12
and 1.07; irrad. at 1.07 ppm, NOE at 8 —1.29; irrad. at 3.28 ppm, NOE at 8 ~2.12.

2.2.16 *C NMR Data of Cp*W(NO)(CH,CMe3)(CH;) (2.10)

Gated *C{'H} NMR (75 MHz, C¢Dg) 8 9.6 (q, 'Jeu = 127, CsMes), 33.9 (q, 'Jeu =
124, CMes), 40.3 (s, CMe3), 109.5 (s, CsMes).
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2.2.17 *C NMR Data of Cp*W(NO)(CH,CMes)(Ph) (2.11)

Gated *C{'H} NMR (75 MHz, CD,Cl,) 6 10.2 (q, "Jeu = 127, CsMes), 33.5 (q, "Jou =
124, CMes), 41.4 (s, CMe3), 111.4 (s, CsMes), 127.2 (d, 'Jen = 158, Ar CH), 128.3 (d, 'Jon =
159, Ar CH), 136.9 (d, 'Jep = 155, Ar CH), 181.0 (s, WCipso).

2.2.18 *C NMR Data of Cp*W(NO)(CH,CMe,Ph)(CH,SiMe;) (2.12)

Gated *C{'H} (75 MHz, C¢D) & 2.8 (q, 'Jen = 118, SiMes), 9.6 (q, 'Jeu = 127,
CsMes), 32.8 (q, 'Jen = 125, CMeMe), 33.0 (q, "Jon = 125, CMeMe), 46.1 (s, CMeMe), 110.0
(s, CsMes), 125.7 (d, 'Jen = 159, Ar CH), 126.3 (d, 'Jen = 156 , Ar CH), 128.3 (d, 'Jeu = 156,
Ar CH), 153.3 (s, Cipso)-

2.2.19 *C NMR Data of Cp*W(NO)(CH,CMe,Ph)(CH,) (2.13)

Gated *C{'H} NMR (75 MHz, C¢D¢) 8 9.4 (q, "Jeu = 127, CsMes), 31.7 (q, 'Jeu =
121, CMeMe), 33.1 (q, 'Jeu = 121, CMeMe), 46.7 (s, CMe), 109.6 (s, CsMes), 125.5 (d, 'Jeu
=159, Ar CH), 126.4 (d, 'Jcu = 158, Ar CH), 128.2 (d, 'Jeu = 157, Ar CH), 152.7 (s, Cipso)-

2.2.20 *C NMR Data of Cp*W(NO)(CH,CMe;)(Cl) (2.14)

Gated *C{'H} NMR (75 MHz, C¢D¢) 8 9.8 (q, "Jeu = 127, CsMes), 33.7 (q, 'Jeu =
124, CMe3), 39.1 (s, CMes), 112.6 (s, CsMes).

2.2.21 Preparation of Cp*W(NO)(CH,CMe;)(CH,Ph) (2.15)

To a mixture of Cp*W(NO)(CH,CMe;)Cl (162 mg, 0.356 mmol) and
(PhCH,),Mg-(dioxane) (60 mg, 0.356 mmol) in a Schlenk tube at —196 °C was added Et,0

(20 mL) by vacuum transfer. The resulting contents were thawed and stirred at ambient
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temperature for ca. 15 min, during which time the mixture changed from purple to orange.
The solvent was then removed in vacuo. The residue was redissolved in Et;O and filtered
through a small plug of alumina I. The alumina column was washed with an additional 2 mL
of Et;0. The combined dark orange filtrates were reduced in volume at room temperature, an
operation that resulted in the formation of a small amount of orange crystals. Toluene (1 mL)
was then added, and the resulting homogeneous solution was stored at —30 °C overnight to

induce the precipitation of 2.15 as orange crystals (136 mg, 75% yield).

Anal. Calced. for C; H3sNOW: C, 51.67; H, 6.51; N, 2.74. Found: C, 51.79; H, 6.59;
N, 2.65. IR (cm™") vno 1539 (s). MS (LREL m/z) 511 [M*, '"*W]. '"H NMR (300 MHz, C4D)
5 1.15 (s, 9H, CMes), 1.55 (s, 15H, CsMes), 6.88 (m, 3H, H,, H,,), 7.28 (pseudo t, Shn = 6.9,
1H, H,). Gated *C{'H} NMR (75 MHz, CD,Cl,) At 20 °C: 8§ 10.4 (q, 'Jeu = 127, CsMes),
33.9 (q, 'Jou = 123, CMes), 38.8 (s, CMes), 109.5 (s, CsMes), 127.0 (d, 'Jep = 158, C,), 129.3
(d, 'Jeu =158, C, or Cy), 131.6 (d, 'Jeu = 158, C, or Cy), 133.2 (Cipso). At—80°C: §10.2 (q,
'Jen = 127, CsMes), 33.2 (q, "Jon = 122, CMe3), 36.4 (s, CMe3), 107.8 (s, CsMes), 117.2 (s,
Cipso), 129.2 (d, "Jen = 159, C,0r Cyp), 129.7 (d, 'Jen = 160, C,), 133.1 (d, 'Jeu = 159, C, or
Cm).

2.2.22 Neutron Structure of Cp*W(NO)(CH,CMae;), (2.4) [See also Addendum]

Single crystals of 2.4 were grown from Et,O/pentane solution at =30 °C. Neutron
diffraction data were collected at the Institut Laue-Langevin in Grenoble, France on instrument
D19 using 4° x 64° area detector. Under an inert atmosphere, a red-brown crystal with
approximate dimensions 4.8 xX1.8 X 0.48 mm was mounted inside a thin-walled quartz tube,
jammed between two plugs of quartz wool to prevent slippage. It was then placed inside a
Displex cryostat and slowly cooled. At ~100 K, the crystal appeared to undergo a reversible
phase transition, and consequently the temperature was raised to 120 K for the subsequent data
collection. Data were collected with neutrons of wavelengths 1.5365(2) A and integrated in

three dimensions: a total of 4644 reflections emerged to give a final data set of 2940 unique

reflections (Rmerge = 4.6%) which were used in the subsequent structure analysis.
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2.3 Results and Discussion

2.3.1 Synthesis

A list of the Cp"W(N O)(R)(R’) complexes selected for this investigation, including the
synthetic routes to the bis(alkyl) species, is outlined in Scheme 2.1. These complexes are

divided into four groups based on the nature of Cp’, R, and R’. With the exception of 2.4,

Scheme 2.1
R,Mg-(diox)
Cp'W(NO)ClL, > Cp'W(NO)(R)(R")
THF
0.5 R2Mg-(diox\ / 0.5 R',Mg-(diox)
THF Et,O
Cp*W(NO)R)(CD
A Cp=0Cp B Cp'=Cp*
2.1 R=R'=CH,CMe, 24 R=R'=CH,CMe;
2.2 R =R'=CH,SiMe;4 2.5 R=R'=CH,SiMe,
2.3 R=R'=CH,CMe,Ph 2.6 R=R'=CH,CMe,Ph
C Cp'=Cp*
2.7 R= CHzCMC:; R'= CH2CM62Et
2.8 R=CH,CMe; R'=CH,CMe,Ph
29 R=CH,CMe; R'=CH,SiMe;
2.10 R= CH2CMC3 R' = CH3
2.11 R=CH,CMe; R'=Ph
2.12 R =CH,CMe,Ph R'=CH,SiMe;
2.13 R =CH,CMe,Ph R'=CH;
D Cp'= Cp* -

2.14 R=CH,CMe; R'=Cl
2.15 R=CH,CMe; R'=CH,Ph
2.16 R=CH,CMe; R'=0OMe
2.17 R=CH,CMe; R'=NMe,
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2.16, and 2.17, the known complexes 2.1-2.6""% and 2.8-2.14*" were prepared according to
literature procedures, while the new complexes 2.7 and 2.15 were prepared in 67% and 75%

isolated yields by analogous methods.

The synthesis of 2.4 as reported previously”® involves metathesis of Cp*W(NO)Cl,
with 1 equiv of (Me;CCH;);Mg-(dioxane) in THF. This method, unfortunately, affords the
desired wine-red product in only 27-31% yield at best. A more efficient one-pot synthesis
was thus developed for the work described here. This new approach, which reproducibly
provides 2.4 in yields as high as 65-73%, is analogous to that for the synthesis of the mixed
bis(alkyl) species and involves sequential use of THF and Et,0 as solvents. The role of Et,O

: 1
is unclear at the moment.3

In contrast to the formation of complexes 2.1-2.15, the preparation of
Cp*W(NO)(CH,CMe3)(OMe) (2.16) and Cp*W(NO)(CH,CMe;3)(NMe,) (2.17) by metathesis
routes have met with little success. The reactions of Cp*W(NO)(CH,CMe;)Cl with NaOMe
or LiNMe; in either THF or Et,0, for example, proceeded with only partial conversion and led
to an intractable mixture of products containing <20% of 2.16 and 2.17, respectively.
Complexes 2.16 and 2.17 were thus prepared as shown in eq 2.4. This alternative method,
which is described in full detail in Chapter 3, involves the use of the alkylidene complex,
Cp*W(NO)(=CHMes)(PMej3), as the starting material and offers the following three attractive
features: (1) it is quantitative (>97% NMR yield), (2) it is unaffected by the presence of excess

alcohol or amine, and (3) it produces volatile PMej; as the only by-product.

MeOH
— > Cp*W(NO)(CH,CMe;)(OMe)
-PMe,
Cp*W(NO)(=CHCMe;)(PMes) 2.16 (2.4)
Me,NH
L~ »  Cp*W(NO)(CH,CMe;)(NMey)
THF

2.17
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2.3.2 Spectroscopic Characterization

With the exception of complexes 2.7 and 2.15-2.17, the spectral data of complexes
2.1-2.6 and 2.8-2.14 have previously been reported.”’>° These reported data, however, are
incomplete and have not been fully interpreted. For example, the anomalous spectral features
of these complexes have been neither identified nor examined by previous investigators.?’~°
The objective of this section is to discuss the spectral properties of all complexes listed in
Scheme 2.1 and, in particular, to address and interpret the unusual spectral features that these
complexes exhibit including those that had earlier been overlooked. These data not only show
that in most cases these compounds contain at least one a-agostic C—H bond, but also that the
strength of each of these bonds is dependent on the nature of the alkyl ligands and the effective
electron density at the metal. In this section, a discussion of the IR data will be presented first,

followed by a discussion of the 'H and '>C NMR data of complexes of groups A and B, and of
groups C and D, respectively.

2.3.2.1 IR Studies

The first indication that several complexes of the type Cp’W(NO)(R)(R’) contain an o~
agostic structure comes from the Nujol-mull IR spectra of complexes 2.2, 2.5, and 2.11, which
show intense vno and weak, broad vcy stretching vibrations at 1547—1558 cm™ and
2478-2715 cm™, respectively (Table 2.1). The extraordinarily low vcy is consistent with the
presence of a C—H bond whose strength is diminished due to a strong interaction with an
electron-deficient metal center.! For complex 2.2, the vcy absorption appears as a broad band
with two maxima that, as would be expected for an o-agostic complex, is shifted to
1992-2142 c¢m™ upon substitution of the four o-H atoms by deuterium atoms (Figure 2.1). It
is also ca. 220 and 170 cm™ higher in energy than that of the Cp* complexes 2.5 and 2.11,
respectively, a feature that can be attributed to there being less electron density at this metal
center for M (dn)-to-C—H (6*) backbonding.’* Since the extent of backbonding is the chief

factor affecting the C—H bond order, and hence the vcy value, it can be concluded that the

latter compounds have stronger agostic interactions.
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Table 2.1. Selected IR Data for Complexes 2.2, 2.2-dy, 2.5, and 2.11°

Cmpd ‘ Nujol®
No. R R’ VNO Veu
22 CH,CMe,Ph CH,CMe,Ph 1558 (s) 2686, 2715 (br w)
2.2-d, CD,CMe,Ph CD,CMe,Ph 1556 (s) 2148, 2038, 1992 (w)
25 CH,CMe,Ph CH,CMe,Ph 1547 (s) 2478 (br w)
2.11 CH,CMe; Ph 1547 (s) 2529 (brw)

“vincem™. %= strong; w = weak; br = broad.

"

3000 2500 2000 1500 1000

Wavenumbers

% Transmittance

Figure 2.1. Nujol-mull IR spectrum of (A) CpW(NO)(CH,CMe,Ph); (2.2) and (B)
CpW(NO)(CD,CMe,Ph), (2.2-dy).

2.3.2.2 NMR Studies

The room-temperature 'H and ?C NMR spectra of complexes 2.1-2.17 in C¢Ds, and of

2.11 and 2.15 in CD,Cl; have been examined. In general, these data are in agreement with
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previously reported observations and assignments except for thoée pertaining to the a-moieties
of the alkyl ligands. Several spectral parameters of the o-H and ¢-C atoms are unusual, and
provide further evidence for the presence of a-agostic interactions in these complexes. As
summarized in Table 2.2, these include the 'H and °C chemical shifts, the "H-'H chemical
shift differences, the "H-'H, '"H-"°C, and 'H-"**W coupling constants. The NMR properties

of complexes in groups A and B differ from those of group C, which differ in turn from those

of group D. Each of these cases will therefore be discussed separately.

As previously reported, the 'H and "C NMR spectra of complexes in groups A and B
(i.e. 2.1-2.6) are all similar and are consistent with the compounds possessing a three-legged
piano-stool molecular structure in which a mirror plane renders the two alkyl groups
chemically equivalent.””*® Noteworthy, however, are the fwo sets of resonances integrating
for 2H each due to the diastereotopic methylene protons. In contrast to literature reports, these
appear as an AA’XX’Z splitting pattern (where Z = '**W, I = 14, 14% abundance) rather than
as a pattern for an A,B,*° or A;X,* spin system (see Figure 2.2 for the ‘H NMR spectrum of
the methylene regions of 2.4). Thus, for each complex one of the methylene resonances is a
slightly distorted doublet that appears at § 2 to 4 and shows a “Juy coupling constant of 11-12
Hz; while the other resonance is a prominent pseudodoublet that is highly shielded (6 —0.5 to
—1.5) and exhibits additional splittings due to coupling of these protons to tungsten (*Jiw =
8—13 Hz)>® as well as to each other (*/in = 1-4 Hz).>* In general, a four-bond H-H coupling
across a metal center, a large chemical shift difference for the diastereotopic methylene
resonances (2.79 < Adugn < 5.12 for 2.1-2.6), and a high-field shift for one of these resonances
are spectral manifestations of strong agostic interactions.' A negative 'H chemical shift, in
particular, is often characteristic of a hydrogen atom that is Aydridic in nature due to
coordination to a metal. For comparison, the W—H chemical shifts of Cp*W(NO)(17’-
allyl)(H)** and CpW(NO)(H)(I)(PRg)3lb have also been found to occur ca. § —0.5 to -2, while
*Jun values of ca. 1-3 Hz have been reported for the double a-C—H agostic complex,
CpW(=CAd)(CH,CMes),,* the single o-C—H agostic‘ complexes
Cp*Ta(=CHPh)(CH=PPh;)CI** and [17’-C5(CMe3)(CH,CMe;)o(CH,CMe,CH,),]TaCl,,* and

the 3-Si—H agostic complex CpZZr(H)(N’BuSiMe;;_H).37
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Figure 2.2. 500-MHz 'H NMR spectrum of the methylene protons of 2.4 in C4Ds at 20 °C.

In the gated *C{'H} NMR spectra of 2.1-2.6, the o-carbons of each complex resonate
as a doublet of doublets with a normal and a reduced *C~"H coupling constant (‘Jcy) of
117-124 Hz and 99-104 Hz, respectively. In all instances, the latter is associated with the
upfield methylene protons as judged from the "°C satellites in the 'H NMR spectra. As
illustrated in Figure 2.3, it is also inversely proportional to the chemical shift of the a-carbon
resonances (O¢) and is consistently smaller for Cp* complexes and for complexes containing
the neopentyl and neophyl ligands. As noted in the introduction, a low 'Jen value is indicative
of C—H-M interaction, and can be attributed to C—H bond weakening. A *C chemical shift to
higher frequency as 'Jcy decreases, on the other hand, is suggestive of a geometrical distortion
and an increase in sp character at this carbon. That the latter is likely the case is based on
Schrock’s studies of the o-agostic interactions in a series of neopentyl and neopentylidene
complexes of the type Ta(CH,CMes),Cl, (x = 1-3, y = 2-4)*® and Ta(=CHCMe;),(PMe;)»(R)
(R = alkyl).” These studies show that as the 'Jen of the neopentyl and neopentylidene ligands
decrease, the °C shifts of the o-carbon of these ligands move to higher and lower frequencies,
respectively, consistent with the o-carbon of the neopentyl ligand becoming more sp-

hybridized and the a-carbon of the neopentylidene ligand becoming more sp-hybrnidized.
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CH,SiMe;
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Figure 2.3. Plot of 'Jey versus 8Cq as a function of Cp’ and R for complexes 2.1-2.6 (Cp =
A;Cp*=m).

The above data thus not only indicate that the upfield methylene hydrogens‘ in 2.1-2.6
are agostic but also establish that the degree of agostic bonding in these complexes varies with
Cp’ and R. Assuming that a reduction in ! Jen value is representative of the strength of the
agostic interaction, the order for decreasing degree of agostic bonding in 2.1-2.6 is as follows:
Cp’ = Cp* > Cp and R = CH,CMes; = CH,CMe,Ph > CH,SiMe;. That a stronger a-agostic
interaction is observed for more electron-rich metal centers and for sterically more bulky alkyl
ligands is not unprecedented. Indeed, similar steric and electronic effects have been observed
by Schrock and co-workers in their spectroscopic and structural studies of o-agostic alkylidene

complexes.*’

In contrast to complexes of groups A and B, the complexes of group C are chiral and,
as such, they show not only separate NMR signals for each of the o-carbons and o-methylene
protons but also different splitting patterns for the latter depending upon the nature of R and
R’. For complexes 2.7, 2.8, 2.9, and 2.12 (i.e. R # R’ = CH,CMe3;, CH,CMe;Et, CH,CMe;,Ph,
or CH,SiMe;), the o-protons of each alkyl ligand resonate as a doublet and a doublet of

doublets at ca. & 1.1 to 4.3 and 8 —0.5 to —2.8, respectively. Again, as observed for the
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symmetrical bis(alkyl) species, the splittings of the upfield resonances are due to geminal
coupling as well as four-bond 'H-'H and two-bond 'H-'"®"W couplings. This is clearly
illustrated by the 'H NMR spectrum of 2.9 shown in Figure 2.4.

Cp* CMes SiMC3.
CHyCMey CH;SiMes CHySiMe3 CH;CMes
H JL,L_,U Jo N e

T
1

T
-1

ro—

o
-

N

ppm 3

Figure 2.4. 500-MHz 'H NMR spectrum of 2.9 in C¢Ds at 20 °C.

In order to establish the stereochemical relationship of the a-methylene protons, an
NOE difference experiment on complex 2.9 has been performed. The results of this
experiment show that the protons that give rise to the upfield doublets of doublets are on
average in close proximity to each other. Thus, if it can be assumed on the basis of steric

grounds that the B-moiety of each alkyl ligand is directed away from the Cp* ligand, then the

upfield protons must be situated trans to the NO ligand as shown in Figure 2.5:
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(dd, §-2.12) (dd, 8-1.29)

A

NOE

Figure 2.5. Schematic representation of 2.9 along the Cp*-W vector. The Cp* ligand

(situated above) is not shown for reasons of clarity.

For complexes 2.10 and 2.13 in which R = CH,CMe; or CH,CMe;Ph and R’ = CH3,
the methyl-ligand proton signals are observed at 8 0.5 as a doublet, while the methylene proton
signals are observed at ca. d 4.2 and 8 —3.0 as a doublet and a doublet of quartets. Of
significance here is that the chemical shift difference for the two methylene resonances (i.e.
Adyp) is even greater than those of the bis(alkyl) species described above, and that the
chemical shift for the methyl resonance appears to be normal, being roughly mid-way between
the methylene signals. In the case of the phenyl complex 2.11 (i.e. R’ = Ph), a pair of
diastereotopic methylene doublets with a similarly large chemical shift difference is again

observed.

A comparison of the 'H NMR data of complexes 2.7-2.13 reveals that the magnitude
of the chemical shift difference for each pair of methyleﬁe resonances (Adpy) is dependent
upon two variables. First, it depends on the identity of the alkyl ligand, decreasing in the
following order: CH,CMe; > CH,CMe,Et > CH,CMe,Ph > CHZSiMe3. Second, it decreases
as the neighboring alkyl group becomes more neopentyl-like. For example, for complexes
2.7-2.11 the Aduy value of the neopentyl ligand decreases as R’ is varied from CHj; and Ph to
CH,SiMe; to CH,CMe,Ph to CH,CMe;,Et. Similarly, the Adyy value of the neophyl ligand in
complexes 2.12 and 2.13 decreases as R’ is varied from CH; to CH,SiMes. The observation of

Adyy values which are not only large but also ligand-dependent strongly indicates that these

trends are neither by accident nor a consequence of diamagnetic anisotropy. A more
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reasonable explanation is that a large Aduy value is caused by coordination of one of the
methylene C—H bonds to the metal center and that the magnitude of this spectral parameter is

primarily affected by the strength of this coordination.

In the gated *C{'H} NMR spectra of complexes 2.7-2.13, each a-methylene carbon
resonance appears at low field (& 55-122) as a doublet of doublets with normal and reduced
| Jcu values similar to those of the symmetrical bis(alkyl) species. By contrast, the ai-methyl
signal of complexes 2.10 and 2.13 each appears as a high-field quartet ( 29) with a normal
! Joy value of 123 Hz. Comparison of the chemical shift (6¢) and the reduced | Joy values of
the o-methylene groups in 2.7-2.13 reveals that they too are ligand dependent and that they
follow essentially the same trends as determined from the 'H NMR data. Although the
differences are small, it is nevertheless noticeable that O¢ is shifted to higher field while cn
decreases as the alkyl ligand is varied from CH,SiMe; tob CH,CMe,Ph to CH,CMe,Et and
CH,CMes;. The same changes are also observed on changing the neighboring alkyl group. For
example, comparison of the 'Jcy values of the neopentyl ligand in complexes 2.7—2.11 shows

that it decreases as R’ is varied from CH,CMe,Ph to CH,SiMe; to CHj to Ph (Figure 2.6).

115

4 CH,Ph
—~ 105 -
N
L
8 EHZCM83
CH,CMe,Et
95 | A7TETEE L CH,CMePh
ac  AcH,sive,
A Me
A Ph
85 T T
80 100 120

8C, (PPM)

Figure 2.6. Plot of the neopentyl ligand’s 'Jey versus 8Cq as a function of R* for complexes

2.7-2.11 and 2.14-2.15.
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The observation of a normal 9y, a high-field dc, and a normal | Jeu for the methyl
ligand in complexes 2.10 and 2.13 suggests that this ligand is weakly agostic at best, if at all.
It thus can be concluded that each of these compounds, along with the phenyl complex 2.11,
possesses essentially one agostic interaction and that this interaction involves a neopentyl or a
neophyl o-C—H bond. In the case of complexes 2.7-2.9 and 2.12-2.13, the observation of
large ASyuy and low 'Jcy values for both alkyl ligands can be rationalized by considering that
an o-C—H bond in each ligand is involved in agostic bonding, though not necessarily
simultaneously (see later). Furthermore, the fact that one alkyl ligand has a larger Adyy and a
lower 'Jcy than the other strongly suggests that these agostic interactions are unequal. Thus,
on the basis of the 'H and >C NMR spectral trends described above, it can be concluded that
the degree of agosticity of a given alkyl ligand is optimized when the neighboring alkyl ligand
1s small and/or lacks o-hydrogens and that the neopentyl ligand is the best agostic donor

among the alkyl ligands investigated in this study.

In contrast to complexes of groups A—C, the complexes of group D all contain a
potential m-donating ligand and exhibit NMR spectra consistent with the presence of an -
agostic interaction for some but not for other complexes. For the chloro complex 2.14, both its
'H and '*C NMR spectra display methylene signals with chemical shifts and coupling
constants (ASyy = 3.68 ppm, 'Jep =93, 131 Hz) indicative of a highly distorted o-agostic
neopentyl ligand. The presence of lone-pair electrons on the chlorine atom thus has no effect
on the ability of the neopentyl to form a three-center, two-electron bond with tungsten. A
similar lack of effects by ClI ligands has been reported for the titanium methyl complex,
(dmpe)(C1); Ti(CHs),*" which has been assigned an o-agostic structure by neutron diffraction,
and for the a-agostic niobium alkyl species, Tp*Nb(CI)(R)(PhC=CMe) (R = CH;, CH,CHj,
CH,SiMe;).*

For the benzyl complex 2.15, the situation is not as straightforward. For example,
although the neopentyl methylene protons give rise to two distinct doublets at 6 —2.37 and 2.19

(*Jun = 13.2 Hz, Adyy = 4.56 ppm) and although the upfield signal also exhibits coupling to

tungsten (“Jyw = 11.1 Hz), the corresponding carbon, however, resonates as a triplet with a
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chemical shift (6 89.6 in CD,Cl; or 82.6 in C¢Ds) and coupling constant (IJCH = 112 Hz) that
are more consistent with the average for an agostic and a nonagostic neopentyl methylene
moiety. For comparison, the corresponding 8¢ and 'Jcy values for complexes 2.1, 2.4,
2.7-2.11, and 2.14 in C¢Dg are in the ranges & 91-125 and 87-103 Hz, respectively. The
NMR signals for the benzyl ligand are similarly unusual. For example, the chemical shifts (8
2.22 and 2.98, Adyy = 0.76 ppm) and coupling constants (*Juy = 8.4 Hz) of the methylene
proton signals of this ligand are intermediate for an n'-benzyl (8 0—1, *Juy ~ 10 Hz) and an 7°-
benzyl (8 2-3, *Juy ~ 57 Hz) ligands.”*** The same trend is also observed for the ipso and
methylene carbon resonances, which occur at 8 133.2 and 8 51.6 (t, e =134 Hz). For
comparison, the 13C shifts for the ipso carbon of 17'-benzyl and 17°-benzyl groups in
structurally related complexes are in the regions & 150—160 and & 110-120, respectively.?**
Taken together, these data can be rationalized in terms of the following equilibrium in which
the neopentyl and benzyl ligands of 2.15 are rapidly exchanging their modes of attachment to

the tungsten center at room temperature.

Me;C Me;Q W
=
Hs" H H* H
W = Cp*W(NO)

In support of this proposal, the NMR spectra of 2.15 are temperature-dependent. Cooling a
sample to —80 °C causes the gated *C{'H} NMR spectrum to change as follows. First, the
signal due to the neopentyl methylene carbon is shifted upfield by ca. 30 ppm while its 'Jcy
coupling constant is increased to 117 Hz, a value that is characteristic of a nonagostic
neopentyl ligand. Second, the signals for both the benzyl methylene (8 44.9) and benzyl ipso
(6 117.2) carbons are similarly shifted to lower frequencies. Importantly, the chemical shift of
the latter is in the region associated with static 77°-benzyl ligands, while the 'Jcy coupling
constant (143 Hz) for the former is consistent with considerable sp” character at this

carbon.?®*” On the basis of these spectral observations it can be concluded that (1) the low-

temperature limiting structure for 2.15 is that in which the benzyl ligand is coordinated to
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tungsten in an 1°-fashion and the neopentyl ligand is nonagostic, and (2) at room temperature
this n*-benzyl-metal interaction is fluxional, thereby allowing an a-C—H bond of the neopentyl

ligand to compete for coordination.

Finally, in contrast to the NMR spectra of complexes 2.1-2.15, the NMR spectra of the
neopentyl complexes Cp*W(NO)(CH,CMe;)(OMe) (2.16) and Cp*W(NO)(CH,CMe;)(NMe,)
(2.17) display normal chemical shifts and coupling constants for the a-methylene protons and
carbons. The 'Jey values of 118 Hz for 2.16 and 120 Hz for 2.17, in particular, are indicative
of nonagostic structures for these compounds. In the 'H NMR spectrum of 2.17, the methyl
substituents of the NMe; ligand give rise to two sharp singlets at 8 2.59 and 3.71, which
remain unchanged even when heated to 100 °C. This suggests that the amido ligand is
functioning as a t-donor. The lack of agostic interactions in this complex and in 2.16
therefore can be attributed to the inability of an a-C—H bond on the neopentyl group to

compete with the lone-pairs of electrons on N and O for metal coordination.

The results presented thus far clearly show that in the absence of efficient ®-donation,
alkyl complexes, Cp’W(NO)(R)(R’), possess an o-agostic structure in solution. When R is a
sterically bulky alkyl ligand and R’ is CH3, Ph, or Cl, the metal center approaches a closed-
shell configuration by forming a strong three-center, two-electron bond with one a-C—H bond.
When R and R’ are both bulky alkyl moieties, the metal center is coordinated to two a-C—H
groups, one from each alkyl ligand. The nature of the agostic interaction(s) in these latter
complexes is not clear-cut, however. The fact that a reduced ! Jcn is observed for both alkyl
ligands can be interpreted in terms of either a rapid site exchange of an a-H atom of one alkyl
ligand and an a-H atom of the other for successive interaction with the metal center, or a
simultaneous interaction of both o-H atoms. In order to distinguish between these two
possibilities, a variable-temperature NMR study of the partially deuterated complex,
Cp*W(NO)(CH,CMe3)(CD,CMe;) (2.4-d,), was performed. Since the zero-point energy of a
C—H bond is higher than that of a C—D bond and since this energy difference is greatest when

the two bonds are nonagostic, there is a thermodynamic preference for the former to

coordinate to the metal. Thus, if two o-C—H bonds from different alkyl ligands are indeed
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competing with each other for the metal, then cooling a solution of 2.4-d, should cause the
equilibrium to shift in favor of the a-C—H agostic form (eq 2.4), and should lead to an

asymmetric structure with a reduction in lJCH.

0 0
| 1
C - o C (4
Ney e/ D NN -
~Hps W = CpW(NO) N

Both the 'H and the gated Bc { lH} NMR spectra of 2.4-d; have been investigated at
several temperatures from —80 to +20 °C. As in the case of 2.4, the spectra of 2.4-d; are
consistent with there being a mirror plane in the molecule, even down to —80 °C. In addition,
they show that the 'Jcy for the a-carbons are invariant not only to partial deuterium
substitution but also to temperature. These findings thus provide strong support that 2.4-d,
and related bis(alkyl) complexes possess a time-averaged structure (see later) in which two o~

C—H bonds are coordinated to the metal center.
2.3.3 X-Ray Structural Studies

The first Cp’W(NO)}R)(R’) complex to have been structurally characterized by X-ray
diffraction is the group A complex, CpW(NO)(CH,SiMe3), (2.3).>! Although the o-H atoms
were not located, the structure exhibits two features that are characteristic of a-agostic species.
First, the W—C,, distances (2.103(9) and 2.108(9) A) are'”signiﬁcantly shorter than simple
tungsten-carbon single bonds, which are typically 2.18-2.25 A. Second, the W—C,~Si angles
(125.5(5)° and 127.1(5)°) are more obtuse than those observed in nonagostic systems. In order
to confirm that these unusual features are structural consequences of a-agostic bonding and to

compare the conformational preference of the alkyl ligands in this complex to those in

complexes of groups B—D, X-ray crystallographic analyses of the following four compounds

have been performed: Cp*W(NO)(CD,CMes), (2.4-d4), Cp*W(NO)(CH,CMe;)(CH,SiMes)
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(2.9), Cp*W(NO)(CH,CMe,)(CeH3-2,5-Me») (2.11°), and Cp*W(NO)(CH,CMe;)(NMe,)
(2.17). 2.4-d4 and 2.17 are examples of complexes from groups B and D, respectively, while
2.9 and 2.11” are representative of group C. The last is a structural analogue of 2.11 whose

synthesis and spectroscopic characterization are discussed in Chapter 4.

The above four compounds were chosen because (1) X-ray quality crystals of each
could easily be obtained; (2) they each contain a neopentyl ligand, which according to NMR
studies, should be significantly distorted and should provide a more clear-cut situation than the
(trimethylsilyl)methyl ligands in 2.3; and (3) by sharing the neopentyl ligand they not only
allow for direct comparison between complexes, but also for comparison with several related
agostic neopentyl complexes reported in the literature. Shown in Figures 2.7 are the ORTEP
representations of the solid-state molecular structures of 2.4-dy, 2.9, 2.11°, and 2.17. The

relevant bond distances and angles, along with those of 2.3, are listed in Table 2.3.

Comparison of the structures of 2.4-dy, 2.9, 2.11°, and 2.17, with 2.3 shows that they
all share a three-legged piano-stool geometry about tungsten and that the intramolecular
dimensions involving the Cp’—W and W—-NO portions in each molecule are unremarkable. In
all cases, the Cp’ ligands are coordinated in an 1’ fashion while the W-NO linkaiges are
essentially linear with W-N distances (ca. 1.76 A) and W—N-0O angles (ca. 166.9 —169.5°) in
the range found for other Cp”W(NO)-containing systems.””* This indicates that the NO
ligands are functioning as formal three-electron donors and that there is considerable W— NO
backbonding. An examination of the W—alkyl fragments reveals that (1) they each adopt a
conformation almost identical to that in 2.3; that is, for all complexes the alkyl ligands are
obtuse and oriented with their B-moieties pointing in the general direction of the NO ligand but
away from the plane formed by the Cp’(centroid), the metal, and the NO ligand (Figure 2.7a);
and (2) the degree of distortion in each case varies depending upon the alkyl group and the

effective electron density at the metal.

For complex 2.4-dy, one of the tert-butyl groups is disordered over two positions in a

0.54:0.46 ratio. The quaternary carbon could be refined anisotropically, but the methyls could
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not. Comparison of the bonding parameters of the neopentyl ligands in 2.4-d, reveals that they
are inequivalent. Thus, while the W(1)-C(2) distance of 2.169(10) A and W(1)-C(1)-C(2)
angle of 126.9(6)° are within the range observed for the alkyl ligands of 2.3, the
corresponding distance (2.101(10) A) and angle (134.0(7)°) for the neighboring neopentyl
group indicate an even greater distortion. For comparison, the M—Cy—Cp angles in the
bis(neopentyl) complexes CpW(=CAd)(CH,CMe;),** and Cpr(=NAr)(CH2CMe3)2,?'5 n
which the presence of two a-agostic interactions has been confirmed by X-ray diffraction, are

134.8(4)° and 132.5-131.2°, respectively (Table 2.4).

In order to gain conclusive evidence that 2.4-d, also has an a-agostic structure, the
positions of the a-D atoms were located during the structure refinement. This was achieved
by placing the D atoms in idealized positions and then allowing the orientations of the
resulting C—D bonds to refine freely. Summarized in Table 2.4 are the bonding parameters of
the W—CD,CMe; fragment\s in 2.4-d4. Noteworthy is that while the W—C(1)-D(1b) and
W-C(6)-D(6a) angles are normal, the W—C(1)-D(1a) and W—C(6)—-D(6b) angles of 82.1° and
94.1°, respectively, are significantly contracted from tetrahedral and are consistent with these
D’s being drawn toward the metal. That this is indeed the case is confirmed by the short
W---D(1a) and W--D(6b) distances of 2.25 and 2.45 A and the relatively lengthened
C(1)-D(1a) and C(6)-D(6b) distances of 1.11 and 1.04 A. For comparison, the M—Co—H
bond angles in the alkylidyne and imido complexes mentioned above are 93° and 86.5-89.4°,
while the corresponding C—H--M distances are 2.42 and 2.32-2.41 A, respectively (Table
2.4). In 2.4-d4, the D atom nearest to tungsten is associated with the more acute W—Co—D
angle and the more obtuse W-Cy—Cp angle. Taken together, these observations not only
strongly suggest that this complex contains two o-agostic interactions in the solid state, one
from each neopentyl ligand, but also show that one of the interactions is stronger than the other

and that each of these interactions is indeed the primary cause for the significant angular

deformation at the a-carbons.
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C(33)

Figure 2.7. ORTEP diagrams of (A) Cp*W(NO)(CD,CMes), (2.4-d;), (B)
Cp*W(NO)(CH,CMe;3)(CH,SiMe3) (2.9), (C) Cp*W(NO)(CH,CMes)(2,5-CeH3z-Me,) (2.11°),
and (D) Cp*W(NO)(CH,CMe;)(NMey) (2.17).
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In contrast to 2.4-dy, the alkyl groups of 2.9 initially appeared equivalent due to a
crystallographically imposed mirror plane. The structure thus had to be refined using high-
resolution data. By restraihing the W—C,, bonds to having the same bond length within a 0.010
A esd and all atoms in the disordered groups to having identical anisotropic displacement
parameters, the Si—C and C—C bond lengths were successfully refined independently and a
chemically reasonable structure was obtained (Figure 2.7b). The important feature to note
about this structure is that the neopentyl ligand (W-Cy—Cg = 133.3(11)°) 1s more severely
distorted than the (trimethylsilyl)methyl ligand (W—Cy—Sig = 119.1(7)°), a fact that is

consistent with the NMR data which suggest that the former has a stronger agostic interaction.

In the case of complex 2.11°, the asymmetric unit contains two molecules which are
virtually mirror images of each other, one of which is shown in Figure 2.7c. Like the
bis(alkyl) complexes 2.4-d4 and 2.9, the neopentyl ligand of 2.11” also exhibits a markedly
short W—Cy, distance (2.084(11) A) and a large W—Co—Cg angle (133.9(8)°). That the latter is
in the range observed for 2.4-d; and 2.9 implies a similar degree of agostic bonding for all

three systems.

For complex 2.17, on the other hand, hydrogen bonding between the Cp* ligand of one
molecule and the NO ligand of another occurs. This is evident from the C(6)-H(6b)---O(1)
distance of 2.555 A and C(6)-H(6b)--*O(1) angle of 167.8°. Examination of the amido ligand
reveals that the N atom adopts a planar geometry with bonding parameters consistent with it
functioning as a n-donor. For example, the W—NMe;, distance of 1.931(4) A is indicative of
considerable multiple bond character in this linkage, while the N(1)-W(1)-N(2)-C(16) and
N(1)-W(1)-N(2)-C(17) torsion angles of 177.5(4)° and ~5.9(5)°, respectively, are of proper
magnitude for maximum 7m-bonding. The neopentyl ligand displays a normal W—C,, distance
of 2.186(4) A and a W—C,—Cp angle (122.9(3)°) that is substantially less than that in 2.4-dj,
2.9, and 2.11°. Thus, although the W-Cy—Cp angle deviates from the ideal 109° for sp3-

hybridized centers, it is more likely that this deviation is a consequence of the intrinsic steric
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repulsion between the tert-butyl group and the rest of the molecule rather than o-agostic

bonding.

2.3.4 Molecular Orbital Description of the Agostic Bonds

As noted in Chapter 1, Cp”W(NO)(R)(R’) bis(alkyl) complexes are formally 16-
electron species which possess a low-lying unoccupied molecular orbital (LUMO) that is
approximately d,2_y2 in character.** Although the orbital is situated such that three of its four
lobes are suitably oriented for bonding to additional ligands, the spectroscopic and structural
data presented above, however, show that only the lobe that is straddled by the alkyl ligands is

involved in a-agostic bonding.

For complexes in which there is only one a-C—H-*W interaction, donation of an
electron pair from a C—H bond gives the metal a configuration approaching 18 electrons. For
complexes in which two such interactions are present, the bonding situation is more
complicated, for the metal now has an electron count of 20 electrons. In general, transition-
metal complexes with greater than an 18-electron count are oxidatively unstable since
antibonding orbitals are used to accommodate the excess electron density.* Two
representative examples of such complexes are cobaltocene and nickelocene, which are a 19-
and 20-electron complexes, respectively.*® In the case of the Cp”W(NO)(R)(R”) bis(alkyl)
complexes, however, the formation of a double a-agostic interaction need not result in the
antibonding orbitals being occupied. This is possible by considering the molecular orbital
model shown in Figure 2.8. In this model, which is analogous to that proposed previously by
Schrock and co-workers for the alkylidyne bis(neopentyl) system mentioned above,” mixing
of two a-C—H ¢ orbitals with the metal-based LUMO leads to formation of C-H-W bonding,

nonbonding, and antibonding molecular orbitals. Since there are only two pairs of C-H ¢

electrons, only the bonding and nonbonding molecular orbitals will be occupied.
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Figure 2.8. Qualitative molecular orbital diagram for the double a-agostic interaction in

Cp’W(NO)(R’)(R’) complexes.
2.4 Epilogue

In summary, a series of 17 alkyl complexes of the type Cp’W(NO)(R)(R’) have been
systematically studied by IR and NMR spectroscopies. The X-ray structures of several of
these species have also been determined. The picture that emerges from these studies is that
these compounds adopt an o-agostic structure when secondary interactions such as lone pair or
n-electron donation are not possible. Thus, with the exception of the alkoxo and amido
complexes, 2.16 and 2.17, in which the metal center attains an 18-electron configuration via
lone-pair donation from the O and N atoms, the remaining complexes exhibit o-methylene

agostic interactions of varying strengths and multiplicities.

In solution the a-agostic interactions give rise to a number of unusual spectroscopic
features for each a-methylene moiety. Most noteworthy are (1) a negative 'H shift for one of

the methylene protons, indicating the presence of an a-agostic interaction between this

hydrogen and the tungsten, (2) reduced vy and !Jeu values, consistent with a weakening of
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the o-C—H bond, and (3) a 13’C shift to higher frequency as 'Jey decreases, indicating an
increase in sp® character and a geometrical distortion at this carbon. In the solid state, these o
agostic interactions lead to shortened W—-C,, bonds and markedly obtuse W-C,~C(Si)p angles.
That these abnormal structural features are indeed consequences of oi-agostic bonding has
been confirmed by the X-ray structure of complex 2.4-dy, in which all four D atoms were
located. Although the uncertainties associated with the metrical parameters of these atoms are
large, it nevertheless is clear that one C—D bond on each methylene group is normal while the

other is agostic.

Two types of ai-agostic complexes have been established. In one type, which includes
complexes in which R = CH,CMe; and R’ = Ph, CHj3, Cl, or CH,Ph, one a-agostic interaction
involving the neopentyl ligand is observed. The order for the increasing degree of o-agostic
bonding among these complexes based on the magnitude of the 'Jcy value is R’ = PhCH, < Cl
< CHs < Ph. That the benzyl complex contains the weakest o-agostic interaction is consistent
with the fact that in this complex the neopentyl a-C—H bond has to compete with the n-system
of the benzyl ligand for the vacant metal orbital. In the case of the phenyl complex, the
interaction between the -C—H bond and the metal is strongest because the phenyl ligand can

only act as a 6-donor.

The second type of o-agostic complexes is significantly more striking, for two o-
agostic interactions from different alkyl ligands are present. On the basis of the NMR data, the
strength of these interactions varies as follows. First, among all the alkyl ligands studied, the
order of decreasing a-agostic donor ability is CH,CMe; = CH,CMe,Et > CH,CMe,Ph >
CH,SiMes. Second, for a series of Cp* complexes in which R = CH,CMe; and R’ =
CH,CMe,, CH,CMe,Et, CH,CMe,Ph, or CH,SiMes, the degree of a-agosticity of R decreases
as R’ is changed from CH,SiMe; to CH,CMe,Ph to CH,CMe,Et to CH,CMes. Third, for a
series of Cp and Cp* complexes in which R = R’, the agostic interactions in the Cp* series are

consistently stronger than those in the Cp analogues, a fact that can be ascribed to there being a

greater degree of metal-to-C—H (c*) backbonding in the former complexes. A similar
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phenomenon has been well established for related n°-H, compounds, whose existence can only

be detected when the metal has d electrons for back-donation.*’

Although the trends above clearly show that in solution the (-agostic interactions in

- Cp”W(NO)R)(R’) complexes are unequal when R # R’ and that the degree of agosticity of a
given alkyl group changes as R’ is varied, this is not entirely true in the solid state as the
neopentyl ligands in complexes Cp*W(NO)(CH,CMe;)(CH,SiMes) (2.9) and
Cp*W(NO)(CH,CMes)(CgH3-2,5-Mey) (2.11°) are equally distorted. Furthermore, although
the NMR data of complexes in which R = R’ indicate a plane of symmetry in solution and
therefore imply that the agostic interactions are equal, the solid-state structure of 2.4-d4 shows
it to contain an asymmetric structure in which one neopentyl group is not only markedly more
distorted than the other but is also equally distorted compared to that in 2.9 and 2.11°. Taken
together, these results suggest that (1) in the solid state, regardless of whether R=R’ or R #
R’, the double a-agostic interactions in Cp’ W(NO)(R)(R’) bis(alkyl) complexes are unequal
and do not vary as a function of the neighboring alkyl group, and (2) in solution, they exist as

time-averaged structures due equilibration of the type shown in eq 2.5.

0 0
N N
\C<ﬁ N Nes ;;c/
H  W=CpWNO) XH
A A’

The observation that only the (trimethylsilyl)methyl and neopentyl-like ligands are
agostic suggests that steric factors play an important role in the occurrence of agostic
interactions. This is not surprising since in order to minimize steric crowding at the metal, the
W-C,—Cp would have to widen, thereby placing an a-C—H bond close the metal. Among the
ligands studied, the neopentyl is the most agostic. The reason for this selectivity is not clear.

It appears not to be solely steric in origin, since if this were the case, then the CH,CMe,Et and

CH,CMe,Ph (neophyl) ligands, which are larger than the neopentyl ligand, would be expected
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to have stronger O-agostic interactions. Furthermore, although it could be argued that the
neophyl ligand has a weaker agostic bond because of the electronic effects of the phenyl
substituent, this is also unlikely since the strengths of the agostic bond of this ligand and of the
neopentyl! ligand are identical when the neighboring alkyl group of both complexes is neophyl

or neopentyl, respectively, or when it is a methyl or a trimethylsilylmethyl group.

Finally, the reason why two a-agostic interactions are formed, when one is sufficient
for electronic saturation, is also uncertain. Given the fact these interactions only occur in
complexes in which both alkyl ligands are bulky, steric factors again appear to play an active

role in making these interactions feasible.

2.5 Addendum: Neutron Structure of Cp*W(NO)(CH;CMes); (2.4) and Reinterpretation

of Spectroscopic and Structural Data

As noted above, the position of hydrogens as determined by X-ray diffraction is subject
to appreciable error. This is due to the fact that peaks due to hydrogen atoms are typically near
the noise level of the electron-density maps. Thus, in order to unambiguously establish the
multiplicity of the a-agostic interaction in 2.4, a neutron diffraction study of this complex was
undertaken. This was achieved at 120 K and yielded the results shown in Figure 2.9. As was
found in the X-ray analysis of 2.4-d, one of the zert-butyl groups in 2.4 exhibits packing
disorder — the three methyl groups at C(2) thus had to be refined as two sets of half-methyls,
approximately equally populated and related to each other by a 60° rotation about the
C(1)-C(2) bond. This disorder, fortunately, has no effect on the atomic positions of the

neopentyl methylene groups.

As illustrated in Figure 2.9, the neutron structure of 2.4 and the X-ray structure of 2.4-
d4 are very similar, differing significantly only in the extent by which the C(1)-H(1A) and
C(6)-H(6B) bonds distort. Thus, as in 2.4-d4 the neopentyl ligands in 2.4 are also distorted
from regular tetrahedral geometry at C(1) and C(6). The W(1)—C(1)—C(2) angle and the
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2.4-d4 24
W(1)-N(1) 1.752(9) | 1.785(3)
W(1)-C(1) 2.101(10) | 2.110(3)
W(1)-C(6) 2.169(8) | 2.175(3)
C(1)-C(2) 1.528(13) | 1.538(3)
C(6)—C(7) 1.482(13) | 1.542(3)
N(1)-0(1) 1.2449) | 1.228(3)
W(DH(1A) 2.25(10) | 2.233(6)
W(1)"H(1B) N/A 2.693(6)
W(1) "H(6A) N/A 2.745(6)
W(1)-"H(6B) 2.45(9) 2.582(6)
C(1)-H(1A) 1.110 1.153(6)
C(1)-H(1B) 0.839 1.070(8)
C(6)-H(6A) 0.896 1.094(6)
C(6)-H(6B) 1.042 1.083(7)
W(1)-C(1)-C(2) 134.0(7) | 133.4(2)
W(1)-C(6)—C(7) 126.9(6) | 125.4(2)
W(1)-C(1)-H(1A) | 82.1 80.6(3)
W(1)-C(1)-H(1B) | 101.4 111.5(3)
W(1)-C(6)-H(6A) | 1022 109.7(3)
¢ W(1)-C(6)-H(6B) | 94.1 99.3(3)
H(1A)-C(1)-H(1B) | 108.4 103.9(5)
H(6A)-C(6)-H(6B) | 104.2 103.6(5)
W()-N(1)-0(1) | 168.7(7) | 169.1(2)
N(D-W(D)-C(1) | 98.7(4) | 99.4(2)
N(D)=-W(1)-C(6) | 98.8(4) | 99.42(14)
C(1)-W(1)-C(6) | 106.4(4) | 106.48(14)

Figure 2.9. Two views of the neutron structure of Cp*W(NO)(CH,CMe;3), (2.4) along with

selected bond distances and angles for 2.4 (neutron) and 2.4-d4 (X-ray).
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W(1)-C(1) distance are 133.4(2)° and 2.110(3) A, respectively, and are essentially identical to
those found in 2.4-d,. In contrast, the W(1)-C(6)—C(7) angle of 125.4(2)° and the W(1)-C(6)
distance of 2.175(3) A are now only slightly outside the ranges observed in
Cp*W(NO)(CH,CMes)(NMe,) (see Table 2.3 above) and
(dmpe)W(ECCMe3)(=CHCMe3)(CH2CMe3),48 which do not contain an a-agostic neopentyl
ligand.

With regard to the four methylene hydrogens, the bonding parameters associated with
H(1B) and H(6A) are unexceptional, as expected.* H(1A) and H(6B), on the other hand, are

bent toward the metal center such that the W(1)-C(1)-H(1A) and W(1)-C(6)-H(6B) angles
are significantly smaller and larger, respectively, than in 2.4-d;. The W(1)-C(6)-H(6B) angle
is 99.3(3)° and can be compared to analogous angles of 104.2(6)° and 101.1(5)° for the
anagostic CH,CMes group in Cp*,;Th(CH,CMes),,” and 95.7(8)° and 94.0(13)° in
Cp*La[CH(SiMe3)2]2,5 % which does not exhibit o-agostic C—H interactions with the metal
center. Consequently, the W(1)--H(6B) distance is 2.582(6) A, which is too long for there to
be a genuine agostic interaction.”’ Consistent with this contention, the C(6)-H(6B) bond does
not lie in the plane containing the metal LUMO™ [N(1)-W(1)-C(6)~H(6B) = ~132.6(4)°] and
the C(6)—H(6B) distance is in the range expected for normal aliphatic C—H bonds.

In contrast to H(6B), the W(1)—C(1)~-H(1A) angle is 80.6(3)° and the W(1)--H(1A)
distance is 2.233(6) A, which is only ~0.34 A longer than the average dihydrogen W~H
distance (1.89(1) A) in the neutron structure of W(CO)3(P"Pr3)2(772-H2).47 An agostic
interaction must be responsible for this short distance since both C(l) and H(1A) lie in the
plane containing the metal LUMO [N(1)-W(1)-C(1)-H(1A) = 87.7(4)°] and since
C(1)-H(1A) = 1.153(6) A, which is among the longest C—H bonds ever to be definitively
characterized.'®*? Thus, in contrast to the X-ray structure of 2.4-d4 where the presence of two
o-C—H---W interactions, one from each neopentyl ligand, is strongly suggested, the neutron

structure of 2.4 establishes that only one such interaction, in fact, exists.
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On the basis of the close similarity between the neutron structure of 2.4 and the X-ray
structures of CpW(NO)(CH,SiMes); (2.3), Cp*W(NO)(CH,CMe;)(CH,SiMes) (2.9), and
Cp*W(NO)(CH,CMes)(CgH3-2,5-Me,) (2.11), it can therefore be concluded that 2.3, 2.9, and
2.11° each also contain only one a-agostic C—H interaction. The observation that the
neopentyl ligands in 2.9 and 2.11’ are equally distorted compared to the agostic neopentyl
ligand in 2.4 strongly suggests that in the solid state the agostic interactions in these three

complexes are comparable in strength.

The a-C—H---W interaction in 2.4 (and by analogy in 2.3, 2.9, and 2.11”) is best
described as a closed, three-center, two-electron bond and serves to give the electron-deficient
tungsten center an effective closed-shell configuration. This finding implies that in solution
the fluxional process illustrated in eq 2.6 is in fact responsible for the averaging of the alkyl
ligands in 2.4 and in other Cp’W(NO)(R)(R’) bis(alkyl) complexes and that this exchange
process is fast on the NMR time scale even at low temperatures. It also implies that, for a
series of Cp* complexes in which R = CH,CMe; and R’ = CH,CMes;, CH,CMe;Et,
CH,CMe,Ph, or CH,SiMe;s, the observed 1JCH values for R and R’ vary because of the change
in position of this equilibrium depending on the nature of R’. That 1s, they change because R
is a better a-agostic donor than R’ and not because it binds more strongly than R’. Consistent

with this new proposal, when

First, among all the alkyl ligands studied, the order of decreasing o-agostic donor
ability is CH,CMe; = CH,CMe,Et > CH,CMe,Ph > CH,SiMes;. Second, for a series of Cp*
complexes in which R = CH,CMe; and R’ = CH,CMes, CH,CMe,Et, CH,CMe,Ph, or
CH,SiMe;s, the degree of a-agosticity of R decreases as R’ is changed from CH,SiMe;s to
CH,CMe,Ph to CH,CMe,Et to CH,CMes. Third, for a series of Cp and Cp* complexes in
which R = R’, the agostic interactions in the Cp* series are consistently stronger than those in

the Cp analogues, a fact that can be ascribed to there being a greater degree of metal-to-C-H

(o*) backbonding in the former complexes.
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CHAPTER 3
Thermolysis of Cp’W(NO)(CH,CMe;), and Cp*W(NO)(CH,CMe;)(CH,Ph)

Complexes: Generation and Trapping Reactions of [Cp’W(NO)(=CHCMe;)]
and [Cp*W(NO)(=CHPh)] Intermediates
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3.1 Introduction -

The first transition-metal complexes to contain a direct metal-carbon double bond were
prepared in the mid-1960s." Since then, thousands have been reported and, in general, tend to
fall into one of three distinct classes based on their mode of reactivity. The first two classes
are complexes called Fischer-type carbenes” and Schrock-type alkylidenes,® named after their
discoverers. Fischer-type carbene complexes are mostly generated by alkylation of a metal-
bound carbonyl ligand (eq 3.1), are electrophilic, and have found widespread utility in the
cyclopropanation of alkenes.* In addition, the metal in these complexes is usually in a low

oxidation state, while the carbene carbon is often stabilized by a heteroatom.

OMe

/
(CO)sM=C_ (3.1)
2. Me;0" Me

1. MeLi
M(CO)q
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Schrock-type alkylidene complexes, on the other hand, are nucleophilic and are
prepared almost exclusively by o-hydrogen abstraction routes (eq 3.2).” They are also key
intermediates in numerous important stoichiometric and catalytic transformations. These
include formation of metallacycles via 2+2 cycloaddition reactions with unsaturated organic
substrates,’ alkene metathesis,® ring-opening metathesis polymerization,’ acyclic diene® and

alkyne:9 polymerizations, ring-closing metathesis,'® and carbonyl olefinations.""

CH,R /H

/ —_

LaM__ LaM=C (3.2)
R' A R

- The difference in the chemical reactivity between Fischer carbene and Schrock
alkylidene complexes can be attributed to a difference in the bonding within their metal-carbon
double bonds.'? In Fischer carbene complexes, this bonding is a composite of electron
donation from a doubly occupied orbital on the carbene ligand and a m-back-donation from a
filled metal d orbital. The M=C bond in alkylidene complexes, in contrast, is best considered
in terms of an ethylene-like covalent interaction (i.e. one in which the electrons are nearly

equally distributed between the metal fragment and the alkylidene moiety).

Finally, the third class of M=C complexes is amphiphilic, reacting as both electrophiles
and nucleophiles. Examples include (CO)z(Pth)zRu(=CF2),13 which reacts with HCI and
CH;NH; to give (CO),(Ph;P),Ru(CF;H)CI and (CO),(Ph3;P),Ru(CNCH3), respectively, and
Cp(CO),Re(=CHCH,CH,CMe;),'* which reacts with HCI and PMes to produce
Cp(CO),Re(CH,CH,CH,CMe;)Cl and zwitterionic Cp(CO),Re[CH(PMe;)CH,CH,CMes].

The investigation into M=C complexes by the Legzdins group began in the early 1990s
with the discovery that the molybdenum bis(alkyl) complex, CpMo(NO)(CH,CMej3),,.
decomposes at room temperature to give a bimetallic species with a unique bridging n':7*-NO
ligand (Scheme 3.1)."> The reaction presumably proceeds via a-elimination of neopentane and

formation of the putative complex CpMo(NO)(=CHCMe;). Although this 16-electron
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intermediate exists only transiently, it can be trapped by coordination to various Lewis bases.
It can also add heteroatom-hydrogen bonds to its Mo=C linkage in manner consistent with it
being nucleophilic at carbon.'®

s

Scheme 3.1

@ X @ - /CH2CMe3

Mo —  |on— Mo —__, CpMo(NO)
N -CMe, ER
MesC g CMe; CMe;,
E=NR,0,S

CpMo(NO)(=CHCMes)(L)

Subsequent to the discovery of the molybdenum neopentylidene system, anionic
alkylidene complexes of the type [Cp*M(NO)(=CHSiMe;)(CH,SiMe3)| M’ [M = Mo, W; M’
= Na, Li] have been prepared by deprotonation of an alkyl ligand of
Cp*M(NO)(CH,SiMes),."” While these 18-electron compounds exhibit interesting structures,
their chemistry, unfortunately, has been limited to only protonation reactions that lead to the

starting material.

As a continuation of the development of unsaturated alkylidene complexes containing

the Cp’M(NO) fragment, the thermal decompositions of a series of tungsten bis(alkyl)
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complexes of the type Cp”W(NO)(CH,CMes)(R), where Cp’ = Cp or Cp* and R = CH,CMe;,
CH,CMe,Et, CH,CMe,Ph, CH,SiMes, CHs, Ph, or CH,Ph, have been investigated. Of these
compounds, the neopentyl complexes Cp’W(NO)(CH,CMes), and
Cp*W(NO)(CH,CMes)(CH,Ph) have been found to undergo o-abstraction to generate
neopentane and the transient alkylidene complexes [Cp’W(NO)(=CHCMe;)] and
[Cp*W(NO)(=CHPh)], respectively. The decompositions of the remaining complexes, in
contrast, are complicated by alternative and/or competing reactions, each of which will be

discussed in subsequent chapters of this thesis.

In the present chapter several aspects of the chemistry of the above unsaturated
tungsten(Il) alkylidene complexes, which have allowed the similarities and differences
between the molybdenum and tungsten systems and the Cp and Cp* systems to be established,
are described. These include (1) the trapping reactions of these species with Lewis bases, (2)
the reactions of the neopentylidene species and their PMe; adducts with substrates containing
heteroatom-hydrogen bonds, and (3) the reactions of the Cp* neopentylidene intermediate with
cyclic and acyclic alkenes, which in an uﬁprecedented manner lead not only to novel 2+2
cycloaddition complexes but also to a wide range of structurally diverse C—H bond-activation
products. The ability of the neopentylidene' species [Cp*W(NO)(=CHCMe3)] to activate
alkane C—H bonds has recently been reported,'® full details of this chemistry are described in
Chapters 4 and 5.

3.2 Experimental Section

3.2.1 Methods

The synthetic methodologies employed throughout this thesis are described in detail in
section 2.2.1. GC-MS analyses were performed by Ms. L. Madilao of the UBC mass
spectrometry facility using a Carlo Erba GC and Kratos MS-80 unit. Unless otherwise noted

all thermolyses were carried out in thick-walled glass vessels or J. Young NMR tubes

immersed in an oil bath at 60-70 °C for ca. 1.5-2 d.
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3.2.2 Reagents

The complexes CpW(NO)(CH,CMe;), (2.1), Cp*W(NO)(CH,CMes), (2.4), and
Cp*W(NO)(CH,CMe;)(CH,Ph) (2.15) were prepared as described in Section 2.2.1. PMe;,
PMe,Ph, PEt;, P(OMe);, EtNMe,, Et;N, neohexene, 2-methyl-1-butene, 2-methyl-2-butene,
cyclopentene (Aldrich), ethylcyclopentene (Wiley Organics), and norbornadiene (Eastman
Kodak) were dried over sodium and vacuum-transferred prior to use. Acetonitrile and tert-
butylnitrile (Aldrich) were distilled from CaH,. Pyridine (BDH) and methanol (Aldrich) were
dried over activated 4-A molecular sieves. Me;NH (99.9%, Aldrich) was used as received.
Benzoic acid (Fisher) was recrystallized from hexanes, and then dried under vacuum at room

temperature.

3.2.3 Preparation of Cp”W(NO)(=CHCMe;)(L) Complexes [Cp’ = Cp, L = PMe; (3.1),
PEt; (3.2), P(OMe); (3.3); Cp’ = Cp*, L = PMe; (3.4), PMe,Ph (3.5), PEt; (3.6), P(OMe);
G.7] s ' ‘

Complexes 3.1-3.7 were prepared in a-similar manner using the appropriate Lewis
base. An exception is that the theﬁnolyses for the preparation of the Cp complexes were
carried out at ca. 65 °C for 1 d, while those for the Cp* series were effected at ca. 75 °C for 2
d. The preparation of 3.4 is described as a representative example. To a Pyrex bomb

containing 2.4 (172 mg, 0.350 mmol) were added sequentially THF (2 mL) and PMe; (>10

equiv) by vacuum transfer. The resulting wine-red mixture was heated at 75 °C for 2 d, during
which time it became a yellow-brown solution. Next, the organic volatiles were removed in
vacuo, and the residue was extracted with 4:1 hexanes/Et,O (10 mL). The extracts were
filtered through Celite (1 x 1 cm), which was washed with additional 4:1 hexanes/Et,O until
the filtrate was colorless. Diminishing the volume of the combined filtrates in vacuo, followed

by cooling to —30 °C for 2 d afforded 3.4 (147 mg, 85 % yield) as yellow plates.

3.2.3.1 Complex 3.1 was isolated as dark yellow blocks (93% yield) from Et,O at -30 °C.
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Anal. Calcd. for C3sH,sNOPW: C, 36.72; H, 5.69; N, 3.29. Found: C, 36.89; H, 5.84;
N, 3.19. IR (cm™) vno 1520 (s). MS 425 M, '"W]. 'H NMR (300 MHz, CsDs)  1.09 (d,
2Jup = 9.6, 9H, PMe3), 1.43 (s, 9H, CMes), 5.26 (d, Jup = 1.2, 5H, CsHs). C{'H} NMR (75
MHz, C¢Dg) 8 21.0 (d, 'Jep = 34, PMes), 32.1 (CMe3), 52.7 (CMes), 96.4 (CsHs).

3.2.3.2 Complex 3.2 was isolated as pale yellow clusters (57% yield) from 1:5 hexanes/Et,O
at-30 °C.

Anal. Caled. for CisH30NOPW: C, 41.13; H, 6.47; N, 3.00. Found: C, 41.28; H, 6.41;
N, 3.01. IR (cm™) vno 1514 (s). MS 467 [M*, '"W]. 'H NMR (300 MHz, CDCl;) & 1.02 (m,
9H, CH,CHs), 1.12 (s, 9H, CMe3), 1.6-1.9 (m, 6H, CH,CHs), 5.62 (d, Jup = 0.9, SH, CsHs).
BC{'H} NMR (75 MHz, CDCl3) 8 7.9 (CH,CH3), 21.6 (d, 'Jep = 31, CH,CH3), 31.6 (CMes),
52.4 (CMe3), 96.5 (CsHs).

3.2.3.3 Complex 3.3. The formation of this complex in THF was not clean. A black
precipitate also formed, which was removed by filtration through alumina I (1 x 1 cm). The
filtrate was then concentrated in vacuo to obtain relatively pure 3.3 as judged by 'H NMR

spectroscopy.

'H NMR (300 MHz, CDCl3) & 1.14 (s, 9H, CMe3), 3.57 (d, *Jup = 12.0, 9H, OCH3),
5.70 (d, Jup = 1.2, 5H, CsHs). >C{'H} NMR (75 MHz, CDCl3) & 30.9 (CMe3), 52.0 (CMes3),
52.3 (OCH3), 96.8 (CsHs).

3.2.3.4 Complex 3.4. Anal. Calcd. for C;sH3,sNOPW: C, 43.65; H, 6.92; N, 2.83. Found: C,
43.62; H, 7.00; N, 2.78. IR (cm™) vno 1513 (s). MS 495 [M*,'** W]. 'H NMR (300 MHz,
CeDs) 8 1.06 (d, “up = 9.0, 9H, PMe3), 1.43 (s, 9H, CMes), 1.87 (s, 15H, CsMes). C{'H}
NMR (75 MHz, CeDe) 8 11.0 (CsMes), 19.7 (d, "Jep = 32, PMes), 32.0 (CMes), 52.2 (CMes),
106.3 (CsMes). '
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3.2.3.5 Complex 3.5 is highly soluble in hydrocarbon solvents, but can be isolated as a tan
solid by storing a concentrated pentane/Et,O mixture at —30 °C for 1-2 months. The purity of

this material, however, was ca. 90% at best.

IR (cm™) 1509 (s). MS 557 [M*, '"**W]. 'H NMR (300 MHz, CD,Cl,) & 1.15 (s, 9H,
CMes), 1.82 (s, 15H, CsMes), 1.72 (s, 3H, PMe,), 1.75 (s, 3H, PMe), 7.4 (m, 5H, Ph).
BC{'H} NMR (75 MHz, CD,Cl,) 8 10.6 (CsMes), 19.9 (PMeMe), 20.4 (PMeMe), 31.5
(CMes), 32.6 (CMes), 107.0 (CsMes), 128.8 (d, Jep = 10, Corm), 130.2 (C,), 130.9 (d, Jep = 11,
Coim)s 136.9 (Cipso)-

3.2.3.6 Complex 3.6 was isolated as pale yellow blocks (74% yield) from a 3:1 mixture of
hexanes/Et,0 at —30 °C.

Anal. Caled. for C; HyNOPW: C, 46.94; H, 7.50; N, 2.61. Found: C, 47.34; H, 7.50;
N, 2.81. IR (cm™) vno 1527 (s). MS 537 [M", '**W]. '"H NMR (500 MHz, CDCl5) § 0.76
(pent, *Jun = 7.6, “Jp = 9.0, 9H, CH,CH3), 1.43 (m, 6H, CH,CH3), 1.87 (s, 15H, CsMes).
13C{'H} NMR (75 MHz, CDCl3) & 7.6 (CH,CHj3), 10.9 (CsMes), 19.0 (d, 'Jep = 29, CH,CH3),
31.7 (CMes), 52.2 (CMe3), 106.3 (CsMes).

3.2.3.7 Complex 3.7 was isolated as pale yellow plates (51% yield) from a 3:1 mixture of
hexanes/Et,0 at —30 °C.

Anal. Calced. for CisH3sNOPW: C,39.79; H, 6.31; N, 2.58. Found: C, 39.67; H,
6.33; N, 2.53. IR (cm™) vno 1527 (s). MS 543 [M", '**W]. '"H NMR (300 MHz, CDCl;) §
1.12 (s, 9H, CMe3), 2.02 (s, 15H, CsMes), 3.50 (d, *Jip = 11.7, 9H, P(OMe);). *C{'H} NMR
(75 MHz, CDCls) & 10.6 (CsMes), 31.1 (CMes), 51.8 (OMe), 52.6 (CMe3), 107.3 (CsMes).
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3.2.4 Preparation of Cp*W(NO)(=CHCMe;)(NEtMe,) (3.8)

A wine-red solution of 2.4 (62 mg, 0.13 mmol) in EtNMe, (2 mL) was heated in the
dark at 70 °C for 2 d, during which time it became brown-yellow. In the presence of room
light, the organic volatiles were removed in vacuo to obtain a brown oil which was redissolved
in hexanes (2 mL) and filtered through Celite (1 X 1 cm). The filtrate was concentrated and

then cooled at —30 °C for several days to induce the deposition of 3.8 as dark yellow crystals

(22 mg, 35% yield).

Anal. Calcd. for C;oH3sN,OW: C, 46.35; H, 7.37; N, 5.69. Found: C, 46.08; H, 7.44;
N, 5.66. IR (cm™) vno 1512 (s). MS 492 [M”, '**W]. 'H NMR (300 MHz, CsDs) 8 0.75 (t,
3Jun = 7.4, 3H, CH,CHs), 1.55 (s, 9H, CMes), 1.80 (s, 15H, CsMes), 2.00 (m, 2H, CH,CHy),
2.30 (s, 3H, NMe), 2.40 (s, 3H, NMe). *C{'H} NMR (75 MHz, C¢D¢) 5 10.8 (CsMes), 11.3
(CH,CHs), 33.0 (CMes), 33.9 (CMe3), 55.8 (NMe), 56.9 (NMe), 60.7 (CH,CH3), 106.8
(CsMes).

3.2.5 Preparation of Cp*W(NO)(=CHCMe;)(Py) (3.9)

In a manner similar to the preparation of 3.8, a solution of 2.4 (56 mg, 0.11 mmol) in
pyridine (3 mL) was heated in the dark at 70 °C for 2 d, during which time it became orange-
brown. In the presence of light, the organic volatiles were removed in vacuo to obtain a brown
oil which was extracted into Et,0O (1 mL) and then cooled to —30 °C. Orange-brown crystals
of 3.9 formed after 1 d (15 mg, 27% yield) and were isolated by removing the mother liquor
with a pipet.

Anal. Calcd. for C,0H3oN,OW: C, 48.20; H, 6.07; N, 5.62. Found: C, 48.13; H, 5.97;
N, 5.47. IR (cm™) vno 1551 (s). MS 498 [M", '"**W]. '"H NMR (300 MHz, C¢Ds) & 1.63 (s,
9H, CMe3), 1.79 (s, 15H, CsMes), 6.08 (pseudo t, *Jey = 6.4, 2H, H,), 6.48 (t, *Jun = 8.5,1H,
H,), 8.29 (d, *Jun = 6.5, 2H, H,). PC{'H} NMR (75 MHz, C¢Ds) & 10.4 (CsMes), 33.9
(CMe3), 49.0 (CMe3), 107.3 (CsMes), 124.6 (Com), 136.3 (Cp), 156.1 (Corm).
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3.2.6 Preparation of Cp*W(NO)(=CHPh)(PMe3) (3.10)

Complex 3.10 was prepared from Cp*W(NO)(CH,CMe;)(CH,Ph) in a manner
analogous to that described for the preparation of Cp*W(NO)(=CHCMe;)(PMe;). It was
crystallized from 5:1 Et,O/THF at —30 °C and isolated as brown-orange rods (65% yield, 2

crops).

Anal. Calcd. for CooH3oNOPW: C, 46.62; H, 5.87; N, 2.72. Found: C, 46.42; H, 5.69;
N, 2.95. MS 515 [M*, "**W]. "H NMR (400 MHz, CD,Cl,) & 1.34 (d, >Jup = 8.7, 9H, PMe3),
2.12 (s, 15H, CsMes), 7.03 (t, *Jun = 7.3, 1H, H,), 7.22 (¢, *Jun = 7.6, 2H, H,), 7.56 (d, *Juu =
7.6, 2H, H,). *C{'H} NMR (75 MHz, CD,Cl) & 11.1 (CsMes), 17.6 (d, 'Jcp = 34, PMes),
108.4 (CsMes), 125.5 (C,), 128.4 (C,), 128.8 (C,), 154.1 (d, *Jep = 4, Cipso)-

3.2.7 Attempted Trapping of [Cp*W(NO)(¥CHCMe3)] with THF, Et,0, Et;N MeCN, and
Me;CCN

Each of these reactions was carried out in a manner similar to the preparation of 3.8
and 3.9 using the appropriate trapping agent. In all cases the '"H NMR spectrum of the crude
reaction mixture revealed either decomposition or a plethora of intractable non-alkylidene

products.
3.2.8 Attempted Preparation of Cp*W(NO)(=CHCMe;)(PMe3) (3.4) in CH,Cl,

In a manner similar to the preparation of 3.4 in THF, a dichloromethane solution (2
mL) of 2.4 (48 mg, 0.098 mmol) and excess PMe; was heated at 70 °C for 2 d, during which
time a pale green-yellow precipitate formed and the reaction solution became orange. The
organic volatiles were then removed in vacuo to obtain a residue, which upon addition of Et,O

gave a pale yellow solid and an orange solution. The solid (presumably a complex mixture of

phosphonium chlorides based on FAB mass spectrometry) was removed by filtration.
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Concentration of the filtrate followed by cooling to —30 °C for 2 d provided
Cp*W(NO)(PMe3)Cl; (3.11) (12 mg, 25% yield) as brown-orange needles.

MS 420 [M*-PMe;, '**W]. 'H NMR (300 MHz, C¢Ds) & 1.63 (d, %Jyp = 10.5, 9H,
PMes), 2.03 (s, 15H, CsMes). *C{'H} NMR (75 MHz, C¢Ds) & 10.5 (CsMes), 13.4 (d, 'Jcp =
34, PMes), 113.2 (CsMes). *'P{'H} NMR (121 MHz, C¢Dg) & 12.0 (" Jpw = 251).

3.2.9 Preparation of Cp’W(NO)(CH,;CMe;)(NMe;) [Cp’ = Cp* (2.17); Cp’ = Cp (3.12)]

3.2.9.1 Complex 2.17. To a thick-walled Pyrex bomb containing 2.4 (47 mg, 0.096 mmol)
was added THF (10 mL) and Me,NH (3-5 equiv from a calibrated gas bulb) by vacuum
transfer. The resulting mixture was thawed and heated at 70 °C forv 2 d, during which time its
color darkened. The orgénic Volatilés were then removed in vacuo to obtain a residue, which
was extracted into 2:1 hexanes/Et,O and filtered through Celite (1 X 1 cm). Concentration of
the filtrate followed by coqling to —30 °C for 2 d provided 2.17 as orange-yellow needles (43
mg, 91% yield). »

Anal. Caled. for C7H3,N,OW: C, 43.97; H, 6.95; N, 6.03. Found: C, 43.89; H, 7.09;
N, 5.91. IR (cm™) vno 1566 (s). MS 464 [M", '*W]. '"H NMR (500 MHz, C¢Ds) 6 0.94 (AB
q, 2Jun = 13.5, 2H, WCHb), 1.37 (s, 9H, CMe3), 1.65 (s, 15H, CsMes), 2.59 (s, 3H, NMe), 3.71
(s, 3H, NMe). C{'H} NMR (125 MHz, C¢Ds) 8 9.52 (CsMes), 34.5 (CMe3), 42.2 (CMes),
51.3 (NMe), 57.7 (WCHy), 59.8 (NMe), 109.8 (CsMes).

3.2.9.2 Complex 3.12 (yellow-orange blocks, 93% yield) was prepared from 2.1 in a manner
similar to that described for 2.17 except that the thermolysis was effected at 65 °C for 1 d.

Anal. Calcd. for C;,H»N,OW: C, 36.56; H, 5.63; N, 7,11. Found: C, 36.85; H, 5.77;
N, 7.17. IR (cm™) vno 1602 (s). MS 394 [M", '**W]. 'H NMR (300 MHz, CsD¢) & 1.32 (s,
9H, CMes), 1.50 (AB q, 2Jin = 12.7, 2H, WCH,), 2.62 (NMe), 3.68 (NMe), 5.14 (CsHs).
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BC{'H} NMR (75 MHz, CsDs) 6 34.3 (CMe3), 37.4 (CMe3), 47.5 (WCH,), 56.0 (NMe), 59.5
(NMe), 102.5 (CsHs).

3.2.10 Preparation of CpW(NO)(CHDCMe;)(NMe,) (3.12-d)

This compound was prepared from CpW(NO)(CD,CMes), and Me,NH in a manner
analogous to that described for 3.12. The procedure afforded 3.12-d in >95% yield as judged
by 'H NMR spectroscopy.

"H NMR (300 MHz, C¢Dg) & 1.32 (s, 9H, CMe3), 1.50 (br s, 1H, WCHD), 2.62 (NMe),
3.68 (NMe), 5.14 (CsHs). "*C{'H} NMR (75 MHz, C¢D¢) & 34.3 (CMe3), 37.4 (CMes), 46.9 (4,
'Jep = 18.5, WCHD), 56.0 (NMe), 59.6 (NMe), 102.5 (CsHs).

3.2.11 Reactions of Cp*W(NO)(=CHCMe;)(PMes) (3.4) with MeOH, Me,NH, and
PhCO,H

3.2.11.1 Preparation of Cp*W(NO)(CH,CMe;)(OMe) (2.16). To a sample of 3.4 (10 mg,
0.020 mmol) in an NMR tube was added methanol by vacuum transfer. The resulting solution
was left at room temperature for 6 h, whereupon the once yellow solution appeared red. The
organic volatiles were then removed in vacuo, and an NMR sample in CsDg¢ was prepared.
The "H NMR spectrum of the crude reaction mixture revealed the quantitative conversion of

3.4 into 2.16.

'H NMR (500 MHz, C¢Ds) & 1.33 (AB q, 2Jun = 14.3, 2H, WCH,), 1.41 (s, 9H, CMe3),
1.57 (s, 15H, CsMes), 4.75 (s, 3H, OMe). C{'H} NMR (75 MHz, CsDg) 8 9.1 (CsMes), 32.8
(WCH,), 34.0 (CMes), 36.8 (CMe3), 70.0 (OMe), 111.6 (CsMes).

3.2.11.2 Preparation of Cp*-W(NO)(CHzCMe;;)(NMeZ) (2.17). A solution of 3.4 (12 mg,
0.024 mmol) in THF (0.5 mL) was treated with excess Me,NH by vacuum transfer. The

resulting solution was heated at 70 °C for 1 d, during which time it slowly turned yellow-
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orange. The organic volatiles were then removed in vacuo. The 'H NMR spectrum of the

crude reaction mixture in C¢Dg revealed the quantitative conversion of 3.4 into 2.17.

3.2.11.3 Preparation of Cp*W(NO)(CH,CMe;)(0,CPh) (3.13). To an NMR tube
containing 3.4 (17 mg, 0.034 mmol) and benzoic acid (4 mg, 1 equiv) was added CsDs (0.5
mL) by vacuum transfer. Upon thawing, the color of the mixture immediately changed from
yellow to orange. The 'H NMR spectrum indicated clean conversion to 3.13, whose identity

was confirmed by comparison of its NMR spectra to those of an authentic sample."’
3.2.12 Preparation of Cp*W(NO)[CH(CMe;)CH,(CMe;)CH] (3.14)

To a Pyrex bomb containing 2.4 (909 mg, 2.16 mmol) was added neohexene (3 mL) by
vacuum transfer. The mixture was heated at 70 °C for 2 d, during which time it became
orange-yellow. The organic volatiles were then removed in vacuo to obtain a yellow solid,
which was redissolved in 4:1 hexanes/Et;0 (1 mL) and cooled to —30 °C. Yellow needles of
3.14 (903 mg, 97% yield in 2 crops), which were suitable for an X-ray diffraction study,

formed after 2 d and were isolated by removing the mother liquor with a pipet.

Anal. Calcd. for C, H3 NOW: C, 50.10; H, 7.41; N, 2.78. Found: C, 49.87; H, 7.40;
N, 2.76. IR (cm™) vno 1518 (s). MS 503 [M", '*W]. '"H NMR (300 MHz, CDCl;) § -2.29
(td, 2y = 4.5, *Juy = 10.2, 1H, Hy syn to Cp*), —1.01 (pseudo q, Jiu = 4.5, *Jun = 6.0, 1H,
Hp anti to Cp*), 1.09 (s, 18H, CMe3), 1.91 (s, 15H, CsMes), 3.92 (dd, *Jun = 6.0, 10.2, 2H,
WCH). "*C{'H} NMR (75 MHz, CDCl3) 8 —4.8 (CH,), 10.3 (CsMes), 32.2 (CMes), 43.2 (s,
CMes), 108.8 (CsMes), 124.2 ("Jew = 124, WCH). NOEDS (400 MHz, CDCl,) irrad. at 1.91
ppm (Cp*), NOE at 8 3.92 (Hy); irrad. at 3.92 ppm (H,), NOEs at 6 —2.29 (Hp), 1.22 (CMe3),
1.65 (Cp*).
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3.2.13 Preparation of Cp*W(NO)[CH(CMe;)CH(C3Hg)CH] (3.15)

A solution of 2.4 (68 mg, 0.13 mmol) in cyclopentene (4 mL) was heated at 70 °C for 2
d, during which time it became orange-yellow. The organic volatiles were then collected by
vacuum transfer and analyzed by GC-MS, which showed, in addition to neopentane (m/z 57)
and the solvent (m/z 70), the presence of 3-cyclopentylcyclopentene (m/z 136) and 1,1°-
bicyclopentyl (m/z 138). The identity of the latter two compounds was confirmed by
comparison of their mass spectral fragmentation patterns with those of authentic samples.?
Their yields, unfortunately, could not be estimated due to partial peak overlap in the GC trace.
Extraction of the crude reaction mixture into Et,O, followed by filtration through Celite (1 X 1
cm) and cooling to —30 °C for several days provided 3.15 as orange crystals (30 mg, 45%
yield).

Anal. Caled. for C,0H33sNOW: C, 49.29; H, 6.83; N, 2.87. Found: C, 49.59; H, 7.03;
N, 2.89. MS 485 [M*, "**W]. 'H NMR (500 MHz, CDCls) 8 —0.37 (septet, *Juu = 5.3, 10.2,
1H, Hp), 0.38 (m, 1H, CH,), 1.00 (s, 9H, CMe3), 1.75 (m, 1H, CHy), 2.00 (s, 15H, CsMes),
2.04 (m, 1H, CH,), 2.32 (m, 1H, CHy), 2.46 (m, 1H, CH,), 2.61 (m, 1H, CH>), 3.29 (d, *Juu =
5.1, 1H, CHCMe), 7.68 (m, 1H, WCH). "*C{'H} NMR (75 MHz, CDCl;) & 10.4 (CsMes),
15.5 (B CH), 32.1 (CMes), 33.4 (CH,), 37.2 (CHy), 40.6 (CH,), 41.2 (CMe3), 109.5 (CsMes),
115.3 (CHCMe3), 141.8 (WCH).

3.2.14 Preparation of Cp*W(NO)[CH(CMe3)CH(C3H,)C(Et)] (3.16)

A solution of 2.4 (33 mg, 0.049 mmol) in ethylcyclopentene (4 mL) was heated at 75
°C for 2 d, during which time it became orange-yellow. The organic volatiles were then
collected by vacuum transfer and analyzed by GC-MS, which showed in addition to
neopentane and the solvent (m/z 96) the presence of a complex nﬁxture of unidentifiable
products with parent peaks at m/z 98, 134, 136, 164, and 166. Examination of the crude

reaction mixture by 'H NMR spectroscopy indicated the presence of 3.16 and a trace amount

of decomposition products. This mixture was then triturated with pentane (3 X 5 mL) and
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filtered through alumina I (1 X 1 cm). The alumina column was washed with additional 5:1
pentane/Et,O until the filtrate was colorless. Diminishing the volume of the combined filtrates
under reduced pressure followed by cooling to —30 °C for several days afforded 3.16 as

orange-yellow crystals (6 mg, 17% yield).

MS 515 [M*, " W]. '"H NMR (500 MHz, CDCl;) & —0.62 (quint, *Jun = 5.4, 10.6, 1H,
Hp), 0.47 (m, 1H, C,Hy), 1.01 (s, 9H, CMe3), 1.11 (t, *Ju = 7.2, 3H, CH,CH3), 1.76 (m, *Jyy =
5.4,11.7, 1H, CyHy), 1.98 (s, 15H, CsMes), 2.13 (m, 1H, CcHy), 2.27 (m, 1H, CH), 2.35 (m,
2H, C.H,, CyHy), 2.48 (m, 1H, C4Hy), 3.08 (m, 1H, cde), 3.12 (d, *Jun = 5.4, IH, WCH).
BC{'H} NMR (75 MHz, CDCl3) & 10.3 (CsMes), 17.0 (CH,CH3), 27.4 (B CH), 32.1 (CMe3),
33.4 (C,Hy), 37.9 (CoHy), 40.9 (CMe3), 42.9 (C.Hy), 46.9 (CaHy), 109.2 (CsMes), 113.2
(WCH), 173.2 (WC). NOEDS (400 MHz, CDCl3): irrad. at § 1.01, NOEs at —0.62 and 3.12
ppm. '

3.2.15 Preparation of Cp*W(NO)[CH(CMe3;)CH(CsHg)CH] (3.17)

A solution of 2.4 (24 mg, 0.049 mmol) in norbornadiene (~2 mL) was heated at 70 °C
for 2 d, during which time it became pale orange. The organic volatiles were then removed in
vacuo, leaving an insoluble white material (presumably products of the ring-opening
polymerization of norbornadiene) and an orange crystalline solid. The latter was extracted into
Et,O (3 mL) and filtered through Celite (1 x 1 cm). Concentration of the filtrate followed by
cooling to —30 °C for several days provided 3.17 as orange blocks. These blocks, which were

suitable for an X-ray crystallographic analysis, were obtained in 32% yield (8 mg).

MS 511 [M", " W]. '"HNMR (500 MHz, C¢Ds) 8 —0.12 (m, Juu = 2.3, 6.6, 1H, Hp),
0.02 (d, Jun = 8.9, 1H, CH»), 1.25 (m, Juy = 8.8, 2.6, 1H, CH,), 2.38 (s, 1H, CH), 2.78 (s, 1H,
CH), 3.09 (d, *Jyn = 6.2, 1H, CHCMe3), 5.94 (dd, Juu = 3.0, 5.2, 1H, =CH), 6.18 (dd, Jun =
3.1, 5.5, 1H, =CH), 6.94 (dd, Jun = 2.9, 7.2, 1H, WCH). “C{'H} NMR (125 MHz, C¢D¢) &
10.4 (CsMes), 18.0 (B CH), 32.9 (CMes), 34.1 (CMes), 43.6 (CH), 45.3 (CHy), 47.5 (CH),
108.9 (CsMes), 122.1 (CHCMes), 131.6 (WCH), 135.8 (=CH), 142.3 (=CH).
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3.2.16 Preparation of Cp*W(NO)(CHZCMeg,)(Tf—CHzC(Et)CHz) (3.18),
Cp*W(NO)(H)(1’-CH,C(Et)CH,) (3.19) and Cp*W(NO)(1*-2-methylbutadiene) (3.20).

In a manner similar to the preparation of 3.14, a solution of 2.4 (58 mg, 0.118 mmol) in
2-methyl-1-butene (2 mL) was heated at 70 °C for 2 d, during which time it became yellow-
brown. The organic volatiles were then collected by vacuum transfer and were examined by
GC-MS, which showed the presence of neopentane (m/z 57), the solvent (m/z 70), and a trace
amount of an unidentifiable material whose mass is equivalent to two CsH o units. Analysis of
the crude reaction mixture by 'H NMR spectroscopy indicated that 3.18, 3.19, and 3.20 (in
~1.2:1:0.4 ratio) were formed in a combined yield of 60—75%; the remaining products could
not be ascertained due to inadequate signal-to-noise of their signals and to spectral overlap.
Next, the NMR mixture was taken to dryness, extracted into pentane, and filtered through
alumina I (1 X 1 cm). The alumina column was washed with additional 4:1 pentane/Et,0O until
the filtrate was colorless. Concentration of the combined filtrates followed by cooling to —-30
°C for several days afforded 3.18 (13 mg, 22% yield) as sticky white rosettes. The pale yellow
mother liquor was then reduced in volume and stored at =30 °C for 2 d to induce the

deposition of 3.18, 3.19, and 3.20 as yellow crystals in a ratio of ~1:2:1.

3.2.16.1 Complex 3.18. Anal. Calcd. for C;0H3;NOW: C, 49.09; H, 7.21; N, 2.86. Found: C,
48.96; H, 7.14; N, 2.86. IR (cm™) vno 1565 (s). MS 489 [M",'** W]. 'H NMR (500 MHz,
CDCls) 8 0.75 (d, Jun = 2.7, 1H, C,Hy), 0.96 (s, 9H, CMe3), 1.03 (d, “Jus = 12.8, 1H, WCHy),
1.23 (t, *Jun = 7.7, 3H, CH,CH3), 1.60 (d, %/ = 12.8, 1H, WCHy), 1.81 (s, 15H, CsMes), 1.89
(brs, 1H, CoHy), 2.22 (d, Juy = 2.7, 1H, C.H,), 2.25 (m, 2H, CH,CH3), 3.64 (d, Jun = 3.9, 1H,
CyHa). C{'H} NMR (75 MHz, CDCl3) 8 10.2 (CsMes), 17.6 (CH,CH3), 27.6 (WCH,), 29.5
(CH,CH3), 34.4 (CMes), 37.2 (CMe3), 42.5 (C,H,), 74.2 (CoHy), 107.2 (CsMes), 135.6 (4° C).
NOEDS (400 MHz, C¢Dg) irrad. at § 0.75, NOEs at 1.81, 2.22 ppm; irrad. at § 1.23, NOEs at
2.22,2.25 ppm; irrad. at & 3.64, NOEs at 0.96, 1.60, 1.89 ppm.



69
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3.2.16.2 Complexes 3.19 and 3.20. IR (cm™) vno 1590 (s), 1565 (s, br); vy 1888 (w). MS
3.19: 416 [M'—H,, '"**W]. "H NMR (500 MHz, C¢Ds) & 3.19: ~0.88 (s, 'Juw = 118, 1H, WH),
0.45 (s, 1H, C,H,), 0.75 (s, 1H, CoHa), 1.09 (t, *Jun = 7.5, 3H, CH,CH3), 1.78 (s, 15H, CsMes),
2.20 (m, 1H, CH,CH3), 2.50 (m, 1H, CH,CH3), 2.96 (br s, 1H, C,Hy), 4.15 (br s, 1H, CoHy).
3.20: 0.95 (dd, 2y = 4.0, *Jun = 0.9, 1H, C.Hy,), 1.1 (obscured by CH,CHj of 3.19, 1H, C4H),
1.75 (s, 15H, CsMes), 2.04 (s, 3H, CH3), 2.3 (obscured by CH,CH; of 3.19, 1H, C.H,), 3.14
(dd, 2Ty = 4.0, >y = 14.0, 1H, CHy), 3.29 (dd, “Jun = 4.0, *Jun = 0.7, 1H, C;Hy). “C{'H}
NMR (75 MHz, C¢Ds) 8 3.19: 10.7 (CsMes), 14.9 (CH,CHs), 27.2 (WCHy), 31.0 (CH,CH3),
35.0 (CMes), 37.6 (CMe3), 46.2 (C.Hy), 53.0 (CpHy), 104.7 (CsMes), 124.6 (4° C). 3.20: 9.9
(CsMes), 18.8 (CH3), 50.7 (C.H,), 55.5 (C.Hy), 80.5 (C4H), 106.5 (CsMes), 115.8 (4° C).

3.2.17 Preparation of Cp*W(NO)(17-CyoHs) (3.21)

A solution of 2.4 (73 mg, 0.149 mmol) in 2-methyl-2-butene (2 mL) was heated at 70
°C for 2 d, during which time it became yellow-orange. The organic volatiles were then
collected by vacuum transfer and were analyzed by GC-MS, which showed peaks due to
neopentane and the solvent. Examination of the crude reaction mixture by 'H NMR
spectroscopy revealed the presence of 3.21a-c in a relative yield of about 2:1:0.8 along with
unidentified products. Next, the NMR mixture was taken to dryness, extracted into pentane,
and filtered through Celite (1 X 1 cm). Concentration of the filtrate followed by cooling to —30
°C for 2 d provided 3.21 as pale yellow crystals (30 mg, 41% yield). X-ray quality crystals of
3.21a were obtained by recrystallizing this batch of crystals from a mixture of 5:1

pentane/toluene at ~30 °C.




70

Anal. Caled. for C,oH33sNOW: C,49.29; H, 6.83; N, 2.87. Found: C, 48.98; H, 6.77;
N, 2.95. IR (cm™) vao 1585, 1621, 1651 (s). MS 487 [M*, "**W]. "H NMR (500 MHz, C¢Dg)
8 3.21a: 0.41 (d, “Jun = 2.7, 1H, C,H, anti), 0.93 (s, 3H, CgHs), 1.22 (s, 3H, CyHs), 1.50
(obscured, 1H, CiH), 1.59 (s, 15H, CsMes), 1.85 (dd, Jun =4.2, 9.5, 1H, C.Hy), 1.94 (d, 3JHH_ =
7.5, 3H, CiH3), 1.94 (d, *Jun = 3.1, 1H, C,H, syn), 2.38 (s, 3H, CcHs), 2.56 (t, 2Jun =10.3, 1H,
CeHy), 2.66 (dd, *Juy = 4.9, 10.1, 1H, C4H). 3.21b: 0.38 (d, Juu = 2.7, 1H, C,H, anti), 0.87 (s,
3H, CH3), 1.19 (s, 3H, CH3), 1.67 (s, 15H, CsMes), 1.55 (obscured, 3H, CH3), 1.61 (obscured,
1H, CH,), 2.01 (obscured, 1H, CH,), 2.08 (d, 2Juu = 3.0, 1H, C,H, syn), 2.25 (s, 3H, C.Hs),
2.51(q, *hm = 7.9, 1H, G;H), 2.67 (obscured, 1H, C4H). 3.21c: 0.49 (d, *Jyn = 2.7, 1H, C,H,
anti), 0.77 (d, 3 = 7.1, 3H, CHs), 1.52 (s, 15H, CsMes), 1.89 (obscured, 1H, CH), 1.97
(obscured, 1H, CH,), 2.05 (m, 1H, C4H), 2.22 (s, 3H, CHy), 2.36 (d, *Jun = 2.8, 1H, C,H, syn).
BC{'H} NMR (75 MHz, C¢Ds) & 3.21a: 10.2 (CsMes), 18.2 (C.Hz), 24.3 (CjHz), 28.9 (C.Hy),
31.7 (CpHy), 41.1 (C.Hy), 42.2 (CiH), 44.4 (C,H,), 60.1 (Cy), 90.6 (C¢H), 106.2 (CsMes), 128.8
(Cp). 3.21b: 42.6 (C,H,), 61.9 (Cy), 96.1 (C4H), 123.94 (Cy). 3.21¢: 48.1 (C.Hy), 76.6 (C4H),
123.92 (Cp). Remaining signals for 3.21b and 3.21¢: 9.8, 10.7 (CsMes), 14.3, 18.0, 18.4, 19.5,
26.0, 30.3 (CH3), 37.3, 35.7 (CH), 32.4, 43.3 (CHy), 106.9 (CsMes). NOEDS (400 MHz,
CeDs) 3.21a: irrad. at 0.41 ppm (C,H;), NOEs at 8 1.92 (C,H>), 2.66 (C¢H); irrad. at 0.93 ppm
(C.Hs), NOEs at 1.22, 1.85, 2.65; irrad. at 1.22 ppm (CyH3), NOEs at 6 0.93, 1.92 (CHs), 2.55;
irrad. at 1.67 ppm, NOEs at § 0.41, 0.93; irrad. 2.38 ppm (C.H3), NOEs at 6 1.22, 1.92 (C,H,);
irrad. at 2.65 ppm, NOEs at § 0.41, 0.93, 1.85.



71

3.3 Results and Discussion

3.3.1 Trapping of [Cp’W(NO)(=CHCMe3)] and [Cp*W(NO)(=CHPh)] with Lewis Bases

In analogy to the behavior of the molybdenum bis(neopentyl) complex,
CpMo(NO)(CH,CMes),, studied earlier," the thermolysis of the tungsten bis(alkyl) analogues
Cp’W(NO)(CH,CMe;), [Cp’ = Cp (2.1), Cp* (2.4)] and Cp*W(NO)(CH,CMe;)(CH,Ph)
(2.15) occurs exclusively by an a-abstraction process that yields néopentane and the transient
neopentylidene and benzylidene intermediates [Cp”W(NO)(=CHCMe;)] and
[Cp*W(NO)(=CHPh)]. Three features of the generation and subsequent trapping of these
tungsten alkylidene intermediates contrast sharply with the molybdenum reactions, however.
First, unlike CpMo(NO)(CH,CMes),, which decomposes in several hours at room temperature,
the tungsten bis(alkyl) precursors are thermally robust, decomposing in solution only under
forcing conditions: ca. 15 h at 60 °C for 2.1 and 2 d at 70 °C for 2.4 and 2.15. Second,
thermolysis of solutions of 2.1 or 2.4 in the absence of a trapping agent does not produce a
bridging alkylidene complex as observed for the molybdenum system but rather leads to
decomposition. Third, while the molybdenum reactions may be conducted in a range of
solvents including hexanes, Et,0, and dichloromethane, the reactions of the tungsten

complexes are highly solvent sensitive and depend on the nature of the trapping ligand.

In general, the tungsten alkylidene complexes (only the neopentylidene systems were
studied in detail) are readily trapped by Lewis bases (L) such as phosphines, phosphites, and
amines, as shown in Scheme 3.2, but not with acetonitrile, tert-butylnitrile, Et;O, THF, or
Me,S. The observation of the tungsten ligand-trapped products, however, depends on the
steric bulk and donor strength of L and on the type of Cp’ ligand. For complex 2.1, adduct
formation leading to complexes 3.1-3.3 is observed with PMe;3, PEt3, and P(OMe)s, while an
intractable mixture of products is observed upon reaction with pyridine. Complex 2.4, in
contrast, reacts with not only PMes, PMe,Ph, PEt;, and P(OMe)s, but also with

dimethylethylamine and pyridine, yielding complexes 3.4-3.9 in high yields, a behavior that is



72

Scheme 3.2
CH,CM i
P € A L )—CMe3
Cp'W(NO) —> [CpP'W(NO)(=CHCMe;)] — Cp'W(NO)
N -CMe, L
CHzCMG:;
21 Cp'=Cp Cp'=Cp 3.1 L =PMe;,
2.4 Cp'=Cp* 3.2 L =PEt,
3.3 L =P(OMe),
Cp' = Cp* 3.4 L =PMe,
3.5 L =PMe,Ph
3.6 L =PEt,
3.7 L =P(OMe),
3.8 L = NMe,Et
39 L=Py
H
/CH2CM€3 70 °C PMC3 : )—Ph
Cp*W(NO) — [Cp*W(NO)(=CHPh)] — Cp*W([NO)
N -CM N
CH2Ph €4 PMC3
2.15 3.10

more analogous to the CpMo bis(neopentyl) system.'> However, unlike the molybdenum
system, which is relatively insensitive to the steric bulk of the trapping ligands, decomposition
is observed when the tungsten complexes 2.1 and 2.4 are independently thermolyzed in the

presence of sterically encumbered PPh; or when 2.4 is reacted with bulky triethylamine.

The fact that the [CpMo(NO)(=CHCMe3)] and [Cp*W(NO)(=CHCMe;)] intermediates
can be trapped by amines but not the CpW analogue, even though the electronic properties of
this species are more comparable with those of the molybdenum system, strongly suggests that
it is not the trapping of the unsaturated neopentylidene species that depends on the nature of L

and Cp’. A more reasonable explanation is that it is the effect of L and Cp’ on the stability of

the ligand-trapped products that determines whether these complexes will be observed and
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isolated. On the basis of the above observations, this stability decreases as the size and
donating ability of L increases and decreases, respectively. It also decreases when Cp’ is
changed from Cp* to Cp. Thus, unlike the CpMo system, which forms isolable pyridine and
PPh; adducts, analogous CpW products are not observed presumably not because they are not

formed but because they decompose at the temperature required for 2.1 to extrude neopentane.

As noted above, the observation of the tungsten ligand-trapped alkylidene complexes is
also markedly dependent on the choice of solvent. This is due to the fact that the unsaturated
alkylidene intermediates are highly react_ive not only toward dative ligands but also toward
most solvents. For reactions involving amine ligands, the amine must also function as the
solvent in order to avoid competitive side-product formation and decomposition. For reactions
with phosphine and phosphite ligands, on the other hand, THF but not Et,O or acetonitrile may
be used as solvent without deleterious effects. Use of sterically hindered 2,2,4,4-
tetramethylpentane for the reaction of 2.4 with PMe; is also equally effective. Changing this
solvent to cyclohexane or other less encumbered aliphatic hydrocarbon solvents, however,
yields a mixture of products in which the desired neopentylidene adduct 3.4 is formed in
moderate yields at best, due to competitive reaction of the [Cp* W(NO)(=CHCMe3)]
intermediate with the C—H bonds of the solvent (see Chapter 4). Finally, the reaction of 2.4
with PMejs in dichloromethane does not lead to alkylidene products; rather, a complex mixture
of compounds, in which Cp*W(NO)(Cl),(PMes) (3.11) is the major (and only identified)
product, is observed (eq 3.3). The identity of 3.11 was established by NMR and mass
spectroscopies and by comparison to an authentic sample prepared from reaction of
Cp*W(NO)CI, with PMe;. The mechanism by which 3.11 forms remains unclear, since the
reaction also generates a large amount of insoluble phosphonium chlorides due to rapid

reaction between PMe; and dichloromethane at 70 °C.

A
24 + PMe;, — > Cp*WNO)PMeyCl, (33)
CH,Cl,
3.11
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All alkylidene complexes outlined in Scheme 3.2 are 18-electron species. They are
yellow to brown-orange materials that are readily soluble in aromatic and ethereal solvents and
that, although they may be handled briefly in air as solids, are moisture sensitive in solution.
With the exception of 3.3, the phosphine and phosphite adducts can be crystallized from
hexanes/Et,O and are stable as solids for months at room temperature and to substitution by
weaker o-donors. The amine adducts, in contrast, are unstable in the solid state, decomposing
over several days at —30 °C in the absence of light. In the presence of excess PMejs, the
pyridine adduct 3.10 slowly and quantitatively converts to the PMes; adduct 3.4. In Ce¢Dg
solutions, the Cp and Cp* phosphine adducts show little degradation after being heated for 1 d
at 100 and 120 °C, respectively, whereas the amine adducts are sensitive to concentration
effects. For example, in dilute C¢Dg solutions, complex 3.9 may be heated to 70 °C for 16 h or
stored at 25 °C for ca. 1 week in the dark with only trace amounts of decomposition and no
reaction with solvent. In concentrated solutions, it decomposes over a period of days at room
temperature to intractable products, presumably via bimolecular pathways. For comparison,
the CpMo pyridine adduct can be crystallized and isolated, but at room temperature it
decomposes slowly in solution to give largely the asymmetric dimer [CpMo(NO)(CHCMes)],
(Scheme 3.1). The CpMo phosphine analogues, in contrast, show no sign of decomposition

even upon heating in C¢Dg at 180 °C for 24 h.

Each of the complexes 3.1-3.10 was generated and isolated as a single isomer, which
on the basis of "H NMR and X-ray data is the anti rotamer in which the alkylidene substituent
points away from the Cp’ ligand (see below). The syn rotamer was sometimes also observed
in trace amounts (~5—10%) when solution or solid samples of the anti isomers were exposed to
room light for more than several days. In the absence of light, no syn products could be
detected, even at elevated temperatures. Thus, in contrast to many other alkylidene complexes
including the CpMo(NO)(=CHCMe;)(L) system, which can undergo syn and anti rotamer
interconversion thermally,?' the syn and anti rotamers of the tungsten alkylidene complexes

reported here can only be interconverted photochemically.
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All alkylidene complexes in Scheme 3.2 were fully characterized by 'H and >C NMR
spectroscopies and in the case of complexes 3.1 and 3.4 also by X-ray diffraction. The 'H and
'3C NMR spectra of complexes 3.1-3.10 are similar to those of their molybdenum
counterparts (Table 3.1). For the phosphine and phosphite adduct complexes, the alkylidene
H, and C, resonances appear as doublets due to coupling to phosphorus. For complexes
containing a mixture of syn and anti rotamers, two sets of H, resonances, which differ in
chemical shift by up to 1.4 ppm, are observed. The higher-field resonances are assigned to the

anti isomers since the o-hydrogen atoms in these complexes are closer the Cp’ ligand and are

Table 3.1. Selected 'H, '*C, and *'P NMR Data for Cp’W(NO)(=CHCMe;)(L) and
Cp*W(NO)(=CHPh)(PMe;) Complexes”

H, Ce 3p
Complex 6b 3JHpb 8 IJCH l.]cp 80 lJpw
CpW (NO)(=CHCMe;)(PMe;) (3.1)° 12.00 (13.27) 3.0(54) 2826 114 10 =5.1(-15) 455
CpW(NO)=CHCMe;)(PEt;) (3.2) 12.10 3.0 2855 117 10 314 435
CpW(NO)(=CHCMe;)[P(OMe)s] (3.3) 12.80 3.0
Cp*W(NO)(=CHCMe;)(PMe3) (3.4)° 11.25(12.81) 3.6(4.8) 2828 111 9  —65(-2.9) 449

Cp*W(NO)(=CHCMe;)(PMe;Ph) (3.5)Y 1127 (12.64) 33 (4.0) 2854 113 9 9.8(7.6) 446
Cp*W(NO)(=CHCMe;)(PEt;) (3.6) 11.25(12.47) 3.6(4.5) 2855 112 9 25.0 430
Cp*W(NO)(=CHCMe;)[P(OMe);] (3.7) 1191 (13.30) 3.0(3.9) 2963 116 13  245(19.0) 675

Cp*W(NO)(=CHCMe3)(NMe;Et) (3.8)° 10.10 2579 116
Cp*W(NO)(=CHCMej)(Py) (3.9)° 10.63 (12.32) 2644 116
Cp*W(NO)(=CHPh)(PMe3) (3.10)" 11.79 38 2612 119 9 -6.5 443

“Anti rotamer in CDCl; unless otherwise noted. b Anti rotamer (syn rotamer). “In C¢Ds. “In CD,Cl,.
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therefore more shielded.

Other notable features of the 'H and '*C NMR data of 3.1--3.10 are the 'Jcy coupling
constants and the chemical shifts of the resonances of the alkylidene o-CH moieties. For all
complexes, the 'Jey values are low (111-119 Hz)* and fall within the range characteristic of
18-electron alkylidene complexes in which steric interaction between the substituent on the o-
carbon atom and the metal fragment renders the M=C,—Cg angles large.” That this is indeed

the case has been confirmed by an X-ray structural determination of complexes 3.1 and 3.4

(see later).

Both the chemical shifts of the alkylidene Hy and Cy resonances of 3.1-3.10 move
progressively upfield as L varies in the series L = phosphite, phosphine, pyridine, amine. The
same also happens to the Hy resonance on replacing Cp by Cp*. The fact that an upfield shift
is observed on replacing the phosphite or Cp ligand with the more electron-donating (and
therefore more shielding) phosphine or Cp* group is undoubtedly electronic in origin, but why
the pyridine and amine ligands, which are sterically unremarkable and are poorer donors, give

rise to the furthest upfield resonances is unclear at the moment.

Finally, it should also be noted that the '"H NMR spectra of the pyridine and
benzylidene complexes 3.9 and 3.10 each display only three sets of resonances for the pyridine
and benzylidene ring protons, thereby implying that these rings are rotating rapidly on the

NMR time scale at 25 °C.

The solid-state molecular structures of the neopentylidene complexes 3.1 and 3.4, as
determined by X-ray diffraction, are shown in Figure 3.1, along with selected bond distances
and angles. Noteworthy is that the NO ligand in each complex is essentially linear, while the
orientation of the neopentylidene ligand, with the substituents parallel to the NO moiety
(N-W-C,—Cp torsion angle ~ 0°) and the tert-butyl group pointing away from the Cp’ ligand

(i.e. the anti orientation), is as expected for a conformation involving maximum W=C 7-

bonding and minimum steric interactions.”* The W—Cy, distances of 1.93-1.96 A are typical of




N(1)-0(1) 124(1) A
W(D=-N(1) 1.77(1) A
W(1)-C(6) 1.93(2) A
W(1)-P(1) 2.418(4) A

W(1)-N(1)-0(1) | 175.3(10)°

P(D)-W(1)-N(1) | 91.3(4)°

P(1)-W(1)-C(6) | 93.4(4)°

N()=-W(1)-C(6) | 101.2(5)°

W(1)-C(6)-C(7) | 140(1)°

B
cuo
Ci)
= N(1)-0(1) 122(2) A
< W(1)-N(1) 1.774(14) A
ci8 W(1)-C(14) 1.961(9) A
W(1)-P(1) 2.555(4) A

W(D)-N(1)-0(1) | 163.3(14)°

@ L = P(1)-W(1)-N(1) | 91.0(5)°
= AN, P(1)-W(1)-C(14) | 93.8(6)°

N(1)-W(1)-C(14) | 98.7(7)°

W(1)-C(6)-C(7) | 140.7(11)°

Figure 3.1. ORTEP diagrams and selected bond distances and angles for complexes (A)
CpW(NO)(=CHCMes)(PMe3) (3.1) and (B) Cp*W(NO)(=CHCMe3)(PMes) (3.4).
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W-C double bonds, while the W-C,—Cg angles of 140° are obtuse for sp*-hybridized centers,
confirming the results of the NMR studies. For comparison, the corresponding bond distances
and angles in isoelectronic CpMo(NO)(=CHCMe;)(PMePh,) and

[CpRe(NO)(=CHPh)(PPh;)] [PF¢]*'® complexes are 1.950(3) and 1.949(6) A, and 140.8(3) and
136.2(5)°, respectively.

3.3.2 Reactions of [Cp’W(NO)(=CHCMe;)] and Cp*W(NO)(=CHCMe;)(PMe;) with
Heteroatom-Hydrogen Bonds

In analogy with the molybdenum chemistry, the thermolysis of the tungsten
bis(neopentyls) 2.1 and 2.4 in the presence of amines with accessible N~H bonds results in the
quantitative formation of amido-alkyl complexes Cp’W(N 0)(CH,CMe;)(NR;). For example,
thermolysis of a THF solution of 2.1 at 60 °C for 1 d or of 2.4 at 70 °C for 2 d in the presence
of excess dimethylamine leads exclusively to the corresponding neopentyl amido complexes
3.12 and 2.17 as shown in Scheme 3.3. Heating the o-deuterated complex
CpW(NO)(CD,CMes), (2.1-dy) under similar conditions yields the monodeuterated species
3.12-d, for which the '"H NMR spectrum shows a broad singlet at § 1.50 and the *C{'H}NMR
spectrum a triplet at 8 46.9 (‘Joy = 18.5 Hz) due to the neopentyl o-proton and a-carbon atom,
respectively. This result thus demonstrates that 2.1 and 2.4 react with amine N-H bonds via

the neopentylidene [CpW(INO)(=CHCMe;)] and [Cp*W(NO)(=CHCMe3)] intermediates.

Scheme 3.3
/CX2CMC3 . MezNH /CXHCMC3
Cp'W(NO) ——> [CPW(NO)(=CXCMe;)] — Cp'W(NO)\
N THF
CXzCMC3 + NMeZ
CMC4-d0_3
2.1 Cp' =Cp Cp'=Cp X =H(3.12)
24 Cp'=Cp* X =D (3.12-d)

Cp'=Cp* X=H(Q.17)
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Stronger protic acids such as alcohols® and carboxylic acids'® do not react with 2.1 or
2.4 via the intermediacy of alkylidene complexes. Although O—H bond cleavage leading to
formation of neopentyl alkoxo and carboxylato complexes is observed, these reactions instead
proceed rapidly by protonolysis of a neopentyl ligand in the starting material. Formal addition
of O—H and even N—H bonds across a W=C linkage, however, can be observed when amines,
alcohols, and carboxylic acids are reacted with the ligand-trapped complexes
Cp’W(NO)(=CHCMes)(L). For example, as shown in eq 3.4-3.6 when complex 3.4 is treated
with dimethylamine, methanol, or benzoic acid, loss of PMe; occurs with quantitative
formation of the amido complex 2.17, the alkoxo complex 2.16, and the known carboxylate
complex 3.13," respectively. For comparison, of the known CpMo(NO)(=CHCMe;)(L)
systems, only the pyridine adduct shows any degree of substitutional lability toward substrates
that function as both a Lewis base and a Brensted acid.'® Qualitatively, the rate of the tungsten
reactions varies with the acidity of the organic compounds, with benzoic acid reacting
immediately upon contact at ca. 10 °C, methanol in several hours at room temperature, and
dimethylamine in 1-2 days at 70 °C. Substrates with moderate acidity but lack a donor
function are not sufficiently reactive toward 3.4. For example, phenylacetylene and methyl

acetate, which have significantly lower pKa values than dimethylamine, do not react.”

MezNH
e Cp'W(NO)(CH,CMe;)(NMe,) + PMe; (3.4)
THF
A 3.12 Cp'=Cp
217 Cp'=Cp*
CHCMC3
. MeOH
Cp'W(NO) —— >  Cp*W(NO)(CH,CMe;)(OMe) + PMe;  (3.5)
" “\PMe,
2.16
3.1 Cp' =Cp

. PhCO,H
3.4 Cp' = Cp* \\C_. Cp*W(NO)(CH,CMe;)(0O,CPh) + PMe; (3.6)
6Ds

3.13

Since the coordinatively unsaturated [Cp*W(NO)(=CHCMes)] complex is highly

reactive toward the C—H bonds of hydrocarbon solvents even in the presence of excess




80

PMes,'® the fact that the PMe; adduct 3.4 is stable upon thermolysis in benzene for several
days at 70—80 °C strongly suggests that loss of PMejs prior to heteroatom-hydrogen bond
addition is unlikely. More probable is that the reaction proceeds via an associative mechanism
in which a net addition of the heteroatom-hydrogen bond across the W=C bond in 3.4 occurs
prior to and/or concurrently with phosphine dissociation. Since 3.4 is a coordinatively
saturated, 18-electron complex, this addition reaction could occur in one of three ways: (a) by
initial protonolysis of the a-carbon atom, followed by coordination of the heteroatom to
tungsten and dissociation of phosphine; (b) by an Sy2-like displacement of the phosphine as
the heteroatom-hydrogen bond is added across the alkylidene functionality; or (c) by an -
ring slippage or 77°—n' NO isomerization to open a coordination site, followed by heteroatom
coordination, phosphine loss, and heteroatom-hydrogen bond addition. While the above
results do not allow these possibilities to be distinguished, initial protonolysis is not
unreasonable for the reaction with benzoic acid, for it would explain why this substrate, which

is a poorer donor than dimethylamine and methanol, reacts instantaneously upon contact.

3.3.3 Reactions of [Cp*W(NO)(=CHCMae;)] with Cyclic and Acyclic Alkenes

In addition to its reactions with Lewis bases and heteroatom-hydrogen bonds, the
transient [Cp*W(NO)(=CHCMe;)] complex reacts readily with cyclic and acyclic alkenes,
leading to [2+2] cycloaddition and/or C—H activation products depending upon the structure of

the alkene.

3.3.3.1 [2+2] Cycloaddition

As shown in Scheme 3.4, heating 2.4 in neohexene at 70 °C for 2 d affords the
tungstacyclobutane complex 3.14 as the sole product as judged by 'H NMR spectroscopy.
Complex 3.14 is an orange-yellow solid which can be crystallized in 97% yield from

hexanes/Et,0 at —30 °C and which, in contrast to analogous acyclic bis(alkyl) complexes, is

remarkably stable. For example, it is unaffected by air and moisture in the solid and solution
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states and is inert to protic acids such as methanol. It is also stable to thermolysis (70 °C, 12

h) in toluene in the presence of excess PMe;.

When 2.4 is heated in cyclopentene, ethylcyclopentene, or norbornadiene, the
corresponding metallacycles 3.15, 3.16, and 3.17 are isolated in 45%, 17%, and 32%
crystallized yields, respectively. These reactions, however, are accompanied by
decomposition, formation of complex mixtures of organometallic side products, and formation
of the following organic byproducts, which unfortunately could not be quantified. The
reaction with norbornadiene, for example, is complicated by precipitation (particularly in
concentrated solutions) of a white, amorphous, rubbery polymer that is presumably
polynorbornadiene. This polymer is insoluble in all standard organic solvents, making its
removal from the reaction vessel impossible’” and the isolation of 3.17 generally difficult. In
the reaction with ethylcyclopentene, no polymeric products could be detected. Instead,
GC-MS analysis of the volatiles reveals the presence of two major organic products whose
identity remains to be determined but whose masses (m/z 166 and 164) suggest that they are
formed respectively by coupling of a neopentylidene ligand to an ethylcyclopentene molecule
and by dehydrogenation of this coupled product. The mechanism of the coupling reaction is
unknown, but appears not to involve initial [2+2] cycloaddition of ethylcyclopentene to the
[Cp*W(NO)(=CHCMes)] intermediate (see later) since the product of this metathesis process
would be expected to have a mass greater than 166. Finally, in the cyclopentene reaction,
neither polymers nor coupled products analogous to those generated in the ethylcyclopentene
reaction could be detected. Instead, products consistent with the dimerization of cyclopentene
are observed. Thus, GC-MS analysis of the volatiles reveals the presence of 3-
cyclopentylcyclopentene (m/z 136) and 1,1°-bicyclopentyl (m/z 138) as the major organic

species. These were identified by comparison of their mass spectral fragmentation patterns

with those of authentic samples reported in the literature 2
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A plausible mechanism for the formation of 3-cyclopentylcyclopentene is shown in

Scheme 3.5. The initial step is addition of a methylene C—H bond of cyclopentene (most

likely at the allylic positi‘on based on results described below) across the W=C bond of
[Cp*W(NO)(=CHCMe3)]. This leads to the neopentyl cyclopentenyl intermediate A, which

undergoes B-H abstraction to form the 16-electron alkene complex B. A catalytic cycle then
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ensues, which involves formation of the metallacyclopentane complex E by coordination and
subsequent oxidative coupling of a second molecule of cyclopentene. Complex E then
undergoes B-H abstraction, followed by allylic C-H activation of a third molecule of
cyclopentene to give G. Alkene insertion into the W—H bond of G then yields intermediate H.
From H, 3-cyclopentylcyclopentene is liberated and B regenerated upon B-H abstraction. The

formation of cyclopentene trimers is not observed presumably because coupling between a

monomer and a dimer is sterically unfavorable.

Like 3.14, complexes 3.15-3.17 are orange, sparingly to moderately soluble in
aliphatic hydrocarbon solvents, and stable indefinitely at 25 °C under dinitrogen. They also
can be handled for long periods in air and, in the case of 3.15, heated in C¢D¢ for 12 h at 70
°C, without noticeable decomposition. Spectroscopically, the metallacyclobutane ligands of
3.14-3.17 are all similar; the 'H and >C NMR spectra of 3.16 in CDCl; are shown in Figure
3.2 as representative examples. Like the vast majority of early transition-metal
metallacyclobutane complexes,”® the Hp and Cp resonances of 3.14-3.17 are found upfield in
the range 6 —2.29 to —0.12 and 6 —4.8 to 27.4, respectively, while downfield shifts are
observed for the Hy and C,, resonances at 6 3.09-7.68 and & 113.2—141.8. The presence of a
plane of symmetry in complex 3.14 is indicated by the observation of identical tert-butyl
groups and a single WCH signal in the 'H and 3C NMR spectra. That the fert-butyl groups
point away from the Cp* ligand has been confirmed by an NOE difference experiment, which
shows a strong enhancement of the H, resonance upon irradiation of the Cp* signal, and vice
versa. In the "H NMR spectrum of 3.14, the H,, resonance appears as a doublet of doublets
with *Jun = 6.0 and 10.2 Hz due to coupling to the trans- and cis-B protons, respectively. In
3.15, 3.16, and 3.17,the 3 Jun coupling constants between the CHCMes and [ protons are

5.1-7.2 Hz, suggesting that they are trans to one another. Similar cis- and trans-coupling

constants have been reported previously for other metallacyclobutane systems.28b
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Complexes 3.14-3.17 are the first Cp’M(NO)-containing metallacyclobutanes to be
synthesized, a class of compounds which to date cannot be accessed by traditional metathesis
routes.”” In order to confirm the stereochemical assignments and to gain detailed structural
information of these compounds, the solid-state molecular structures of 3.14, 3.15, and 3.17
were established by X-ray diffraction studies. Shown in Figure 3.2 are the ORTEP
representations of these structures; selected bond distances and angles are listed in Table 3.2.
As expected from the NMR experiments, the terz-butyl groups in 3.14 are cis to one another,
while the tert-butyl groups in 3.15 and 3.17 are trans to the 3-substituents. For all three
complexes, the NO ligand is essentially linear while the tungstacyclic ring is nearly planar and
symmetric.. Noteworthy is that the majority of the metrical parameters of the tungstacyclic
rings in 3.14, 3.15, and 3.17 are virtually identical (Figure 3.2). The W—Cy—Cp—C,, torsion
angles are 10.3(4)°, =0.3(4)°, and —7.5(3)°, respectively, while the W~C,, (2.071-2.098 A) and
W--Cg (2.37 A) distances and Ca—W—-C,, angles (84—85°) are in the range often observed for
d° tungstacyclobutane complexes.z&”3 % The most unusual aspects of the tungstacyclic rings are
the Co—Cp bond distances. In 3.14, these distances (1.63 A) lie at the long end of the range
found for transition-metal metallacyclobutane complexes (1.54—1.63 A). In 3.15 and 3.17, the

Cq—Cp distances belonging to the alkene fragment are 1.702(6) and 1.671(7) A, respectively,

and are the longest reported to date.
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Table 3.2. Selected Bond Distances and Angles for 3.14, 3.15, and 3.17

3.14 3.15 3.17
Bond Distances (A)
N(1)-0(1) 1230(5)  N(1)-0(1) 1.239(5) N(1)-0(1) 1.2273)
W(1)=N(1) 1.767(4)  W(1)=N(1) 1.763(4) W(1)-N(1) 1.771(3)
W(1)-C(12) 2091(5)  W(1)-C(6) 2.098(4) W(1)-C(11) 2.088(3)
W(1)-C(14) 2.080(5)  W()-C(l) 2.071(5) W(1)=C(17) 2.075(3)
W(1)=C(13) 23756)  W(1)-C(5) 2.372(4) W(1)-C(12) 2373(3)
C(12)-C(13) 1.638(7)  C(5)-C(6) 1.571(6) C(11)-C(12) 1.581(5)
C(13)-C(14) L631(7)  C(1)-C(5) 1.702(6) C(12)-C(17) 1.671(5)

Bond Angles (%)

O(1)-N(1)-W(1) 168.3(4)  O(1)-N(1)-W(I)  169.0(3) O(1)-N(1)-W(1) 168.7(3)
C(12)-W(1)-C(14)  84.3(2)C(l -W(1)-C(6)  85.02) C(11)-W(D)-C(17)  84.13(12)
W(1)-C(12)-C(13)  78.1(3)W( 1)-C(1)-C(5)  77:2(2) W(D)-C(11)-C(12)  79.3(2)
W(1)-C(14)-C(13)  78.6(3)W( 1)-C(6)-C(5)  79.1(2) W(h)-CUT)-C(12)  77.8(2)
C(12)-C(13)-C(14)  117.8(4)  C(1)-C(5)-C(6)  118.7(4) C(11)-C(12)-C(17)  118.1(3)
W()-C(12)-C(11)  13353)  W(1)-C(6)-C(7)  131.5(3) W(1)-C(11)-C(19) 132.0(2)

3.3.3.2 C—H Bond Activation

In contrast to the alkene reactions described above, the thermolysis of 2.4 in acyclic
alkenes possessing allylic C—H bonds leads primarily to C—H bond activation products. For
example, thermolysis of 2.4 in neat 2-methyl-1-butene at 70 °C for 2 d results in formation of a
6:5:4 mixture of the n°-allyl neopentyl complex 3.18, 17°-allyl hydride complex 3.19, and n'-
trans-diene complex 3.20 along with several intractable Cp*-containing products, which do
not display NMR resonances characteristic of metallacyclobutane complexes (eq 3.7).

GC-MS analysis of the volatile products shows neopentane and a barely detectable compound

whose mass equals the sum of a neopentylidene ligand and a 2-methyl-1-butene molecule.




89

Monitoring of the reaction by "H NMR spectroscopy reveals that 3.18—3.20 are formed in a
final combined yield of 60—70% and in a constant ratio over the course of the reaction.
Complexes 3.18-3.20 can be heated in 2-methyl-1-butene, 2-methyl-2-butene, or benzene at
70-80 °C for 3—4 d without decomposition, rearrangement, or reaction with the solvent.

These observations thus demonstrate that these complexes are thermally robust and are

produced by independent pathways.

n A G

/ / /
Z0°c ON ON ON
Et 3.18 Et 3.19

fowe g .

24 3.7

Complex 3.18 is a sticky off-white solid whose formation is consistent with initial
allylic C—H activation by [Cp*W(NO)(=CHCMe3)], followed by an n'- to 1°-allyl conversion
as shown in Scheme 3.6a. Although highly soluble in hydrocarbon solvents, 3.18 can be
isolated in 20% yield by chromatography on alumina I, followed by painstaking crystallization
from pentane/Et,O at —30 °C. It can also be fully characterized by spectroscopic and
analytical techniques. In addition to resonances attributable to the Cp* and neopentyl ligands,
the "H and '*C NMR spectra of 3.18 display characteristic patterns indicative of the presence
of an 1°-allyl moiety.>’ Due to the chirality at the metal center, two sets of diastereotopic syn
and anti proton resonances are observed in the 'H NMR spectrum; these appear at § 2.22 and
3.64 and § 0.75 and 1.89, respectively. In the *C{'H} NMR spectrum, the terminal carbons
resonate at & 42.5 and 74.2, while the signal for the central carbon appears at 8 135.6. An endo
conformation was assigned based on the results of an 'H NOE difference experiment, which
shows a strong enhancement of the Cp* signal upon irradiation of the signal for the anti proton

at 8 0.75. This assignment is consistent with the observation that the anti protons, being closer

to the Cp* ligand, are more shielded and therefore resonate at higher field than the syn protons.
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In contrast to 3.18, the n*-allyl hydride and 7*-frans-diene complexes 3.19 and 3.20
could not be isolated free of 3.18 and each other. They were therefore identified on the basis
of IR and '"H/"*C NMR spectroscopies, aided by HMQC and COSY experiments.
Spectroscopically, 3.20 is very similar to the previously reported CpMo(N O)(trans-n'*-2-
methylbutadiene)*? complex. Of note are the upfield shifts of the diene protons at § 0.95, 1.1,
2.3, and 3.29, which are indicative of not only 77"-bonding but also significant t-backbonding
from the tungsten metal. For complex 3.19, its IR and NMR characteristics are similar to
those of the Cp*W(NO)(-allyl)(H) complexes described in Chapter 4. Key to its structural
assignment as a hydride complex is a weak W—H stretch at 1888 cm’ in the Nujol-mull IR
spectrum and a singlet integrating for one proton at 6 —0.88 ('Jwn = 118 Hz) in the '"H NMR
spectrum (CgDg).

The formation of complex 3.20 presumably occurs by initial C—H bond cleavage at the
non-allylic methyl and/or (though less likely) the allylic methylene carbon, followed by B-
abstraction and coordination of the pendant C=C bond (Scheme 3.6b). The formation of
complex 3.19, on the other hand, can be rationalized by the reaction sequence shown in
Scheme 3.6¢. According to this multistep mechanism, which also yields an organic byproduct
whose mass equals the sum of a neopentylidene ligand and a 2-methyl-1-butene molecule,
allylic C—H activation at the methylene position, followed by n'- to n*-allyl conversion first
takes place to yield an 17°-allyl neopentyl intermediate E. In order to relieve allylic strain due
to substitution at the terminal carbon, E rearranges to alkene adduct F by a reductive C-C
coupling process similar to that proposed recently by Ipaktschi and coworkers for the
conversion of CpW(NO)(*-allyl)(n'-alkynyl) complexes to 1°-alkene-1-allene complexes.**®
F then reacts with another equivalent of 2-methyl-1-butene to yield 3.19 via a reaction
pathway analogous to that proposed above for the formation of 3-cyclopentylcyclopentene.

An exception is that formation of the 7]1-allyl-hydride—nz—alkene complex H is followed by n'-
to 1°-allyl conversion with concomitant displacement of the alkene ligand rather than by
insertion of the alkene into the W—H bond. This proposed mechanism assumes that (1) allylic

C-H activation of the alkene ligand in F is slow compared to coordination of a second

molecule of 2-methyl-1-butene and (2) for steric reasons, allylic C~H activation of the 2-
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Scheme 3.6
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methyl-1-butene ligand in G is faster than allylic C—H activation of the trisubstituted alkene as

well as alkene-alkene coupling.

The thermolysis of 2.4 in neat 2-methyl-2-butene at 70 °C for 2 d, in contrast, 1s
cleaner than the 2-methyl-1-butene reaction. It affords neopentane as the only detectable
organic byproduct and shows little evidence, if any, in the '"H NMR spectrum of the crude

reaction mixture for formation of allyl neopentyl, allyl hydride, or diene complexes as

described above. It produces instead a mixture of three major organometallic products in
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70—-80% yield in a ratio of ~10:5:4, the most abundant of which is Cp*W(NO)[n4-
CH,C(Me)CHCH,C(Me),CH(Me)] (3.21a) in which two molecules of 2-methyl-2-butene have
coupled (eq 3.8).

o

W W
24 ON~~ + ON~ +  others (3.8)
) \ 0 E R )
70 °C R
R

R

3.21a 3.21b ~
321c¢ } R=H or Me

Neither complex 3.21a nor the second (3.21b) and third (3.21¢) products could be
separated from one another. All three compounds were therefore characterized as a mixture,
obtained by crystallization from a concentrated pentane solution of the crude products at —30
°C. The identity of 3.21a was established on the basis of 'H and >C NMR spectroscopies,
aided by COSY, HMQC, HMBC, and NOE difference experiments, and confirmed by X-ray
diffraction. In its 'H NMR spectrum, 3.21a gives rise to 11 signals due to the 11 different
types of protons. Most prominent are the signals at 8 1.50 due to the W—CH proton and at &
0.41, 1.98, and 2.66 due to the CH, and CH protons of the 17°-CH,C(Me)CH moiety. In the

BC NMR spectrum, the corresponding carbon resonances are found at & 42.2, 44.4, and 90.6.

Shown in Figure 3.4 is an ORTEP diagram of the solid-state molecular structure of
3.21a along with selected bond distances and angles. As expected from the NMR
experiments, the structure contains a [CH(CH;)C(CHj3),CH,CH(CH3)CH,] ligand, bonded by a
W-alkyl and a W—n*-allyl interaction. Noteworthy are the following two features. First, the
W-C(11) distance (2.307(7) A) is at the long end of the range for W—C single bonds. Second,

the allyl moiety is coordinated in an endo, syn fashion and shows no 7]3—>(5,T[2 distortion

typically observed in (r°-allyl)(nitrosyl)tungsten and -molybdenum systems such as
CpM(NO)(1*-allyl)(halide) [M = Mo,”* W3], CpW(NO)(1-allyl)(n' -alkynyl),”® and
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TpMo(NO)(1-allyl)(CO).* That the latter is the case is evidenced by the fact that the
C(14)-C(15) (1.396(9) A) and C(15)-C(16) (1.420(9) A) distances are similar and in the range
intermediate of double and single bonds. A reasonable explanation for this is that 3.21a 1s

sufficiently electron-rich to allow the metal to back-donate to both allylic C—C bonds.

N(1)-0(1) 1.225(6) A
W(1)-N(1) 1.765(5) A
W(H-C(11) 2.307(7H) A
W(1)-C(16) 2.239(6) A
W(1)-C(15) 2.372(6) A
W(1)-C(14) 2.382(6) A
C(15)-C(16) 1.420(9) A
C(14)-C(15) 1.396(9) A
O(1)-N(1)-W(1) 170.7(5)°
5 C(12)-C(11)-W(1) | 114.8(4)°
C(14)-C(15)-C(16) | 113.8(6)°
C(15)-C(14)-C(13) | 127.5(6)°

Figure 3.4.. ORTEP diagram and selected bond distances and angles of complex
Cp*W(NO)[1*-CH,C(Me)CHCH,C(Me),CH(Me)] (3.21a).

For complexes 3.21b and 3.21¢c, complete assignment of their 'H and *C NMR
resonances, unfortunately, proves not possible due to severe spectral overlap. Nevertheless,
both compounds appear to be isomers of 3.21a on the basis of the following observations.
First, their NMR and IR spectroscopic data are, for the most part, similar to those of 3.21a (see
the Experimental Section). For example, that each complex also contains an n*-CH,C(Me)CH
moiety is clearly indicated by the presence of CH, and CH signals in the 'H NMR spectrum at
3 0.38, 2.08, and 2.67 for 3.21b and 6 0.49, 2.36, and 2.05 for 3.21¢ and by the presence of the
corresponding carbon resonances in the ?C NMR spectrum at § 42.6 and 96.1 for 3.21b and &

48.1 and 76.6 for 3.21¢c. Second, the solubility properties of all three complexes are very
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similar, as evidenced by the fact that they cannot be separated from one another by column
chromatography and/or fractional crystallization. Third, elemental analysis and mass spectral
data of a 1.9:1:1 mixture of 3.21a, 3.21b, and 3.21c¢ are consistent with the formula shown in

eq 3.8.

Complexes 3.21a-c are yellow, air-stable crystalline materials that can be heated in
CsDg at 70 °C without further transformation. Structurally, 3.21a-c are related to the
zirconocene and the CpMo(NO) n*(c,m°)-allyl complexes shown in Scheme 3.7, prepared by
reaction of the cis- and trans-Cp;zZr(n4-diene) complexes with alkenes*® and of the
CpMo(NO)(1*-2,5-dimethyl-2,4-hexadiene) complex with alkynes.”” Taking into account the
reactivity of these diene compounds, the formation of 3.21a is proposed to proceed via the
reaction sequence shown in Scheme 3.8. The initial step is allylic C—H activation leading to
the 17'-allyl neopentyl complexes A and/or B, which subsequently cyclometallate by a 8-
elimination process to give the metallacyclopentene complex C. Rapid insertion of a second
equivalent of 2-methyl-2-butene into the sterically less hindered W—C bond of C would then
afford 3.21a.

Scheme 3.7
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Scheme 3.8
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The proposal that A and/or B is unstable with respect to cyclometallation and
formation of a five-membered tungstacycle, which can undergo further transformation in the
presence of a Lewis base, is not unprecedented. Indeed, previous studies have shown that the
bis(alkyl) complex, CpW(NO)(CH,SiMes3)(CH,CMe;,Ph), also cyclometallates readily under
thermolytic conditions in the presence of PMe; to give the orthometallated complex
CpW(NO)(CHzCMez-o-C6H4)(PMe3).38 That this reaction proceeds via a metallacyclopentane
intermediate will be demonstrated in Chapter 5 for the thermal decomposition of the Cp*
neopentyl neophyl derivative. Finally, since signals for complex 3.20 are not observed in the
"H NMR spectrum of the crude reaction mixture and since 3.20 is thermally stable in the
presence of 2-methyl-2-butene, isomerization of C to 3.20 followed by 2-methyl-2-butene

insertion in a manner analogous to the CpMo system can be ruled out.
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In contrast to 2.4, the thermolysis of 2.1 in neat alkenes such as cyclopentene gives
complex mixtures of products along with decomposition and formation of a brown-black
precipitate. The CpMo(NO)(CH,CMes), complex, on the other hand, shows little or no

reactivity toward alkenes.'>
3.4 Epilogue

In summary, Cp’W(NO)(CH,CMes), and Cp*W(NO)(CH,CMe;)(CH,Ph) complexes
are thermally unstable with respect to o-abstraction of neopentane. This leads to the transient
16-electron alkylidene complexes [Cp”W(NO)(=CHCMes)] and [Cp*W(NO)(=CHPh)],
respectively, which differ from the [CpMo(NO)(=CHCMe;)] system in a number of ways."
Notable differences and trends that emerge upon comparison of the trapping reactions of the
neopentylidene systems with Lewis bases (L) are as follows. First, the rate of o-abstraction
decreases significantly when the metal is changed from Mo to W and when Cp is replaced by
Cp*, though to a lesser extent. Second, only one 'H NMR resonance is observed for the o-
protons of the tungsten alkylidene complexes, indicating the presence of only the anti rotamer.
Third, the tungsten complexes do not undergo dimerization in the absence of L, as observed
for the CpMo system. Fourth, the trapping of [Cp”W(NO)(=CHCMe3)] is markedly sensitive
to the nature of L, favoring sterically undemanding and strong 6-donors such as phosphines,
phosphites, and, in the case of the Cp* system, amines. It is also strongly dependent on the
choice of solvent. For example, when L = phosphine or phosphite, THF or 2,2,4,4-
tetramethylpentane may be used as solvents with little or no deleterious effects. When L =
amine, clean adduct formation is observed only when the amine also functions as the solvent.
‘Fifth, the stability of the tungsten ligand-trapped complexes is sensitive to the nature of both L
and Cp’, decreasing as the size and electron-donating ability of L increases and decreases,
respectively, and as Cp’ is changed from Cp* to Cp. Finally, the syn-anti isomerization of the

tungsten adducts can be effected photochemically but not thermally, as has been reported for

the molybdenum counterparts.
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The thermal reactions of the Cp’W(NO)(CH,CMe;), complexes with a variety of
heteroatom~hydrogen bonds has also been investigated. The reaction with dimethylamine
-demonstrates that [Cp’W(NO)(=CHCMej3)] species are initially generated, which then effect
the cleavage of tﬁe amine N—H bond to give cleanly the neopentyl amides 3.12 and 2.17. With
more acidic substrates such as methanol and benzoic acid, protonolysis of the bis(neopentyl)
precursors occurs before generation of the [Cp”W(NO)(=CHCMe;)] intermediates can take

place.

Complexes 3.12 and 2.17 alternatively can be prepared by thermolysis of the PMes-
trapped alkylidene complexes Cp’W(NO)(=CHCMe;)(PMes) in the presence of excess
dimethylamine. When Cp*W(NO)(=CHCMes)(PMejs) is treated with methanol or benzoic
acid, formation of the corresponding neopentyl alkoxide complex 2.16 and neopentyl
carboxylate complex 3.13 is observed. Qualitatively, the rates of these reactions increase as
the acidity of the organic substrates increases. The reaction of Cp’W(NO)(=CHCMe;)(PMe3)
complexes with heteroatom-hydrogen bonds most likely involves an associative mechanism
rather than a mechanism analogous to that previously proposed for
CpMo(NO)(=CHCMe3)(Py), i.e. initial loss of PMe;, followed by N—H or O—H addition
across the W=C bond. This is based on the fact that all Cp’W(NO)(=CHCMe;s)(L) complexes,
including the amine adducts, are stable to thermolysis (70 °C, 1-4 d) in neat hydrocarbon
solvents. If dissociation of L to form coordinatively unsaturated [Cp’W(NO)(=CHCMe3)]
were facile, then C—H bond activation o.f these solvents should be observed, as demonstrated
recently in a communication'® of the reaction of [Cp*W(NO)(=CHCMe;)] with alkanes (full
details of which are described in Chapters 4 and 5).

The thermal reactivity of the coordinatively unsaturated [Cp’W(NO)(=CHCMe3)]
complexes with alkenes has also been examined. This work demonstrates that, unlike the
CpMo system which shows essentially no reactivity toward alkenes, both the CpW and Cp*W
complexes are reactive toward these substrates; only the Cp*W complex yields tractable
products, however. [Cp*W(NO)(=CHCMe;)] reacts with cyclic and acyclic alkenes to yield

[2+2] cycloaddition and/or C—H activation products depending on the alkene structure.
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Reactions with neohexene, cyclopentene, ethylcyclopentene, and norbornadiene give the
tungstacyclobutane complexes 3.14-3.17, respectively (Scheme 3.4). The formation of 3.14 is
quantitative and indicative of a regio- and stereospecific [2+2] cycloaddition reaction. The
formation of 3.15-3.17, in contrast, is accompanied by side product formation and
decomposition. In the norbornadiene reaction, an insoluble white rubber, presumably
polynorbornadiene, is also produced. The reaction with cyclopentene, which contains
unhindered allylic C—H bonds, yields 3-cyclopentylcyclopentene and 1,1°-bicyclopentyl as the
major organic products. The formation of 3-cyclopentylcyclopentene can be rationalized by
the multistep mechanism shown in Scheme 3.5. According to this mechanism, the key initial
step is addition of a methylene C—H bond of cyclopentene (most likely at the allylic position)
across the W=C bond of [Cp*W(NO)(=CHCMe3)]. This leads to a mixed bis(alkyl) complex
which can undergo further transformation in the presence of cyclopentene to give the observed
product. The reaction with ethylcyclopentene, in contrast, yields two organic compounds
whose masses strongly suggest that they are not formed by metathesis pathways but rather by
coupling of a neopentylidene ligand to an ethylcyclopentene molecule and by a

dehydrogenation of this coupled product.

The coupling of an alkylidene ligand to an alkene molecule via a non-metathesis route
is extremely rare but not unprecedented. An example is the reactions of the neopentylidene
complexes CpM(=CHCMe;)Cl, (M = Ta, Nb) with terminal alkenes.”® In this case, Schrock
and coworkers showed that these reactions lead to new alkene products, formed by selective
insertion of the neopentylidene ligand into an olefinic C—H bond of the alkene substrate.
Although the identity of the organic products in the reaction of [Cp*W(NO)(=CHCMe3)] with
ethylcyclopentene is unknown, it is unlikely that they are formed by a similar insertion
process. This is especially so given the fact that cyclopentene, which is structurally more
similar to ethylcyclopentene, does not give rise to such products, whereas acyclic 2-methyl-1-
butene does. A common feature of ethylcyclopentene and 2-methyl-1-butene is the presence
of an ethyl group at the double bond. Since the coupling of a neopentylidene ligand to a 2-
methyl-1-butene molecule can be rationalized by a mechanism involving initial allylic C-H

bond activation at the methylene position (Scheme 3.6¢), an analogous proposed mechanism

such as that shown below may be invoked for the ethylcyclopentene reaction.
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Unlike neohexene and the cycloalkenes above, the reactions of
[Cp*W(NO)(=CHCMe;)] with acyclic alkenes containing allylic hydrogens are dominated by
C-H bond activation pathways. In fact, no tungstacyclobutane complexes are detected from
the reaction of this species with 2-methyl-1-butene. Instead, the major organometallic
products are allyl neopentyl complex 3.18, allyl hydride complex 3.19, and diene complex
3.20 (eq 3.7). A small amount of an organic product whose mass equals the sum of a
neopentylidene ligand and a molecule of 2-methyl-1-butene is also generated. The reaction of
[Cp*W(NO)(=CHCMe;)] with 2-methyl-2-butene similarly proceeds primarily by allylic C-H
activation. However, unlike the 2-methyl-1-butene reaction, this leads to formation of the six-
membered metallacycles 3.21a-c as the major products (eq 3.8), formed by an unusual

coupling of two molecules of 2-methyl-2-butene.

The formation of complexes 3.18—3.21 is significant, for it represents the first clear-cut
examples of alkene C—H bond activation by a transition-metal alkylidene complex.** Further,
it shows that activation of allylic C—H bonds is preferred, as would be expected on the basis of
bond dissociation energies,*’ and that allylic C—H activation is a facile process for unstrained
alkenes. Thus, whether an alkene will undergo [2+2] cycloaddition and/or C-H activation

reactions with [Cp*W(NO)(=CHCMe3)] depends on the degree of strain of the alkene double

bond and the presence and accessibility-of allylic hydrogens.
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CHAPTER 4

Selective Activation of Aliphatic, Aromatic, and Benzylic C—H Bonds by
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4.1 Introduction

The intermolecular activation of C—H bonds,' especially those of alkanes, by soluble
organometallic complexes has been the subject of much experimental® and theoretical® study in
the last 20 years. Much of the impetus for this work has been provided by the search for
reagents which can selectively convert alkanes, an abundant and cheap source of hydrocarbon
feedstocks, into more valuable commodity chemicals. Although a large number of systems are
now known which can effect the activation of C—H bonds intermolecularly, most are
nonselective and involve the photochemical or thermal generation of a high-energy reactive

intermediate.*

In general, organometallic complexes that can effect the activation of C—H bonds
intermolecularly are of four main groups. First, there is the largest group which consists of
low-valent late transition-metal complexes, and involves an oxidative-addition mechanism.’

Second is a group that consists of high-valent early transition-metal complexes,6 lanthanide

complexes,’ and actinide complexes,® and involves a 6-bond metathesis mechanism. In the




106

third and fourth group, the activation occurs as a result of H-atom abstraction by

metallaradicals’ and C—H bond addition across a M=X bond X= 0, NR,!'"15 CHR16).

Once rare, the reaction between a C—H bond and a metal-ligand multiple bond has
flourished in recent years. However, while reactions of this type have become well established
for transition-metal imido complexes, with specific examples now known for Ti,'" Zr,'* v,
Ta,'* and W,'” there are at present few transition-metal oxo and alkylidene complexes that can
effect the cleavage of C—H bonds intermolecularly.'® Fewer still are alkylidene complexes
which can effect the cleavage of alkane C—-H bonds. Indeed, prior to the preliminary report'
of the work described in this chapter, alkylidene complexes were only known to activate

aliphatic C—H bonds intramolecularly.'™'*'>%°

In the preceding chapter, it was shown that thermolysis of Cp*W(NO)(CH,CMej3),
leads to loss of neopentane and formation of the 16-electron neopentylidene complex,
[Cp*W(NO)(=CHCMe3)], as a highly reactive intermediate, which (a) can be trapped by a
range of Lewis bases to yield the corresponding base adducts as the anti rotamer, (b) undergo
addition reactions with the N-H and O—H bonds of amines and alcohols, respectively, and (c)
react with alkenes to give novel [2+2] cycloaddition and/or C—H activation products
depending on the alkene structure. The objective of this chapter is to report the full details of
the reactivity of [Cp*W(NO)(=CHCMej3)] with the C—H bonds of Me,Si, alkanes, and arenes.
As will soon be seen, these C—H activation reactions occur with some selectivity and lead to
an array of C—H activation products depending on the alkane and arene structure. The
reactivity of the neopentylidene complex, [CpW(NO)(=CHCMes)], and benzylidene
complexes, [Cp*W(NO)(=CHAr)], with representative aliphatic and aromatic C—H bonds will

also be reported and compared to that of the Cp* neopentylidene system.
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4.2 Experimental Section
4.2.1 Methods

The synthetic methodologies employed throughout this thesis are described in detail in
Section 2.2.1. GC—MS analyses were performed by Ms. L. Madilao of the UBC mass
spectrometry facility using a Carlo Erba GC and Kratos MS-80 unit. *!'P and "°F chemical
shifts were recorded relative to P(OMe); (6 141.0 in C¢Dg) and CF;CO,H (8 0.00) standards.
All thermolyses were carried out in thick-walled glass vessels or J. Young NMR tubes

immersed in an oil bath at 60-75 °C for ca. 1.5-2 d unless otherwise noted.
4.2.2 Reagents

The organometallic precursors CpW(NO)(CH,CMes); (2.1), Cp*W(NO)(CH,CMes),
(2.4), Cp*W(NO)(CH,CMes)(CH,CMe;Et) (2.7), and Cp*W(NO)(CH,CMes)(CH,Ph) (2.15)
were prepared as described in Section 2.2.2. Me;NH (Aldrich, 99.9%) was used as received.
1,1,2,2-Tetramethylcyclopropane (Wiley Organics), tetramethylsilane, cyclopentane,
neohexane, methylcyclopentane, methylcyclohexane, ethylcyclohexane, anisole, toluene, and
mesitylene (Aldrich) were vacuum-transferred from sodium. PMes, pentane, cyclohexane, o-

xylene, m-xylene, and p-xylene (Aldrich) were vacuum-distilled from sodium benzophenone

ketyl. o,0,0-Trifluorotoluene (Aldrich) was dried over activated 4 A molecular sieves.
4.2.3 Preparation of Cp*W(NO)(CH;CMe;)(CH,SiMe3) (2.9)

In the glovebox, a Pyrex vessel was charged with 2.4 (48 mg, 0.098 mmol) and
tetramethylsilane (1 mL). The resulting wine-red solution was heated at ca. 70 °C for 2 d,
during which time its color darkened. The organic volatiles were then removed in vacuo to

obtain a red-black solid, which was extracted into pentane and filtered through Celite (1 X 1

cm). Concentration of the filtrate followed by cooling to —30 °C for 2 d provided 2.9 (45 mg,
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90% yield) as maroon crystals. The identity of 2.9 was confirmed by comparison of its 'H and

3C NMR spectra to those of an authentic sample.?!
4.2.4 Preparation of Cp*W(NO)[CH,CMeCMe,CH] (4.1)

To Pyrex vessel containing 2.4 (35 mg, 0.07! mmol) was added 1,1,2,2-
tetramethylcyclopropane (2 mL) by vacuum transfer. The resulting wine-red mixture was
thawed and heated at ca. 70 °C for 2 d, during which time it became orange-yellow. The
organic volatiles were then removed in vacuo to obtain an oily residue, which was redissolved
in hexanes and filtered through alumina I (1 X 1 cm). The alumina column was washed with
Et,O until the filtrate was colorless. Concentration of the combined filtrates followed by

cooling to —30 °C for several days afforded 4.1 (10 mg, 32% yield) as bright yellow crystals.
g

Anal. Caled. for C;7H,7sNOW: C, 45.85; H, 6.1_1; N, 3.15. Found: C, 45.55; H, 6.02; N,
3.00. IR (cm™) vno 1588 (). MS 445 [M", ¥*W]. 'H NMR (400 MHz, C¢Ds) § 0.72 (dd,
2Jun = 4.3, *Juu = 1.2, 1H, CH,,H to Cp*), 1.16 (br s, 1H, CH), 1.63 (s, 3H, CMe,), 1.68 (s,
15H, CsMes), 2.17 (s, 3H, CMe,), 2.31 (s, 3H, CH,CMe), 3.25 (d, *Jun = 4.3, 1H, CHypiH to
Cp*). *C{'H} NMR (125 MHz, C¢Ds) 8 10.4 (CsMes), 18.8 (CH,CMe), 27.5 (1 CMe), 30.1
(1 CMe,), 55.8 ("Jew =37, WCHS>), 80.9 (CMe,), 83.0 (WCH), 104.3 (CsMes), 106.0
(CH,CMe). NOEDS (400 MHz, C¢D) irrad. at 0.72 ppm, NOEs at § 1.16, 1.68, 3.25; irrad. at
1.16 ppm, NOEs at 6 0.72, 1.68; irrad. at 1.63 ppm, NOEs at 4 1.16, 2.17; irrad. at 1.68 ppm,
NOEs at 8 0.72, 1.16; irrad. at 2.17 ppm, NOE at 6 1.63; irrad. at 2.31 ppm, NOE at 6 3.25;
irrad. at 3.25 ppm, NOEs at § 0.72, 2.31. |

4.2.5 Preparation of Cp*W(NO)(nz-alkene)(PMe3) Complexes [alkene = cyclopentene
(4.2), cyclohexene (4.3), neohexene (4.4)]

The reactions leading to complexes 4.2—4.4 were carried out in a similar manner. In
each case, the neopentylidene complex Cp*W(NO)(=CHCMes)(PMes) (3.4) (~10-30% yields)

was detected as a minor product by 'H and *'P{'"H} NMR analyses of the crude reaction
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mixture. The preparation of 4.2 is described as a representative example. To a Pyrex vessel
containing 2.4 (56 mg, 0.11 mmol) was added cyclopentane (9 mL) and PMe; (5-10 equiv) by
vacuum transfer. The resulting wine-red mixture was thawed and heated at ca. 70 °C for 2 d,
during which time it became a dark yellow solution. Next, the organic volatiles were removed
in vacuo to obtain a dark yellow oil, which was extracted into 5:1 hexanes/Et,O (2 mL) and
filtered through alumina I (2 x 1 cm). The alumina column was washed with additional 5:1
hexanes/Et,O until the filtrate was colorless. Concentration of the combined filtrates followed

by cooling to —30 °C for 2 d afforded 4.2 (25 mg, 44% yield) as pale yellow plates.
p

4.2.5.1 Complex 4.2. Anal. Calcd. for C;sH;;NOPW: C, 43.83; H, 6.54; N, 2.84. Found: C,
43.86; H, 6.61; N, 2.76. IR (cm™) vno 1522 (s). MS 493 [M*,"** W]. '"H NMR (400 MHz,
CsDg) 8 1.06 (m, 1H, oo =CH), 1.19 (d, *Jup = 8.4, 9H, PMe3), 1.58 (m, 1H, y CH,), 1.66 (s,
15H, CsMes), 1.72 (m, 1H, yCH,), 1.99 (m, 1H, o =CH), 2.34 (dd, *Juy = 6.6, *Juy = 12.4,
1H, B CH,), 2.64 (m, 1H, B’ CH,), 3.00 (sept, 1H, B’ CH,), 3.26 (sept, 1H, B CH,). C{'H}
NMR (75 MHz, C¢Ds) 8 10.5 (CsMes), 16.8 (d, 'Jcp = 29, PMes), 23.2 (Y CHy), 34.9 (B’ CH,),
35.4 (d, 3Jcp = 4, p CHy), 44.2 ("Jew = 40, o =CH), 46.1 (d, “Jcp = 13, 0.=CH), 103.0
(CsMes). *'P{"H} NMR (121 MHz, C¢Dg) § —13.2 ("Jpw = 364).

4.2.5.2 Complex 4.3 was prepared by heating 2.4 (81 mg, 0.16 mmol) in a cyclohexane
solution (8 mL) of PMe; (5-15 equiv). It was crystallized from a 3:1 mixture of pentane/Et,O
at =30 °C and isolated as pale yellow needles (32 mg, 51% yield).

Anal. Calcd. for C;oH3sNOPW: C, 44.98; H, 6.76; N, 2.76. Found: C, 44.20; H, 6.41;
N, 2.75. IR (cm™) vno 1518 (s). HRMS Caled. for CsH3NOPW: 507.2881 [M", '**W1].
Found: 507.1888. 'H NMR (500 MHz, C¢Ds) 6 0.8 (m, 1H, o’ =CH), 1.22 (d, Jup = 9H,
PMes), 1.5 (m, 1H, a.=CH), 1.6 (m, 2H, ¥’ CH,), 1.67 (s, 15H, CsMes), 1.8 (m, 2H, y CHy),
2.4 (m, 1H, B’ CH,), 2.8 (m, 2H, B CHy,), 3.1 (m, 1H, B’ CH,). “C{'H} NMR (125 MHz,
CeDg) 8 10.3 (CsMes), 17.4 (d, “Jcp = 29, PMe3), 24.2 (Y CHy), 25.3 (v CHy), 28.3 (B CHy),
30.8 (d, *Jep = 4, B’ CHa), 36.9 (‘Jew = 39, a. CH), 40.0 (d, 2Jep = 12, o CH), 103.0 (CsMes).
3Ip{'H} NMR (202 MHz, C¢Dg) 8 —13.2 (s, "Jpw = 373).
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4.2.5.3 Complexes 4.4 were prepared as a 5.7:1 mixture of 4.4y, and 4.4,, by heating 2.4 (66
mg, 0.13 mmol) in a neohexane solution (8 mL) of PMe; (0.38 mmol, 3 equiv). The two
rotamers were isolated together as yellow blocks (38 mg, 56% yield) from a 4:1 mixture of

hexanes/Et,O at —30 °C.

Anal. Caled. for C,oH3sNOPW: C, 44.80; H, 7.13; N, 2.75. Found: C, 44.95; H, 7.09;
N, 2.68. IR (cm™) vno 1513 (s). MS 509 [M*, '**W]. '"H NMR (400 MHz, C¢Ds) & 4.4¢yn:
0.38 (m, 1H, =CH,,,H), 1.00 (s, 9H, CMe3), 1.33 (d, *Jup = 8.4, 9H, PMe3), 1.73 (s, 15H,
CsMes), 2.3 (m, 2H, =CH,niH, =CHCMe3). 4.44n4: —0.30 (m, 1H, =CHy,H), 1.16 (d, *Jup =
8.6, 9H, PMes), 1.34 (s, 9H, CMe3), 1.43 (m, 2H, =CH,,wH, =CHCMes), 1.67 (s, 15H, CsMes).
BC{'H} NMR (75 MHz, C¢Dg) 8 4.4yn: 10.9 (CsMes), 18.3 (d, 'Jep = 30, PMe3), 25.1 (‘Jew =
33, =CH,), 34.7 (CMe3), 35.2 (d, *Jcp = 2, CMe3), 57.9 (d, 'Jep = 12, =CHCMe3), 103.9
(CsMes). 4.4angt 10.5 (CsMes), 16.0 (d, 'Jep = 32, PMes), 27.2 (d, *Jep = 22, =CH), 32.3
(CMes), 33.1 (CMe3), 55.7 (=CHCMe3), 103.0 (CsMes). *'P{'H} NMR (202 MHz, C¢D¢) &
4.4.5,: —17.3 ("Jpw = 358). 4.dgna: —9.6 (‘\Jpw = 361). NOEDS (400 MHz, C¢De) 4.4¢yn: irrad.
at 0.38 ppm, NOEs at 6 1.00, 1.73, 2.27; irrad. at 1.00 ppm, NOEs at  0.38, 1.33, 1.73, 2.27;
irrad. at 1.73 ppm, NOEs at § 0.38, 1.00, 1.33. 4.4,,q: irrad. at —0.30 ppm, NOEs at 6 1.16,
1.43; irrad. at 1.16 ppm, NOEs at 8 —0.30, 1.67; irrad. at 1.34 ppm, NOE at 6 1.43; irrad. at
1.67 ppm, NOEs at  1.16.

* 4.2.6 Thermolysis of 2.4 in Cyclohexane in the Presence of PMe;: Effect of Varying PMe;

Concentration

Into each of two J. Young NMR tubes was added 1.0 mL of a 0.020 M solution of 2.4
in cyclohexane. 6 quiv of PMe; were then added to one tube and 12 equiv to the other. The
resulting solutions were heated side-by-side in 70 °C bath and the reaction monitored
periodically for 2 d by >'P{'H} NMR spectroscopy. In each case, formation of 3.4 and 4.3 as
the sole products was observed; these were formed in a constant relative yield of 25% and 75%

and 49% and 51%, respectively.
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4.2.7 Kinetics of the Thermolysis of 2.4 in Neohexane in the Presence of PMe;

Two J. Young NMR tubes, each containing 2.4 (16 mg, 0.033 mmol), neohexane (0.80
mL), PMe; (3.5 equiv), and a capillary tube of P(o-tolyl); in C¢Dg, were heated to 70 °C in a
constant-temperature bath and the reaction monitored periodically for 7 d by J'P{'H} NMR .
spectroscopy. In each case, parallel formations of 3.4 and 4.4y, were observed at early
conversion. As the reaction progressed, the intensity of the signal due to 4.4,,4 appeared and
increased at the expense of the intensity of the resonance due 4.4¢yn. The rate constant

(average of the two runs) for the formation of 3.4 and 4.4y, was 4.22 X 107 s, while the rate

constant for the isomerization of 4.44yy, to 4.4,54 was 7.41 X 10657

4.2.8 Thermolysis of Cp*W(NO)(CH,CMe;)(CH,CMe;Et) (2.7) in Neohexane in the

Presence of PMe;

This reaction was effected in a manner analogous to that described for reaction
between 2.4, neohexane, and PMe;. To a Pyrex bomb containing 2.7 (19 mg, 0.038 mmol)
was added neohexane and excess PMe; by vacuum transfer. The resulting wine-red mixture
was thawed and heated at ca. 70 °C for 2 d, during which time it became orange. The organic
volatiles were then collected by vacuum transfer and were examined by GC-MS, which
showed the presence of neopentane and neohexane but not neohexene, dimethylcyclopentane,
or 2,2,6,6-tetramethyloctane. Analysis of the crude reaction mixture by 'p{'"H} NMR
spectroscopy indicated that 4.4y, and 4.4,, were formed as the major products. Several
minor products were also observed, which gave rise to 31p resonances at & 35.6, 33.3, 5.7,
-5.8, and —23.0 (relative to 85% H3PO4 at § 0.00) in a ratio of about 1:1:0.5:0.5:0.8 based on
relative >'P NMR peak heights. The products with resonances at § —5.6, —5.8, and —23.0 were
assigned as Cp*W(NO)(=CHCMe;)(PMe;) (3.4), Cp*W(NO)(=CHCMe,Et)(PMe3) (4.5), and
Cp*W(NO)(PMejs), (4.6), respectively, on the basis of 'H and *'P NMR spectral data of the

crude product mixtures (see below, Section 4.2.9). In the case of 4.6, its identity was further

confirmed by comparison of its 'H and >'P{'H} NMR spectra to those an of authentic sample

prepared by Na/Hg reduction of Cp*W(NO)CI, in THF in the presence of PMe;.2
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4.2.9 Thermolysis of Cp*W(NO)(CH,CMe;)(CH;CMe;Et) (2.7) in THF in the Presence of
PMe; |

This reaction was carried out in a manner analogous to that described above using THF
as solvent. Analysis of the organic volatiles by GC-MS again showed peaks for neopentane
and neohexane, but none for neohexene, dimethylcyclopentane, and 2,2,6,6-tetramethyloctane.
Examination of the crude reaction mixture by "H and *'P{'H} NMR spectroscopies again
indicated a complex mixture of products. In this case, complexes 3.4, 4.5, and 4.6 were
observed-as the major (and only identified) products in a ratio of about 1:1:1 based on relative
3'P NMR peak heights. The minor products gave rise to 3! signals in the 10-18 ppm region.
Signals consistent with the presence of 4.4 were not observed. The NMR mixture was then
taken to dryness, extracted into 3:1 hexanes/Et,0, and filtered through alumina I (1 x 1 cm).
The alumina column was washed with additional 3:1 hexanes/Et,O until the filtrate was
colorless. Next, the combined filtrates were reduced in volume and stored at —30 °C for
several days to induce the deposition of 3.4, 4.5, and 4.6 as brown-orange crystals in a ratio of
~1:1:3.

Cp*W(NO)(=CHCMe,Et)(PMe;) (4.5). MS 509 [M", '"**W]. '"H NMR (500 MHz,
CeDg) 8 1.06 (d, “Jip = 9.0, 9H, PMe3), 1.40 (s, 3H, CMeMe), 1.46 (s, 3H, CMeMe), 1.86 (s,
15H, CsMes), 11.27 (d, 3Jap = 3.3, W=CH), CH,CHj; unobserved due to peak overlap.
BC{'H} NMR (125 MHz, C4Ds) 8 9.7 (CCH,CHs), 10.71 (CsMes), 19.4 (d, 'Jep = 32, PMe3),
28.7 (CMeMe), 28.8 (CMeMe), 36.6 (CH,CHs), 54.0 (CMeMe), 106.1 (CsMes). *'P{'H} (121
MHz, C¢Ds, referenced to external H;PO4) 6 7.6 (\Jpw = 445).

Cp*W(NO)(PMes); (4.6). MS 501 [M", '**W]. "HNMR (500 MHz, C¢Ds) & (d, *Jup
= 7.2, 18H, PMe3), 1.92 (s, 15H, CsMes). “C{'H} NMR (125 MHz, C¢D¢) & 11.9 (CsMes),
24.0 (m, 2, 6, PMe;), 98.8 (CsMes). *'P{'H} (121 MHz, C¢D, referenced to external H;POy)
§-22.7 (" Jpw = 453).
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4.2.10 Preparation of Cp*W(NO)(cyclohexyl)(NMe,) (4.7)

In a manner similar to the preparation of alkene complex 4.3, a cyclohexane solution
(10 mL) of 2.4 (60 mg, 0.12 mmol) and Me,NH (5-10 equiv from a calibrated gas bulb) was
heated at ca. 70 °C for 2 d, during which time its color changed from wine-red to dark yellow.
The organic volatiles were then removed in vacuo to obtain a yellow-brown oil, which was
triturated with pentane (3 x 5 mL), extracted into 3:1 pentane/Et,O, and filtered through
alumina I (1 x 1 cm). The alumina column was washed with additional 3:1 pentane/Et,O until
the filtrate was colorless. Concentration of the combined filtrates followed by cooling to —30
°C for several days provided 4.7 (31 mg, 54 % yield) as large, pale yellow needles. The
needles were spectroscopically pure, but a satisfactory elemental analysis could not be

obtained.

IR (CH,Cl, em™) vno 1529 (s). MS 476 [M", "W]. 'H NMR (500 MHz, C¢D¢) &
1.17 (m, 1H, WCH), 1.45 (m, 3H, C,HH, CyHH, C.HH), 1.66 (s, 15H, CsMes), 1.72 (m, 1H,
CqHy), 1.82 (m, 1H, C,Hy), 1.98 (m, 2H, C,HH, C.HH), 2.27 (m, 1H, C.H,), 2.63 (s, 3H,
NMe,), 2.87 (br d, Juy = 14.0, 1H, C.H>), 3.72 (s, 3H, NMey,). *C{'H} NMR (125 MHz,
C¢De) & 9.4 (CsMes), 27.8 (C.Ha), 32.9 (CpHy), 33.0 (C.Hy), 37.2 (C4Hy), 40.0 (CeHy), 51.1
(NMe,), 52.1 (WCH, "Jow = 94 Hz), 60.6 NMey), 109.9 (CsMes).

4.2.11 Preparation of Cp*W(NO)(17-allyl)(H) Complexes [17-allyl = 17’-CsH, (4.8), 17’
C/Hy; (4.9), 7°-CsHy3 (4.10), 77°-CsH, (4.11)].

The reactions leading to complexes 4.8-4.11 were all carried out in a similar manner.
The preparation of 4.8 is described as a representative example. To a Pyrex vessel containing
2.4 (46 mg, 0.094 mmol) was added methylcyclopentane (2 mL) by vacuum transfer. The
resulting wine-red mixture was thawed and heated at ca. 70 °C for 2 d, during which time it
became a brown-yellow solution. The organic volatiles were then removed in vacuo to obtain

a brown-yellow oil, which was extracted into 4:1 hexanes/Et,O (0.5 mL) and filtered through

alumina I (2 X 1 cm). The alumina column was washed with additional 4:1 hexanes/Et,O (3
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mL) followed by a minimum amount of Et,O until the filtrate was colorless. The combined
filtrates were concentrated at room temperature and then stored at —30 °C overnight to obtain
4.8cnd0 and 4.8.p40* as clusters of pale yellow needles (28 mg, 70% combined yield).

Complete NMR characterization of 4.8.n4,* could not be achieved due to inadequate signal-to-

noise of its signals and to spectral overlap.

4.2.11.1 Complexes 4.8. Anal. Calcd. for C;H,sNOW: C, 44.56; H, 5.84; N, 3.25. Found:
C,44.68; H, 5.93; N, 3.29. IR (cm™) v 2161, 1911; vno 1565, 1548 (s). MS 429 [M*-H,,
134%w1. "H NMR (400 MHz, C¢Dg) 8 4.8endgo: —1.05 (s, 'Juw = 119, WH), 0.68 (s, 1H, allyl
CH,nsH), 1.69 (m, 1H, C,H,), 1.75 (s, 15H, CsMes), 1.95 (m, 1H, C,H;), 2.44 (s, 1H, allyl
CH), 2.51 (dd, *Juu = 8.2, *Jun = 14.5, 1H, C,H,), 2.83 (m, 2H, C,HH, C.HH), 2.95 (m, 1H,
C.Hy), 3.06 (m, 1H, aliyl CHyynH). 4.8enao*: —0.69 (s, "Juw = 121, 1H, WH), 0.96 (br s, 1H,
allyl CH,), 1.7 (m, 1H, allyl CH), 1.73 (s, 15H, CsMes), 4.21 (br s, 1H, allyl CH,), other
resonances were masked by those of major isomer. BC{'H} (75 MHz, C¢Ds) & 4.8cngo: 10.7
(CsMes), 23.8 (C,Hy), 35.6 (CpHy), 35.9 (C.H), 38.3 (allyl CH,), 80.3 (allyl CH), 104.7
(CsMes), 125.3 (allyl 4° C). 4.8ndo™: 10.4 (CsMes), 23.2 (CH,), 33.9 (CHy), 36.2 (CH,), 46.2
(allyl CH,), 67.7 (allyl CH), 104.5 (CsMes), 126.8 (allyl 4 °C). NOEDS (400 MHz, C¢Ds)
4.8cndos inad. at —1.05 ppm, NOEs at 8 1.95, 2.44, 2.83; irrad. at 0.68 ppm, NOEs at 6 2.44,
3.05; irrad. at 1.75 ppm, NOEs at 6 —1.05, 0.68, 2.44; irrad. at 3.05 ppm, NOE at & 0.68.
4.8cqd0*: irrad. at 0.96 ppm, NOE at  4.21; irrad. at 4.21, NOEs at 6 —0.69, 0.96.

4.2.11.2 Complex 4.9.,4, Was prepared by heating 2.4 in methylcyclohexane. It was isolated
as clear pale yellow rods (57% yield) from 5:1 pentane/Et,O at -30 °C.

Anal. Calced. for C;H,7NOW: C, 45.86; H, 6.11; N, 3.15. Found: C, 45.99; H, 6.19;
N, 2.97. IR (cm™) vy 1905 (W); Vnol564 (s). MS 443 [M'—H,, "**W]. '"H NMR (500 MHz,
C¢De) 8 —0.73 (s, 'Juw = 123, 1H, WH), 0.31 (m, 1H, allyl CH,uiH), 1.39 (m, 1H, CyHy), 1.54
(m, 1H, C,H,), 1.71 (m, 1H, CyH>), 1.76 (s, 15H, CsMes), 1.84 (m, 1H, CH,), 2.28 (brs, 1H,
allyl CH), 2.60 (m, 1H, allyl CH,,,H), 2.68 (m, 2H, C.HH, C4HH), 2.91 (q, *Jun = 7.9, CcHy),
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2.97 (m, 1H, CH,). “C{'H} (75MHz, C¢Ds) § 10.7 (CsMes), 22.1 (C,Hy), 22.5 (CpHy), 28.8
(CcHa), 29.6 (CqHy), 41.3 (allyl CHy), 80.0 (allyl CH), 104.9 (CsMes), 121.1 (allyl 4° C),

4.2.11.3 Complexes 4.10 were prepared as a mixture of 4.10ey, and 4.10¢nq4, by heating 2.4 in
ethylcyclohexane. They were isolated as brown-yellow blocks (37% combined yield) from a
minimum amount of pentane and 2 drops of Et,O at =30 °C. Complete spectroscopic
characterization of 4.10.,4, could not be achieved due to spectral overlap and to inadequate

signal-to-noise of its NMR signals.

Anal. Caled. for CsH,oNOW: C,47.07; H, 6.36; N, 3.05. Found: C, 46.86; H, 6.42;
N, 2.96. IR (cm™") 4.10¢xo Vi 1935 (m); Vno 1575 (brs). 4.10engo Vi 2172 (m). MS 457
[M'—H,, " W]. "H NMR (400 MHz, C¢Dé) 8 4.10.5: —0.92 (s, "Juw = 125, 1H, WH), 1.42
(m, 1H, CyHy), 1.58 (m, 3H, C,HH, C.HH), 1.71 (s, 15H, CsMes), 1.79 (m, 1H, CyH,), 1.90
(m, 1H, C4Hy), 2.00 (m, 1H, C.H,), 2.15 (m, 3H, C4HH, allyl CH,H, C.HH), 2.44 (dd, 1H,
2L = 3.1, >Juu = 13.3, allyl CH,niH), 2.51 (m, 1H, C.H,), 2.66 (dd, *Jun = 7.8, *Juu = 13.3,
1H, allyl CH). 4.10enq0: —0.71 (s, 'Jwn = 126, 1H, WH), 0.60 (m, 1H, allyl CHa,niH), 2.87 (dd,
2Jun = 3.3, *Jun = 7.2, 1H, allyl CHy,H), 2.89 (m, 1H, CH,), 4.69 (dd, *Juu = 7.2, *Juu = 11.8,
1H, allyl CH), other signals are obscured. *C{'H}(75 MHz, C4Ds) 8 4.10x,: 10.7 (CsMes),
27.1 (C.Hy), 30.6 (CoHy), 32.6 (CHy), 35.1 (CqHy), 37.2 ({Jew = 25, allyl CHy), 41.0 (C.Hy),
93.2 (allyl CH), 103.8 (CsMes), 109.0 (allyl 4 °C). 4.10¢ng0: 10.5 (CsMes), 27.0 (CHy), 30.5
(CH,), 32.5 (CHy), 33.0 (CHy), 40.9 (allyl CH,), 42.8 (CH,), 100.9 (allyl CH), 104.8 (CsMes).
NOEDS (400 MHz, CgDg) 4.10y,: irrad. at =0.92 ppm, NOEs at § 2.01, 2.15, 2.51; irrad. at
2.51 ppm, NOEs at 6 -0.92, 2.15; irrad. at 2.44 ppm, NOE at 6 2.15; irrad. at 2.66 ppm, NOE
at § 2.15.

4.2.11.4 Complex 4.11.,4,. This compound was prepared by thermolysis of 2.4 in pentane.
Crystallization of the filtered crude reaction mixture typically gave 4.11engo in 2—5% yield as

bright yellow crystals.
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MS 417 [M'—H,, "**W]. '"H NMR (500 MHz, C¢Ds) 8 —1.40 (s, 'Juw = 120, 1H, WH),
0.16 (dd, *Juy = 1.3, *Jun = 10.1, 1H, allyl CoHy), 1.09 (t, *Juy = 7.0, 3H, CH,CHs), 1.74 (s,
15H, CsMes), 1.82 (m, 1H, o allyl CH), 2.34 (m, 1H, C,H,CHj3), 2.48 (m, 1H, C,H,CHj3), 2.79
(m, 1H, allyl CyHy), 4.59 (m, 1H, B allyl C¢H). C{'H} NMR (125 MHz, C¢Ds) § 10.6
(CsMes), 17.2 (CHz), 27.8 (allyl C,H>), 38.9 (allyl CoH,), 84.4 (at allyl C.H), 101.4 (B allyl
CqH), 104.5 (CsMes).

4.2.12 Reactions of 2.4 with Arenes

The reactions of 2.4 with aromatic solvents were all effected in a similar manner. In all
cases, the crude products were subjected to '"H NMR analysis (at either 400 or 500 MHz) prior

to workup. The reaction with oo, c-trifluorotoluene is described as a representative example.

4.2.12.1 Reaction with o,o,a-Trifluorotoluene. A solution of 2.4 (19 mg, 0.39 mmol) in

o, 0, 0-trifluorotoluene (2 mL) in a Pyrex vessel was heated at 70-75 °C for 2 d, during which
time it became brown-red. The organic volatiles were then removed in vacuo, and an NMR
sample in C¢Dg was prepared. The 'H NMR spectrum revealed the quantitative conversion of
2.4 into o-, m-, and p- Cp*W(NO)(CH,CMe;)(C¢H4CF3) (4.13) in a ratio of ~1:66:33,
respectively (by integration of the methylene regions). 4.13, was identified by the doublets in
the 'H NMR spectrum at & —2.68 (Jun = 11.2) and 5.05 (*Jun = 11.6) due to the presence of a
CH,CMe;s group attached to a [Cp*W(NO)(aryl)] fragment. Next, the NMR mixture was
taken to dryness, extracted into pentane, and then quickly filtered through a plug of alumina I
(1 x 1 cm). Concentration of the filtrate followed by cooling to —30 °C for 2 d afforded 4.13,,
and 4.13, as dark red crystals (38% combined yield).

Anal. Calcd. for CooH3FsNOW: C, 46.74; H, 5.35; N, 2.48. Found: C, 46.43; H,
5.29; N, 2.48. IR (cm™) vno 1575. MS 565 [M", **W]. 'H NMR (300 MHz, CDCl;) §
4.13,,: =2.58 (d, 2yu = 10.9, 1H, WCH,), 1.12 (s, 9H, CMe;), 1.84 (s, 15H, CsMes), 5.11 (d,
2Jun = 10.8, 1H, WCH,), 7.31 (t, *Juu = 7.3, 1H, ArH), 7.38 (d, *Juu = 7.3, 1H, ArH), 7.65 (s,
1H, ArH), 7.77 (d, *Jux = 7.2, 1H, ArH). 4.13,: —2.61 (d, Juy = 10.4, 1H, WCH,), 1.12 (s,
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9H, CMes), 1.842 (s, 15H, CsMes), 5.13 (d, 2uu = 10.4, 1H, WCH,), 7.41 (d, *Jiy = 7.4, 2H,
ArH), 7.59 (d, 3Jun = 7.8, 2H, ArH). ‘3C{‘H} NMR (75 MHz, CDCl3) § 10.2 (CsMes), 33.3
(CMe), 42.2 (CMe3), 111.5 (CsMes), 123.6 (m, Ar CH), 123.8 (m, Ar CH), 124.7 (q, 'Jer =
270, CF; of 4.12,,), 127.7 (WCHb>), 129.3 (q, 2Jcr = 30, CCF3 of 4.12,,), 132.3 (d, *Jcr = 14, Ar
CH), 133.0 (m, Ar CH), 137.4 (Ar CH), 141.2 (Ar CH), 178.7 (WCip 0f 4.12,,), 184.4 (WCipso
of 4.12,). CF3 and CCF; resonances of 4.13, were unobserved. 9F NMR (188 MHz, CDCls)
84.13,: 13.6 (5). 4.13,: 133 (s). |

4.2.12.2 Reaction with Anisole cleanly produced a mixture of o-, m-, and p-
Cp*W(NO)(CH,CMe;)(CsH4OCH3) (4.12) in a ratio of approximately 88:7:5, respectively.
After removal of C¢Dg from the NMR sample, the residue was redissolved in hexanes (1 mL),
and then stored at -30 °C overnight to obtain o-, m-, and p-4.12 (12 mg, 60% combined yield)
as wine-colored crystals. Because of the low relative yields of 4.12,, and 4.12,, spectral data

other than '"H NMR were not obtained.

Anal. Caled. for CxH33NO,W: C, 50.10; H, 6.31; N, 2.66. Found: C, 49.87; H, 6.61;
N, 2.65. IR (cm™) vno 1564 (s). MS 527 [M", '**W]. '"H NMR (400 MHz, CDCl;) § 4.12,:
~2.90 (d, *Juyu = 12.0, 1H, WCHb,), 1.05 (s, 9H, CMe3), 1.83 (s, 15H, CsMes), 3.89 (s, 3H,
OCHs), 4.91 (d, 2y = 12.0, 1H, WCHy), 6.78 (d, *Ji = 8.0, 1H, ArH), 6.88 (td, *Juu = 7.2,
$Ju = 0.8, 1H, ArH), 7.19 (td, *Jiy = 8.0, “Jun = 1.8, 1H, ArH), 7.97 (dd, *Jun = 7.1, 4JHQ =
2.0, 1H, ArH). 4.12,,: —=1.92 (d, “Juy = 12.0, WCH,), 1.06/1.07 (s, 9H, CMes), 1.85/1.86 (s,
15H, CsMes), 3.77 (s, 3H, OCHy), 4.15 (d, 2Jun = 12.0, 1H, WCH,), 6.68 (dd, *Jyn = 8.4, “Juu
=24, 1H, ArH), 7.03 (d, Jun =72, 1H, ArH), other signals were obscured by signals of
4.12,. 4.12,: —2.21 (d, “Juu = 12.0, 1H, WCHy), 1.06/1.07 (s, 9H, CMe3), 1.85/1.86 (s, 15H,
CsMes), 3.75 (s, 3H, OCHs), 4.66 (d, 2Jun = 12.0, 1H, WCH,), 6.76 (d, *Juu = 8.7, 2H, ArH),
7.56 (d, >Jun = 8.6, 2H, ArH). "*C{'H} NMR (75 MHz, CDCl3) & 4.12,: 10.5 (CsMes), 33.7
(CMe3), 41.3 (CMes), 54.6 (OCH), 108.9 (CsMes), 111.1 (WCHy), 121.2 (Ar CH), 128.9 (Ar
CH), 130.5 (Ar CH), 140.9 (Ar CH), 159.8 (CipssOCH3), 168.2 (W Cipso)-
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4.2.12.3. Reaction with Toluene produced a mixture of ca. 82% m- and p-
Cp*W(NO)(CH,CMes3)(CsHsMe) (4.14) in a 1.4:1 ratio and ca. 18%
Cp*W(NO)(CH,Ph)(C¢HsMe). The latter species were identified by the doublets in the 'H
NMR spectrum at 8 2.38 (Jiu = 6.1) and 3.35 (Juu = 6.1) due to the presence of a W—CH,Ph
group, and by mass spectral analysis, which showed a molecular ion peak at m/z 531. After
removal of C¢Dg from the NMR sample, the residue was chromatographed on alumina I (1 X 1
cm) by eluting with hexanes until a purple band became visible, and then with 4:1
hexanes/Et,O to elute it. Next, the eluate was taken to dryness, redissolved in a minimum
amount of pentane, and then stored at —30 °C for 1 d to obtain 4.14,, and 4.14, as mauve

microcrystals in 56% combined yield.

Anal. Calcd. for C,0H;oNOW: C, 48.20; H, 6.07; N, 5.62. Found: C, 48.13; H, 5.97;
N, 5.47. IR (cm™) vno 1549 (s). MS 511 [M*, '®*W]. 'H NMR (500 MHz, dioxane-ds) &
4.14,,: =2.13 (d, 2Ty = 11.5, 1H, WCHy), 1.05 (s, 9H, CMe3), 1.82 (s, 15H, CsMes), 2.27 (s,
3H, ArMe), 4.45 (d, *Juy = 11.5, 1H, WCH,), 6.95 (d, *Jun = 7.5, 1H, ArH), 7.09 (t, *Juu =
7.5, 1H, ArH), 7.21 (d, *Jun = 7.3, 1H, ArH), 7.39 (s, 1H, ArH). 4.14,: —2.05 (d, *Juanc = 11.8,
1H, WCH,), 1.07 (s, 9H, CMes), 1.83 (s, 15H, CsMes), 2.22 (s, 3H, ArMe), 4.29 (d, *Jianx =
11.8, 1H, WCHS>), 7.03 (d, *Juy = 7.5, 2H, ArH), 7.44 (d, *Juu = 7.8, 2H, ArH). “C{'H} NMR
(125 MHz, dioxane-ds) & 4.14,,: 10.02 (CsMes), 21.4 (ArMe), 33.86 (CMes), 41.3 (CMe3),
111.45 (CsMes), 121.0 (WCH,), 127.7 (Ar CH), 128.8 (Ar CH), 137.2 (CipsoMe), 137.3 (Ar
CH), 182.9 (WCipso)- 4.14,: 10.00 (CsMes), 21.5 (ArMe), 33.89 (CMes), 41.0 (CMe;), 111.43
(CsMes), 118.6 (WCHS,), 128.6 (Ar CH), 133.6 (Ar CH), 137.6 (CipsoMe), 180.2 (WCipso).

4.2.12.4 Reaction with o-Xylene produced a mixture of Cp*W(NO)(CH,CMe;)(CsH3-3,4-
Me,) (4.15), Cp*W(NO)(CH,CMe;3)(CH,C¢Hy-2-Me) (4.16), and Cp*W(NO)(CH,CgHs-2-
Me)(CgH3-3,4-Mey) (4.17) in ca. 66%, 19%, and 13% yields, respectively. A trace amount of
a fourth product, tentatively assigned as Cp*W(NO)(CH,C¢Hs-2-Me),, was identified by a
doublet in the "H NMR spectrum at § 3.43 (*Juy = 6.0). After removal of C¢Dg from the NMR

sample, the residue was dissolved in a minimum amount of Et,O and stored at -30 °C

overnight to obtain 4.16 as dark orange crystals (20% yield). Next, the mother liquor was
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chromatographed on alumina I (2 x 1 cm) by developing with hexanes until a purple band
became visible, and then with 3:1 hexanes/Et,O to elute it. Concentration of the eluate in
vacuo, followed by cooling to —30 °C for several days afforded 4.15 as mauve needles (39%

yield).

Cp*W(NO)(CH,CMe;)(CsH;3-3,4-Me;) (4.15): Anal. Calcd. for Co3H3sNOW: C,
52.58; H, 6.72; N, 2.67. Found: C, 52.79; H, 6.78; N, 2.90. IR (cm™") o 1559. MS 525
[M*, ¥*W]. '"H NMR (300 MHz, C¢D¢) & —1.76 (d, *Jun = 11.7, 1H, WCHS,), 1.28 (s, 9H,
CMes), 1.59 (s, 15H, CsMes), 1.99 (s, 3H, ArMe), 2.08 (s, 3H, ArMe), 4.26 (d, *Juy = 11.7,
1H, WCH,), 7.04 (d, *Jiy = 7.5, 1H, ArH), 7.47 (d, *Juy = 7.2, 1H, ArH), 7.82 (s, 1H, ArH).
BC{'H} NMR (75 MHz, C¢Ds) 8 10.1 (CsMes), 19.7 (ArMe), 20.0 (ArMe), 34.0 (CMe3), 40.7
(CMes), 110.6 (C5Me5)‘, 117.4 ("Jew = 90, WCH,), 128.9 (Ar CH), 134.0 (Ar CH), 135.7
(CipsoMe), 136.3 (CipsoMe), 139.4 (Ar CH), 181.0 (WCipso)-

Cp*W(NO)(CH,CMe;)(CH,CgH4-2-Me) (4.16): Anal. Calcd. for Co3H;sNOW: C,
52.58; H, 6.72; N, 2.67. Found: C,52.72; H, 6.54; N, 2.55. IR (cm™') vno 1543. MS 525
[M", ¥*W]. '"H NMR (400 MHz, CDCl3) § -2.75 (d, *Jus = 13.5, 1H, CH,CMe3), 0.72 (s, 9H,
CMe3), 1.60 (d, 2y = 13.5, 1H, CH,CMes), 1.91 (s, 15H, CsMes), 2.13 (d, *Jun = 7.6, 1H,
CH,Ar), 2.26 (s, 3H, ArMe), 3.01 (d, *Juy = 7.6,1H, CH,Ar), 6.00 (d, *Jyun = 7.4, 1H, ArH),
6.62 (t, *Juy = 7.4, 1H, ArH), 7.00 (d, *Juu = 7.5, 1H, ArH), 7.58 (t, *Jun = 7.5, 1H, ArH).
3C{'H} NMR (75 MHz, CDCl;) 8 10.6 (CsMes), 20.1 (ArMe), 33.8 (CMe3), 37.3 (CMe3),
44.8 (CH,AT), 70.0 (br s, CH,CMe3), 108.5 (CsMes), 121.2 (CH;Cipso), 125.4 (Ar CH), 128.0
(Ar CH), 129.6 (Ar CH), 133.4 (Ar CH), 145.5 (CipsoMe).

Cp*W(NO)(CH,CsH,-2-Me)(CgH;-3,4-Me,) (4.17): 'HNMR (500 MHz, C¢Ds) &
1.61 (s, 15H, CsMes), 2.10 (s, 3H, ArMe), 2.19 (s, 3H, ArMe), 2.31 (s, 3H, ArMe), 3.53 (d,
2 Jum = 6.0, 1H, WCH,), 6.08 (d, *Jyn = 7.3, 1H, ArH), 6.33 (d, *Juy = 7.5, 1H, ArH), 6.62 (t,
3 = 7.5, 1H, ArH), 6.87 (d, *Jug = 7.4, 1H, ArH). Others resonances were obscured by peak

overlap.
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4.2.12.5 Reaction with m-Xylene produced a mixture of Cp*W(NO)(CH,CMe;)(CeH3-3,5-
Me;) (4.18) and Cp*W(NO)(CH,CeHy-3-Me)(CsHas-3,5-Me;) (4.19) in ca. 50% and 41%
yields, respectively. A third product, tentatively assigned as Cp*W(NO)(CH,C¢Hs-3-Me),
based on the presence of a benzylic methylene doublet in the 'H NMR spectrum at 8 0.65
(ZJHH = 6.0), was detected in 9% yield. After removal of C¢Ds from the NMR sample, the
residue was dissolved in a minimum amount of hexanes, and then stored at —30 °C overnight
to obtain 4.19 as bright yellow crystals (33% yield). Next, the mother liquor was
chromatographed on alumina I (1.5 x 0.7 cm) by developing with hexanes until a purple band
became visible, and then with 3:1 hexanes/Et,0O to elute it. Concentration of the eluate in

vacuo, followed by cooling to —30 °C for several days afforded 4.18 as mauve rosettes (33%
yield).

Cp*W(NO)(CH;CMe;)(CeH;-3,5-Me;) (4.18): Anal. Calcd. for C,3H3sNOW: C,
52.58; H, 6.72; N, 2.67. Found: C, 52.63; H, 6.87; N, 2.60. IR (cm™") vno 1550 (s). MS 525
(M*, "% W]. '"HNMR (300 MHz, CD,Cl,) § -2.14 (d, *Juu = 11.4, 1H, WCHy), 1.09 (s, 9H,
CMes), 1.83 (s, 15H, CsMes), 2.25 (s, 3H, ArMe), 4.55 (d, “Jun = 11.4, 1H, WCHy), 6.80 (s,
1H, ArH), 7.07 (s, 2H, ArH). *C{'H} NMR (75 MHz, CDCl;) § 10.1 (CsMes), 21.4 (ArMe),
33.6 (CMes), 41.1 (CMe3), 111.2 (CsMes), 122.3 (WCHy), 129.1 (Ar CH), 134.2 (2 Ar CH),
136.2 (2 CipsoMe), 181.7 (WCipso).

Cp*W(NO)(CH,C¢H,;-3-Me)(CH,-3,5-Me;) (4.19): Anal. Calcd. for Cy6H3sNOW:
C, 55.82; H, 5.95; N, 2.50. Found: C,54.31; H, 5.78; N, 2.30. IR (cm™") vno 1546 (5).
HRMS Calcd. for Co6H33sNOW: 559.2072 [M*, '®W]. Found: 559.2080. 'H NMR (300
MHz, CDCl3) & 1.80 (s, 15H, CsMes), 1.92 (s, 3H, ArMe), 2.07 (s, 6H, 2 ArMe), 2.30 (d, *Jun
= 6.0, 1H, WCHy), 3.23 (d, *Jun = 6.0, 1H, WCHS,), 6.35 (br hump, 1H, ArH), 6.43 (s, 1H,
ArH), 6.59 (s, 1H, ArH), 6.70 (s, 2H, ArH), 6.73 (t, *Juy = 7.5, 1H, ArH), 7.09 (br d, *Juy =
6.3, 1H, ArH). *C{'H} NMR (75 MHz, CDCl3) § 10.6 (CsMes), 20.7 (2 ArMe), 33.6 (ArMe),
46.9 (WCH,), 108.8 (CsMes), 113.2 (CH;Cipso), 125.9 (Ar CH), 129.1 (Ar CH), 132.5 (Ar
CH), 132.7 (Ar CH), 134.0 (Ar CH), 135.0 (CipoMe), 136.3 (v br s, Ar CH), 139.6 (CipsoMe),
171.9 (WCipso)-
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4.2.12.6 Reaction §vith p-Xylene produced a mixture of Cp*W(NO)(CH,CMe;)(C¢Hy-2,5-
Me,) (2.11°) and Cp*W(NO)(CH,CsHs-4-Me)(CHy-2,5-Me,) (4.21), and
Cp*W(NO)(CH,C¢Hy-4-Me); (4.22) in ca. 44%, 33%, and 13% yields, respectively, the last of
which was identified by comparison of its "H NMR data to those 'of an authentic sample
prepared by a metathesis route.2* After removal of CsDs from the NMR sample, the residue
was chromatographed on alumina I (1 x 1 cm) by developing with hexanes until a purple band
became visible, and then with 3:1 hexanes/Et,O to elute it. Concentration of the eluate in
vacuo, followed by cooling to —30 °C for several days afforded 2.11” as mauve rods (33%
yield). A second orange-yellow band was eluted with 2:1 hexanes/Et,O. This fraction was
then stored at —30 °C overnight to induce the deposition of 4.21 as yellow-orange blocks (23%
yield).

Cp*W(NO)(CH,CMe;3)(C¢H4-2,5-Me,) (2.11°): Anal. Caled. for Co3H3sNOW: C,
52.58; H, 6.72; N, 2.67. Found: C, 52.43; H, 6.59; N, 2.52. IR (cm™) vno 1538 (s). MS 525
[M*, **W]. '"H NMR (500 MHz, tol-ds, 213K) & major rotamer: —0.98 (d, “Juy = 11.5, 1H,
WCH,), 1.34 (s, 9H, CMe3), 1.47 (s, 15H, CsMes), 2.20 (s, 3H, ArMe), 2.89 (s, 3H, ArMe),
4.08 (d, i = 11.5, 1H, WCH,), 6.54 (s, 1H, ArH), 6.85 (d, *Juy = 7.6, 1H, ArH), 7.17 (d,
au=17.9, 1H, ArH). minor rotamer: -3.28 (d, 2Jun = 10.4, 1H, WCH,), 1.33 (s, 9H, CMe3),
1.48 (s, 15H, CsMes), 1.73 (s, 3H, ArMe), 2.31 (s, 3H, ArMe), 5.02 (d, *Jun = 10.4, 1H,
WCHS,), 8.34 (s, 1H, ArH), 7.04 (d, *Juu = 7.4, 1H, ArH), 7.21 (d, *Jun = 7.7, 1H, ArH).
BC{'H} NMR (125 MHz, CD,Cl,) 8 major rotamer: 9.8 (CsMes), 21.0 (ArMe), 25.5
(ArMe), 33.1 (CMe3), 40.0 (CMe3), 110.8 (CsMes), 111.2 (WCH,), 127.7 (Ar CH), 128.1 (Ar
CH), 129.9 (Ar CH), 130.9 (CipsoMe), 146.0 (CipsoMe), 185.6 (WCipso). minor rotamer: 10.0
(CsMes), 20.6 (ArMe), 27.7 (ArMe), 32.7 (CMe), 42.2 (CMe3), 109.5 (CsMes), 127.8 (Ar
CH), 129.5 (Ar CH), 133.2 (CipoMe), 134.7 (WCHy), 136.3 (CipsoMe), 140.5 (Ar CH), 180.8
(WCipso)-

Cp*W(NO)(CH,CsH4-4-Me)(CeH,y-2,5-Mey) (4.21): Anal. Calcd. for Co6HisNOW:
C, 55.82; H, 5.95; N, 2.50. Found: C, 55.54; H, 6.06; N, 2.68. IR (cm™") vno 1548 (s). MS
559 [M", '**W]. "H NMR (400 MHz, C¢Dg) 8 1.57 (s, 15H, CsMes), 1.58 (s, 3H, ArMe), 1.99
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(s, 3H, ArMe), 2.38 (d, Uy = 6.1, 1H, WCH,), 2.93 (s, 3H, ArMe), 3.35 (d, 2/ = 6.1, 1H,
WCHS,), 5.33 (br s, 1H, ArH), 6.35 (d, *Jun = 7.8, 2H, ArH), 6.66 (d, >Juy = 7.5, 1H, ArH),
6.94 (d, *Jun = 7.8, 2H, ArH), 7.04 (d, *Juy = 7.5, 1H, ArH). “C{'H} NMR (75 MHz, CDCl;)
8 10.5 (CsMes), 20.5 (ArtMe), 21.4 (ArMe), 28.2 (ArMe), 49.1 (br s, 2 WCHy>), 108.9 (CsMes),
111.7 (WCH,Cipso), 124.6 (Ar CH), 127.5 (Ar CH), 129.8 (2 Ar CH), 130.1 (CjpsoMe), 135.2 (2
Ar CH), 142.5 (CipsoMe), 146.9 (CipsoMe), 180.8 (WCipso).

4.2.12.7 Reaction with Mesitylene produced Cp*W(NO)(CH,CgH3-3,5-Me;), (4.23) as the
only detectable organometallic product in addition to decomposition, which gave rise to broad
featureless peaks in the Cp* region. After removal of C¢Dg from the NMR sample, the oily
brown-yellow residue was redissolved in 4:1 hexanes/Et,O and filtered through a plug of
alumina I (1 x 1 cm). The filtrate was reduced in volume and then stored at —30 °C to induce

the deposition of 4.23 as long orange-yellow needles (43% yield).

Anal. Caled. for C,uH3sNOW: C, 57.25; H, 6.35; N, 2.38. Found: C, 57.14; H, 6.42;
N, 2.42. IR (cm™) vno 1547 (s). MS 587 [M", '*W]. 'H NMR (300 MHz, CDCl;) & 0.81 (d,
2Juua = 8.7, 2H, WCHS>), 2.11 (s, 15H, CsMes), 2.46 (d, *Jun = 8.7, 2H, WCHS,), 2.50 (s, 12H,
ArMe), 6.68 (s, 4H, ArH), 7.24 (s, 2H, ArH). ">C{'H} NMR (75 MHz, CDCl;) § 10.3
(CsMes), 21.2 (4 ArMe), 41.3 (‘Jow = 66, 2 WCH,), 107.7 (CsMes), 128.7 (2 Ar CH), 129.1 (4
Ar CH), 132.9 (4 CipMe), 137.7 (br, 2 CH;Cipso).

4.2.13 Thermolysis of CpW(NO)(CH,CMej3); in Neat Me4Si, CsDg, and p-Xylene

Each of these reactions was carried out in a manner similar to the reaction of 2.4 with

tetramethylsilane except the reaction was carried out at 60 °C for ca. 5—15 h. In all cases the

'H NMR spectrum of the crude reaction mixture revealed primarily decomposition.
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4.2.14 Thermolysis of CpW(NO)(CH,CMej), in Cyclohexane in the Presence of PMe;

In a manner analogous to the Cp* reaction described above, a 0.01 M solution of 2.1 in
cyclohexane in the presence of excess PMe; was heated at 60 °C overnight, during which time
it changed color from wine-red to yellow. The organic volatiles were then removed in vacuo,
and an NMR sample in C¢Dg was prepared. The 'H NMR spectrum of the crude reaction
mixture revealed the clean conversion of 2.1 into an ca. 3:2 mixture of
CpW(NO)(=CHCMes)(PMes) (3.1) and CpW(NO)(cyclohexene)(PMes), respectively. The
identity of 3.1 was confirmed by comparison of its 'H NMR data to those of an authentic
sample, while that of CpW(NO)(cyclohexene)(PMes) was established on the basis of mass

spectral and 'H and 3C NMR analyses of the crude reaction mixture.

CpW(NO)(cyclohexene)(PMes): MS 437 [M*, "**W]. 'H (400 MHz, C¢D) § 1.13 (d,
2Jup = 8.8, 9H, PMe3), 1.6-1.8 (m, 5H), 1.9 (m, 1H), 2.25 (m, 1H), 2.43 (m, 1H), 2.95 (m,
1H), 3.10 (m, 1H), 4.87 (s, SH, CsHs). *C{'H} (100 MHz, C¢Dg) & 18.2 (d, 'Jcp = 30.8,
PMes), 24.6 (CH,), 24.8 (CHy), 30.6 (d, 2Jcp = 3.9, =CH), 30.7 (CHy), 32.6 (CH,), 33.9 (d, *Jcp
=10.6, =CH), 95.4 (CsHs).

4.3 Results and Discussion

4.3.1 Thermal Reactions of Cp*W(NO)(CHZCMe3)2 (2.4) with Tetramethylsilane and
Alkanes

As noted in the Introduction, thermolysis of the bis(neopentyl) complex
Cp*W(NO)(CH;Me3), (2.4) leads to the formation of [Cp*W(NO)(=CHCMe3)] as a highly
reactive intermediate. In the following section, it is shown that [Cp*W(NO)(=CHCMes)]

reacts rapidly with the C—H bonds of tetramethylsilane and alkanes and that the
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thermodynamic product of C—H activation often involves subsequent rearrangement of the

initially formed complex.

As shown in Scheme 4.1, thermolysis of 2.4 in tetramethylsilane at 70 °C for ca. 2 d
leads to formation of the known bis(alkyl) complex Cp*W(NO)(CH,CMes)(CH,SiMe;) (2.9)
in 90% isolated yield. Thermolysis in 1,1,2,2-tetramethylcyclopropane, in contrast, gives a
complex mixture containing Cp*W(NO)[CH,C(Me)C(Me),CH] (4.1) as the major and only
identified product. The formation of 4.1 most likely pfoceeds via the intermediacy of
Cp*W(NO)(CH,CMes)(2,2,3,3-tetramethylcyclopropyl), which then rapidly rearranges to 4.1

by y-hydrogen abstraction. The driving force presumably is derived from the formation of a

Scheme 4.1
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strong W—"Pr bond in the first step and the release of severe steric congestion between the
cyclopropyl and neopentyl groups in the second. The alternative possibility involving initial
formation of Cp*W(NO)(CH,CMes)[(1,2,2-trimethylcyclopropyl)methyl] (not shown) appears
highly unlikely, since it would involve activation a strong cyclopropyl C—H bond to form a
highly strained product, and since y-hydrogen abstraction has so far not been observed with
other Cp*W(NO)(R)(R’) complexes in which R and R’ are primary alkyl ligands (and
neopentyl-like).

Complex 4.1 was isolated as bright yellow cryStals in 32% yield. It is stable to air and
moisture and can be stored indefinitely at 25 °C under nitrogen. In the *C{'H} NMR
spectrum (CgDg), the W—CH, and W—CH carbons resonate at 6 55.8 (lch =37 Hz) and 83.0,
respectively. In the 'H NMR spectrum, the corresponding methine proton appears as a broad
singlet at & 1.16, while the diastereotopic methylene protons appear as a doublet and a doublet
of doublets at § 3.25 (*Jyy = 4.3 Hz) and & 0.72 (*Jyn = 4.3 Hz, “Jyy = 1.2 Hz). That the
cyclopropyl group points away from the Cp* ligand has been confirmed by an NOE difference
experiment, which shows a strong enhancement of the methine resonance upon irradiation of

the Cp* methyl protons, and vice versa.

In contrast to reactions with tetramethylsilane and 1,1,2,2-tetramethylcyclopropane,
only decomposition is observed upon thermolysis of 2.4 in neat cyclopentane, cyclohexane, or
neohexane. More tractable chemistry, however, is observed in the presence of a trapping agent
such as PMe;. As shown in Scheme 4.2, thermolysis of 2.4 in cyclopentane, cyclohexane, or
neohexane in the presence of excess PMes at 70 °C for ca. 2 d cleanly produces the 1*-alkene
complexes 4.2—4.4, respectively, and Cp*W(NO)(=CHCMes)(PMes) (3.4), in ratios that
depend on the amount of PMes; used. From the crude reaction mixtures, it can be observed by
'H and *'P{'"H} NMR spectroscopies that 4.2 and 4.3 exist as a single isomer, whereas 4.4
exists as a 5:1 mixture of syn and anti rotamers,” respectively, which have proven to be
inseparable by physical means. Complex 3.4 was identified by comparison of its NMR
spectral data to those of an authentic sample prepared by thermolysis of a THF or 2,2,4,4-

tetramethylpentane solution of 2.4 in the presence of excess PMe; (see Chapter 3). Complexes
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4.2—4.4, on the other hand, were isolated as air-stable yellow crystalline materials by
chromatography on alumina I, followed by crystallization from hexanes/Et,O at —30 °C. They
were characterized by standard spectroscopic and analytical methods, aided by HMQC,
HMBC, and/or NOE difference experiments, and in the case of 4.3 and 4.4y, also by X-ray

diffraction.
Scheme 4.2
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Spectroscopically, complexes 4.2—4.4 are very similar to the rhenium alkene
complexes, [CpRe(NO)Y(CH,=CHR)(PPh;3)]"X",** synthesized by Gladysz and coworkers. In
the "H NMR spectra (C¢Ds), the olefinic proton resonances appear at about & —0.3 to 1.0 and &
1.4 to 2.3. In all cases, the upfield signals correspond to the protons lying syn to the Cp*
ligand and cis to NO. In the *C{'H} NMR spectra (CsDg), the corresponding carbon
resonances appear as a doublet and a singlet at & 40.0—46.1 (*Jep = 12—-13 Hz) and § 36.9-44.2
("Jew = 39-40 Hz), respectively. These upfield shifts are indicative of substantial

metallacyclopropane character and can be ascribed to strong n-backbonding by tungsten.>>*®

Key to the stereochemical assignment of 4.4y, in solution is the observation of a strong NOE
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enhancement of the fert-butyl resonance upon irradiation of the Cp* and PMej signals. In the

case of 4.4,,4, irradiation of the PMe;s signal leads to an NOE enhancement of the =CHj signal
at 8 —0.30 and irradiation of either the Cp* or =CH, signal at § —0.30 leads to an enhancement
of the signal for the =CHCMes proton at & 1.43.7

Shown in Figure 4.1 are the ORTEP diagrams of the solid-state molecular structures of
complexes 4.3 and 4.4y, along with selected bond distances and angles. As in the case of the
[CpRe(NO)(CH,=CHR)(PPh3)] "X~ complexes, the nitrosyl ligand in each of 4.3 and 4.4y, is
essentially linear, while the alkene ligand is oriented such that its C=C bond axis is
perpendicular to the W—N-O vector, as would be expected for maximum n-bonding.*® The
alkene ligand is coordinated in a manner such that the two W—C,, distances are unequal. In
each complex, the bond cis to NO is shorter than that cis to PMe;. This asymmetry appears to
be due to steric crowding by the alkene substituents, since the opposite trend is observed for
the [CpRe(NO)(CH,=CHR)(PPh;)] "X~ complexes, where the =CHR group is cis to NO, and
since in 4.3 and 4.4y, the W—-C,, distance also increases as the size of the substituent on carbon
increases. Finally, as expected from the NMR experiments, there is a substantial lengthening

of the carbon double bonds in 4.3 and 4.45y,. In both compounds, the C(14)-C(15) bond

distances are essentially identical at 1.447 A%
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A
@ W(1)-N(1) 2.444(2) A
N(H-0(1) 1.768(6) A
W(1)-P(1) 1.251(8) A
W(1)-C(14) 2.246(9) A
W(1)-C(15) 2,193 A
C(14)-C(15) 1.447(12) A
N(1)-W(1)-C(14) 105.8(3)°
N(1)=-W(1)-C(15) 96.3(3)°
N(1)-W(1)-P(1) 87.1Q2)°
W(1)-N(1)-O(1) 172.6(6)°
B
W(1)-N(1) 2.441Q2) A
N(1)-0(1) 1.770(5) A
W(H-P(1) 1.227(6) A
W(1)-C(14) 2.173(6) A
W(1)-C(15) 2.298(6) A
C(14)-C(15) 1.446(8) A

N(1)=W(1)=C(14) 93.0(3)°

N(1)-W(1)-C(15) 94.6(2)°

N(1)-W(1)-P(1) 82.5(2)°

W(1)-N(1)-O(1) 170.7(5)°

Figure 4.1. ORTEP diagrams and selected bond distances and angles for complexes (A)
Cp*W(NO)(cyclohexene)(PMes) (4.3) and (B) Cp*W(NO)(neohexene)(PMes) (4.4syn).
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In order to gain insight into the reactions outlined in Scheme 4.2, the thermolysis of 2.4
in cyclohexane in the presence of various of amounts of PMe; was monitored by 3'p{'"H}NMR

spectroscopy. This showed that the ratio of the neopentylidene complex 3.4 to the

cyclohexene complex 4.3 is independent of the reaction time and that this ratio increases as the
initial concentration of PMej increases. These results thus indicate that 3.4 and 4.3 are formed
as a result of a competition between PMe; and cyclohexane for reaction with

[Cp*W(NO)(=CHCMe;)] and that these complexes do not interconvert.

The thermolysis of 2.4 in neohexane in the presence of excess PMe; was also
monitored by *'P{'"H} NMR spectroscopy. In this case, parallel formation of 3.4 and 4.4y,
was observed at early conversion. As the reaction progressed, 4.4,,4 was generated at the
expense of 4.4¢yn. At 70 °C, the isomerization of 4.4y, t0 4.4ant (Kops ~ 7.41 X 10° sy is
independent of PMe; concentration and occurs at a rate that is approximately one order of
magnitude lower than that for formation of 4.4gy, (kops ~ 4.22 X 107 s'l). In addition, it may be
effected in neat C¢Djg or in C¢Dyg in the presence of a large excess of PMe; without solvent
activation or formation of the known bis(phosphine) complex Cp*W(NO)(PMes),.*> These
results therefore suggest that 4.4y, is the kinetic product of the double C~H activation of |
neohexane and that, in contrast to the [CpRe(NO)(CH,=CHR)(PPh3)]" X" complexes, which
upon thermolysis undergo exchange of alkene enantioface by way of a 6-C—H complex, the
isomerization of 4.4y, to 4.4,,4 occurs by simple rotation and without phosphine or alkene

ligand dissociation.

To determine whether the formation of 4.4 occurs with concomitant reversible tert-
butyl C—H activation, the bis(alkyl) complex Cp*W(NO)(CH,CMe;)(CH,CMe,Et) (2.7) was
prepared and its thermal decomposition investigated. If 2.7, the expected product of fert-butyl
C-H activation, was formed reversibly, then heating a solution of 2.7 and PMe; should cleanly
produce complexes 3.4 and 4.4 when the solvent is neohexane, and complex 3.4 when the
solvent is THF. This was not the case, however, when the thermolysis of 2.7 in the presence

of excess PMe; was performed. As shown in eq 4.1, the thermolysis of 2.7 in neohexane is

complex, producing not only 4.4 and 3.4 as major products but also
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Cp*W(NO)(=CH,CMe,Et)(PMe;) (4.5) and Cp*W(NO)(PMes), (4.6), along with several
unidentified minor products which display *'P NMR signals in the & 3336 region. The
thermolysis of 2.7 in THF is similarly complex, affording an approximately 1:1:1 mixture of
3.4, 4.5, and 4.6 based on relative >'P NMR peak heights, as well as several minor unidentified
products which display *'P NMR signals in the § 10-18 region (eq 4.2). In this case, 4.4 could
not be observed by *'P{'H} NMR spectroscopy, most likely because the concentration of free

neohexane was too low to compete with PMe; for reaction with [Cp*W(NO)(=CHMe3)].

Although complexes 4.4, 3.4, 4.5 and 4.6 could not be isolated pure, their identities
could be established by "H NMR, *C NMR, and/or *'P NMR analyses of semi-purified
product mixtures. Spectroscopically, 4.5 is very similar to 3.4; it was thus identified by the

characteristic signals of its alkylidene o-proton and PMes phosphorus at § 11.27 CJyp = 3.3

Hz) and & 7.6 ('Jpw = 445 Hz), respectively. In the case of 4.6, its identity was confirmed by
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Scheme 4.3
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comparison of its 'H, "*C, and *'P NMR spectral data to those of an authentic sample™
prepared by reducing Cp*W(NO)CI; with sodium amalgam in the presence of excess PMes.
Together these results strongly suggest that in the activation of neohexane by
[Cp*W(NO)(=CHCMe;)] attack at the tert-butyl position occurs rarely, if at all. The
activation of neohexane is therefore regiospecific and involves initial attack at the CH,CHj;

position.

The observation that 4.2, 4.3, and 4.4y, are formed stereospecifically can be

rationalized in terms of a mechanism in which the initially formed complex eliminates

neopentane by a direct B-hydrogen abstraction reaction. As illustrated in Scheme 4.3, a
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bicyclic transition state with little conformational freedom is involved. In this transition state,
in order to minimize unfavorable steric interactions with the neopentyl zert-butyl group,
rotation about the neohexyl Co—Cp bond occurs so as to place the tert-butyl syn with respect to
the Cp* ligand. Subsequent B-hydrogen abstraction leading to 4.4y, therefore occurs
stereospecifically for steric reasons. In the formation of 4.2 and 4.3, on the other hand, such a
rotation is not possible due to the geometric constraints imposed by the cycloalkyl rings.
Consequently, B-hydrogen abstraction leads to formation of alkene complexes in which the

=CHR hydrogen points toward the Cp* ligand.

The trapping of the above double C—H-activated intermediates is not limited to

phosphine ligands. As shown in eq 4.3, thermolysis of 2.4 in cyclohexane in the presence of
excess Me,NH also occurs cleanly, yielding Cp*W(NO)(cyclohexyl)(NMe,) (4.7) and
Cp*W(NO)(CH,CMes3)(NMe») (2.17) (see Chapter 3), in ratios that depend upon the amount

of amine added. As noted in Chapter 3, complex 2.17 can also be generated upon thermolysis
of 2.4 or Cp*W(NO)(=CHCMe;)(PMe;) (3.4) in THF in the presence of excess Me,NH. Since
the conversion of 2.4 to 2.17 involves initial formation of [Cp*W(NO)(=CHCMe;)] as the
reactive intermediate rather than ¢-bond metathesis, the formation of 4.7 therefore is in the
same manner as that proposed above for reaction in the presence of PMe;. An exception is
that amine coordination is followed by conversion of the cyclohexene moiety into a cyclohexyl

group by o-hydrogen migration.

(4.3)

Complex 4.7 was isolated as a yellow crystalline solid by chromatography on alumina

I, followed by crystallization from hexanes/Et,O. It was then characterized by 'H and °C

NMR spectroscopies and by an X-ray crystallographic study. Spectroscopically, 4.7 is very




133

similar to 2.17. In addition to peaks due to the Cp* and NMe; ligands, the BC{'H} NMR

spectrum of 4.7 in C¢Ds contains signals attributable to the cyclohexyl methine carbon at &

52.1 ("Jew = 94 Hz) and methylene carbons at § 27.8, 32.9, 33.0, 37.2, and 40.0. In the 'H

NMR spectrum, the cyclohexyl methine proton resonates as a multiplet at & 1.17, while the

amido methyl groups resonate as two sharp singlets at 8 2.63 and 3.72 even at 70 °C. This

suggests that the amido ligand is functioning as a strong n-donor toward the tungsten center.

Shown in Figure 4.2 is an ORTEP diagram of the solid-state molecular structure of 4.7

along with selected bond distances and angles. Like the structure of 2.17,the amido ligand of

4.7 adopts a planar geometry with bonding parameters consistent with it acting as a w-donor.

For example, the W-NMe, distance of 1.924(8) A is indicative of considerable multiple bond
character and the N(1)-W-N(2)—C(7) and N(1)-W-N(2)-C(6) torsion angles of —8(4)° and

177.1(6)°, respectively, are of proper magnitude for maximum n-bonding.

Ci4

C13

W-N(1) 1.754(7) A
W-N(2) 1.924(8) A
N(1)-0(1) 123209) A
W-C(21) 2.148(9) A
N(2)-C(6) 1.477(11) A
N(2)-C(7) 1.453(14) A
W-N(1)-0(1) 169.2(10)°
N(1)-W-N(2) 97.3(4)°
W-N(2)-C(6) 123.5(7)°
W-N(2)-C(7) 128.8(6)°

Figure 4.2. ORTEP diagram along with selected bond distances and angles of complex

Cp*W(NO)(cyclohexyl)(NMe,) (4.7).

Finally, in contrast to the formation of alkene complexes from cyclopentane,

cyclohexane, and neohexane, the thermolysis of 2.4 in methylcyclopentane,
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methylcyclohexane, ethylcyclohexane, or pentane (70 °C, 2 d) results in the formation of the
n*-allyl hydride complexes 4.8—4.11 in low to moderate yields in both the presence and
absence of PMes (Scheme 4.5). Reactions in the absence of PMes proceed with concomitant
decomposition, while reactions in the presence of PMe; proceed with some decomposition
(especially in the case of pentane) as well as give 3.4 and PMes-trapped alkene complexes as

minor products.

Scheme 4.5 (* = minor isomer détectable by 'H and B3C NMR spectroscopies)
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Complexes 4.8—4.11 were isolated as yellow crystalline materials by crystallization
from hexanes or pentane/Et,O. They are thermally quite stable; for example, 4.8 and 4.10 can
be heated in toluene-ds for several hours at 70-90 °C without detectable decomposition or
reaction with solvent. The formulation of 4.8—4.11 is supported by NMR, IR, and mass
spectroscopies. The highest peak in the electron-impact mass spectra corresponds to the
molecular ion minus H,. The W—H stretch in the Nujol-mull IR spectra appears as a weak
absorbance at 1900-2200 cm™'. In the 'H NMR spectra, the hydride resonance appears as a
singlet at 8 —0.7 to —1.4 with 'Jyw = 119-123 Hz. ’

The 'H and '*C NMR spectra of 4.9 and 4.11 indicate the presence of one isomer. In
the "H and '*C NMR spectra of 4.8 and 4.10, two isomers were observed in ratios of >85:15.
The major and minor isomers of 4.8 were assigned endo structures in which the hydride ligand
is cis and trans, respectively, to the substituted end of the allyl ligand based on 'H NOE
difference measurements (see the Experimental Section), 'H and >C NMR chemical shifts for
the allyl fragment, and comparison of these NMR data to those of 4.9, which has been
characterized by X-ray diffraction (see below). The isomers of 4.10, in contrast, differ from
one another in the orientation of the allyl fragment relative to the Cp* ligand. The assignment
of the major isomer as an exo complex in which the hydride ligand is cis to the substituted end
of the allyl was based on results of an NOE difference experiment and an X-ray diffraction
study. In th¢ case of the minor isomer of 4.10, its assignment as an endo complex in which the
hydride ligand is cis to the substituted end of the allyl was based on the fact that its allyl proton
and carbon resonances appear at chemical shifts that are very similar to those of 4.8¢ndo and
4.9cnd0, and quite different from those of 4.10y,. As shown in Table 4.1, the chemical shifts
for the allyl protons and carbons are particularly diagnostic of the orientation of the allyl
ligand with respect to the Cp* ligand. In general the chemical shift difference for the o-CH,
resonances of the endo isomer (Ad = 2.3-3.3 ppm) is much larger than that of the exo isomer

(Ad = 0.3 ppm). In addition, the resonance for the central proton of the endo isomer appears at

much lower field than that of the exo isomer.
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Table 4.1. Selected 'H and '*C NMR Data for the n°-Allyl Moieties of Complexes 4.8—4.11°

'"H NMR () 3C NMR (8)

compd a-CH, (anti) o-CH,(syn) o-CH (anti) B-CH a-CH, o-CH B-CH
48040 0.68 3.06 2.44 383 80.3
4.8cngo* 0.96 421 1.7 46.2 67.7
4.9¢040" 0.31 2.60 2.28 41.3 80.0
4.11,," 0.16 2.79 1.82 4.59 38.9 84.4 101.4
4.10.00,° 0.60 2.87 4.69 40.9 100.9
4.10,,, 2.44 2.15 2.66 37.2 109.0

“In CgDs. bMajor isomer. “Minor isomer. dOnly one isomer was detected in the NMR spectra of purified

samples.

As mentioned above, the solid-state molecular structures of 4.9¢,40 and 4.10¢, have
been determined by X-ray diffraction. Shown in Figure 4.3 are the ORTEP representations of
these structures along with selected bond distances and angles. Structurally, 4.9endo and 4.10ex,
are very similar to the 6,m7°(endo) complex, Cp*W(NO)[CH,C(Me)CHCH,C(Me),CH(Me)],
reported in Chapter 3. Noteworthy are the following features. First, in contrast to the allyl
ligands in nitrosyl complexes such as CpM(N O)(n-allyl)(halide) (M = Mo,”' W33,
CpW(NO)(17-allyl)(n'-alkynyl),** and TpMo(NO)(1*-allyl)(CO),** which exhibit n’—o,n’
distortion, the allyl C—C distances in 4.9¢44, and 4.10,, (1.37-1.39 A) are all within 0.02 A of
one another and in the range intermediate of double and single bonds. Second,in each
complex the substituted allyl terminus is cis to the hydride ligand, which was located but not
refined, and is farther from the metal center than the unsubstituted terminus, presumably in
order to minimize steric repulsion between the allyl substituents and the [Cp*W(NO)H)]

fragment.

The observation that 4.8—4.11 are formed in low to moderate yields in both the

presence and absence of excess PMe; and that, in all but the case of 4.8¢ng0*, the hydride and

the substituted end of the allyl ligand are adjacent to one another can be explained in terms of
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A
W(1)-C(7) 2.234(11) A
W(1)-C(1) 2.369(9) A
W(1)-C(2) 2397(11) A
C(1)-C(2) 1.366(14) A
C(1)-C(7) 1.39(2) A
W(1)-N(1) 1.787(9) A
N(1)-0(1) 1.216(11) A
CQ2)-C(1)-C(7) 118.7(10)°
C(2)-C(1)-C(6) 120.5(9)°
C(1)-C(2)-C(3) 123.8(10)°
C(7)-C(1)-C(6) 119.7(10)°
C(2)-C(3)-C(4) 111.5(10)°
O(1)-N(1)-W(1) 172.8(9)°
B
W(1)-C(11) 2.267(8) A
W(1)-C(12) 2275(7) A
W(1)-C(13) 2.476(7) A
C(11)-C(12) 1.390(11) A
C(12)-C(13) 1.380(10) A
W(1)-N(1) 1.768(6) A
N(1)-0(1) 1.227(7) A
C(11)-C(12)-C(13) 125.7(7)°
C(12)-C(13)-C(18) 122.7(7)°
O(1)-N(1)-W(1) 172.8(9)°

Figure 4.3. ORTEP drawings and selected bond distances and angles of (A) Cp*W(NO)(T]3 -
C;Hi1)(H) (4.9¢nao) and (B) Cp*W(NO)(1*-CsH 13)(H)(4.10,).
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the reaction sequence outlined in Scheme 4.6. According to this proposed reaction sequence
(using pentane as a representative example), both methyl and methylene C—H bonds are
attacked by [Cp*W(NO)(=CHCMe3)]. However, based on the relative yields of 4.8—4.11 and
on the assumption that these complexes are primarily formed as a result of initial methyl C~H
activation, [Cp*W(NO)(=CHCMe;)] presumably reacts with the 2° C—H bonds of
methylcyclopentane, methylcyclohexane, and ethylcyclohexane reluctantly, whereas with

pentane it favors the 1° C—H bonds over the 2° C—H bonds weakly, if at all. This leads to

Scheme 4.6
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formation of bis(alkyl) complexes A and A’, which rearrange to the alkene intermediates B,
B’, and B”’ in a manner analogous that described above for the activation of neohexane,
cyclopentane, and cyclohexane. Allylic C—H activation then ensues depending on the
structure and orientation of the alkene ligand. For intermediate B, allylic C—H activation is
apparently fast and irreversible, yielding the observed product 4.11eng0 €ven in the presence of
PMes. In the case of intermediate B”’, the orientation of its alkene ligand does not permit such
a transformation; adduct formation therefore occurs when the reaction is carried out in the
presence of PMe;. Intermediate B’, on the other hand, is structurally similar to the alkene
intermediates in the cyclopentane and cyclohexane reactions with one exception. Subsequent
allylic C—H activation in B’ would lead to formation of a 1,3-disubstituted allyl ligand in an
endo and not an exo conformation. As noted above, thermolysis of 2.4 in cyclopentane or
cyclohexane in the presence of PMe; leads to the clean formation of alkene complexes 4.3 and
4.4, respectively, whereas use of pentane as solvent results in concomitant decomposition. A
possible explanation for these observations therefore is that allylic C—H activation in
[Cp*W(NO)(alkene)] complexes is stereospecific,” occurring only when it leads to formation
of an endo allyl ligand, and that 1,3-disubstituted allyl ligands are unstable, decomposing at
the temperature at which they form.

4.3.2 Thermal Reactions of 2.4 with Arenes

In addition to its reactions with alkanes, the unsaturated neopentylidene complex
[Cp*W(NO)(=CHCMes)] is also highly reactive toward aromatic solvents. As shown in
Scheme 4.6, thermolysis of 2.4 in neat &, ,a-trifluorotoluene or anisole at 70-75 °C for~1.5d
leads to formation of products resulting from aryl C—H bond addition across the W=C linkage.
In o, o, o-trifluorotoluene, the products are o-, m-, and p-Cp*W(NO)(CH,CMe;)(C¢HsCF3)
(4.12), formed in a ratio of ~1:66:33 by integration of the methylene regions of the '"H NMR

spectrum (Cg¢Dg). Similarly, the reaction with anisole yields the corresponding o-, m-, and p-

Cp*W(NO)(CH,CMe3)(CsHsOCH3) complexes (4.13) in a ratio of ~88:7:5.
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Scheme 4.6
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The thermolysis of 2.4 in methylated benzenes at 70—75 °C yields both aryl and benzyl
C—-H activation products as shown in Scheme 4.7. The thermolysis in toluene produces a
mixture of ca. 82% m- and p-Cp*W(NO)(CH,CMe;)(CsHsMe) (4.14) in a ratio of 1.4:1 and
ca. 18% Cp*W(NO)(CH,Ph)(CsHsMe). The formation of Cp*W(NO)(CH,Ph)(CsHsMe)
occurs with Cp*W(NO)(CH,CMe;)(CH,Ph) as an observable intermediate. As noted in the
Introduction, Cp*W(NO)(CH,CMe;)(CH,Ph) is unstable with respect to a-abstraction of
neopentane. This leads to formation of the benzylidene complex, [Cp*W(NO)(=CHPh)],
which apparently is also capable of cleaving C—H bonds intermolecularly. Because of the low
yields of Cp*W(NO)(CH,Ph)(CsH4Me), isolation was not attempted; assignment of their
structures therefore is only tentative and rests primarily on the fact that the W—CH,Ph
resonances exhibit chemical shifts and coupling constants very similar to those of other
benzyl-containing complexes such as 4.17, 4.19, 4.21, and 4.22 (see below).*® Complexes

4.14, on the other hand, were purified as a mixture by crystallization and characterized fully by

spectroscopic and analytical methods (see below).
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Scheme 4.7
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Heating 2.4 in o-xylene results in the formation of complexes 4.15, 4.16, and 4.17 in
ca. 66%, 19%, and 13% yields, respectively, and a trace amount of a product tentatively
assigned as the bis(benzyl), Cp*W(NO)(CH,CsHy-2-Me), (by 'H NMR). Complete
conversion of 4.16 to 4.17 and Cp*W(NO)(CH,C¢H4-2-Me), was not possible, as

decomposition of 4.16 to unknown products became competitive at longer reaction times.

~ The reaction with m-xylene gives complexes 4.18, 4.19, and 4.20 in respective yields
of ca. 50%, 41%, and 9%, according to "H NMR analysis, while the reaction with p-xylene
produces 2.11°, 4.21, and 4.22 in ca. 44%, 33%, and 13% yields, respectively. The
intermediates Cp*W(NO)(CH,CMe;)(CH,CgHy-3-Me) and Cp*W(NO)(CH,CMe3)(CH,CsHs-
4-Me) were not observed, presumably because they decomposed too rapidly to allow build up
during the reaction. The reaction with mesitylene, in contrast, proceeds with concomitant
decomposition and yields the benzyl-activated complex, Cp*W(NO)(CH,CsH3-3,5-Me,),
(4.23), as the only identifiable product in 43% isolated yield.

In order to confirm the identity of several of the products produced in the reactions of
2.4 with o-, m-, and p-xylenes, the 'H NMR data of 4.22 were compared to those of an
authentic sample, while complexes 4.15, 4.16, 4.18, 4.19, 4.20, 4.21, and 2.11° were purified
and characterized fully by spectroscopic and analytical techniques. With the exception of 4.19
and 2.11°, the remaining isolated products exhibit straightforward NMR spectra,’’ which
indicate the presence of a methylene agostic®® interaction ('Jeon < 90 Hz) in 4.15 and 4.18,
and an 1>-benzyl interaction in 4.16 (“Juy = 6 Hz, 8Cipso = 111) and 4.21 (Juy = 7 Hz, 8Cipso =
121).* Broad features, on the other hand, complicate the NMR spectra of 4.19 and 2.11°.
Variable-temperature NMR studies of 4.19 suggest that it undergoes two separate dynamic
processes in solution. The room-temperature process involves an =1’ —n’ interconversion
of the m-methylbenzyl ligand. This is supported by the observation of (1) a structureless hump
at 8 6.35 that can be ascribed to the aromatic proton that is at the 6-position, (2) a severely
broad signal at & 136.3 due to the carbon to which this proton is attached, and (3) a sharp
upfield signal at  113.2 due to WCHzCipSO.40 At temperatures below —50 °C, the 1>-benzyl

interaction is frozen out, and a second fluxional process that involves hindered rotation about
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Figure 4.4. Variable-temperature 500-MHz 'H NMR spectra of 2.11 in toluene-ds ().

the 3,5-xylyl ligand is observed. For complex 2.11°, hindered rotation about the 2,5-xylyl
ligand is evidenced at room temperature. As the sample is cooled to —30 °C, two sets of well-
resolved resonances, consistent with the presence of two conformational isomers of 2.11°,
appear in the '"H NMR spectrum (Figure 4.4). The two isomers exist in a 3:1 ratio that is
invariant to temperatures between —20 and —80 °C. A 'H-'"H EXSY experiment (mixing time

=75 ms) in toluene-dg at —50 °C reveals that they are not static structures but are in fact

interconverting on the NMR time scale (see the Appendix).
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The above benzyl-containing products are in general relatively stable. There is no
evidence of isomerization during the reaction, and aréne exchange is not observed. The
neopentyl aryl complexes behave similarly. An exception is that these latter complexes are
less stable than their benzyl analogues, often decomposing in trace amounts to unknown
products under the conditions of the experiment. Under these conditions no appreciable
change in the product ratios is observed. The selectivity with which the reactive intermediates
[Cp*W(NO)(=CHCMe;)] and [Cp*W(NO)(=CHATIr)] react with different types of aryl and
benzyl C—H bonds therefore can be calculated from these ratios by correcting for the number

of each type of bond (see Tables 4.4 and 4.5).

With regard to reactions with methylated arenes, Table 4.2 shows that
[Cp*W(NO)(=CHAIr)] is significantly more discriminating than [Cp*W(NO)(=CHCMe3)]
with respect to aryl vs benzyl C—H activation and that, in all but the case of mesitylene, both
species favor the former over the latter, despite the latter being much weaker bonds.
Comparison of the reactions of [Cp*W(NO)(=CHCMe3)] indicates a strong preference for
activation of the meta and para C—H bonds relative to the bonds at the ortho and'benzylic
position. Attack at the ortho position, in fact, is significant only when the ortho C—H bond is
not too sterically hindered and the meta and para C—H bonds are absent. Thus, in the absence
of severe steric hindrance there is a strong preference for aryl activation over benzyl
activation, presumably because of initi.al formation of 7°-arene complexes prior to C-H
activation and because of formation of a much stronger metal-aryl bond. The observation that
[Cp*W(NO)(=CHAr)] is more reactive toward aryl C—H bonds than [Cp*W(NO)(=CHCMe3)]
can be attributed to the presence of the a-aryl group, which mediates the alkylidene’s
nucleophilicity. It can also be attributed to the fact that the o-aryl group is less sterically
demanding than the tert-butyl group in [Cp*W(NO)(=CHCMe3)], thereby making it is easier

for arenes to form n’>-complexes prior to C—H activation.



Table 4.2. Relative Kinetic Selectivities of [Cp*W(NO)(=CHCMe3)] and
[Cp*W(NO)(=CHAI)] for Activation of Aryl and Benzyl C—H Bonds

@ CH,CMe; CH,CMe,
A i AMe w7 + w”

24 —— W — N\ N
e, @ NO Ar CH,Ar
Me;C K L
ArMe l -CMe,
CHaAr CHaAr ?ﬁ
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MAr N\CH,Ar r
Ar
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relative product yields
(%)

ArMe K L N O Zaryl:Ibenzyl [Cp*W(NO)(=CHCMey)]® [Cp*W(NO)(=CHAD)J"

toluene 8 0 18 0 82:18 2.73:1 >99:1
o-xylene® 66 19 14 1 66:34 : 2.91:1 ' 19.5:1
m-xylene® 50 0 41 9 50:50 1.50:1 6.83:1
p-xylene® 44 0 43 13 44:56 1.18:1 4.96:1
mesitylene <20 0 0 >80 ~20:80 ~1:1.33 ~0:100

“Determined by repeated integration of the "H NMR spectra recorded at either 400 or 500 MHz; errors are to ca.

3-5%. °Product distributions obtained from side-by-side thermolyses at 75.0 °C. “Statistically corrected.
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Table 4.3. Kinetic Selectivities of [Cp*W(NO)(=CHCMe3)] for Activation of Aryl C-H

Bonds in Monosubstituted Benzenes

@ CH,CMe; CH,CMe;
-CMe, Ph-X 4

/
24 —> KW\NO - w * w =
s s g
M€3C X ’
K, X Kn
/CH2CM63
+ W
\©\ X Kp
relative product yields®
X K, Ko K, o:m:p’
CF; ~1 66 33 0:1:1
OCH; 88 7 5 12.5:1:1.4
CH; ~0° 66 33 0114

“Determined by repeated integration of the "H NMR spectra recorded at either 400 or 500 MHz; errors are to ca.

3-5%. ’Statistically corrected. “Not detected, but possibly present at 5% of total product.

In general, transition-metal complexes whose aryl C—H activation reactivity is
electronically controlled exhibit high selectivity for para vs meta activation. For example,
Mayer and co-workers have shown that the (HBpz3;)Re(O)(Cl)(I) complex [HBpz; =
hydridotris(1-pyrazolyl)borate] reacts with toluene to give the meta- and para-activafed
products in a 1:10.5 ratio and with more electron-rich substrates such as anisole, only the
product of para activation is observed.*' Similarly, Graham and Sweet have reported that the
[CpRe(NO)(CO)][BF4] complex activates toluene to give a 1:31 mixture of meta:para
products, but with o,o,0-trifluorotoluene the reverse trend is observed as would be expected

since CF; is an electron-withdrawing group.*? With regard to reactions of

[Cp*W(NO)(=CHCMes;)] with monosubstituted benzenes, Table 4.3 shows that para C-H
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bonds react only slightly faster than meta C—H bonds when the benzene substituent is electron-
donating. When the benzene substituent is electron-withdrawing, no significant difference in
rates between meta and para activation is observed. This suggests that electronic effects play a
very minor role (if at all) in controlling the selectivity of the aryl C—H reaction of the
neopentylidene intermediate. Consistent with this proposal, both oo, 0-trifluorotoluene and
toluene, which differ markedly in electronic properties, show neariy identical reactivity toward
ortho C—H bonds. That both give essentially no ortho C—H activation strongly suggests that
these reactions are governed primarily by steric effects. However, unlike o, 0,0t~
trifluorotoluene and toluene, anisole reacts to give mostly ortho C—H-activated products,
despite having meta/para selectivity essentially identical with that observed for toluene.
Clearly, steric effects are not operative in this case. A more reasonable explanation is that
anisole reacts by way of a site-directed* reaction in which prior coordination of the methoxy

group to the metal center of [Cp*W(NO)(=CHCMej3)] directs attack at the ortho position.44

4.3.3 Thermal Reactions of CpW(NO)(CH,CMe;), (2.1) with Aliphatic and Aromatic
C—-H Bonds: Qualitative Observations

In order to study the effect of the Cp’ ligand on the C—H activation chemistry described
above, the thermolysis of the Cp complex 2.1 in cyclohexane in the presence of excess PMe;
and in neat p-xylene, C¢Dg, and tetramethylsilane was examined. In contrast to 2.4,
thermolysis of 2.1 in neat p-xylene or tetramethylsilane to 60 °C yields a complex mixture of
intractable products. In the case of C¢Dg, only decomposition is observed, as judged by 'H
NMR monitoring of the reaction. When 2.1 is heated in cyclohexane in the presence of excess

PMe;s, on the other hand, the reaction proceeds in the same manner as that described above

w H W
; ﬁ - ONY [ UBMey  + Mep | ) (4.4)
PMe H
N 3 N
CMC3
MesC o CMe; oo N

2.1 4.24 31
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for 2.4 with one exception. The expected C—H activation product,
CpW(NO)(cyclohexene)(PMes) (4.24), is generated as a minor product unless the amount (and
concentration) of PMe; added is very low compared to that used in the Cp* experiments.
Taking together, these observations can be interpreted as follows. The reactivity of the Cp
intermediate [CpW(NO)(=CHCMe;)] is analogous to that of the Cp* system, except (a) it does
not yield stable products with substrates such as p-xylene, C¢Dg, and tetramethylsilane, and (b)
its selectivity for PMes; coordination vs cyclohexane activation is significantly greater than that

observed with its Cp* counterpart, presumably for electronic as well as steric reasons.
4.4 Conclusions

In summary, the highly reactive neopentylidene intermediate [Cp*W(NO)(=CHCMe3)]
has been shown to undergo rapid addition reactions with the C—H bonds of Me,Si, alkanes,
and arenes. The reaction with Me,Si produces the bis(alkyl) complex 2.9 in high yield. The
reactions with alkanes, in contrast, lead to different types of rearranged products depending on
the alkane structure. In addition, they demonstrate that, in the absence of severe steric
hindrance, the C—H bonds that are preferentially attacked are generally those having the
highest bond dissociation energies: i.e., cyclopropyl > 1° alkyl ~ 2° alkyl > cycloalkyl >> tert-
butyl. This is based on the following observations. The major product in the reaction with
1,1,2,2-tetramethylcyclopropane is the metallacycle complex 4.1, formed by initial addition of
a cyclopropyl C—H bond across the W=C bond followed by y-cyclometalation. Neohexane,
which contains three different types of C—H bonds, is activated regiospecifically at the
CH,CH, position. In this case, the initially formed complex then undergoes B-hydrogen
abstraction in a stereospecific manner, yielding an n°-alkene complex having the zert-butyl
group syn to the Cp* ligand. In the presence of added PMe;, this alkene complex can be
trapped and isolated as 4.4¢yn. Cyclopentane and cyclohexane react similarly in the presence
of excess PMe;s to give the corresponding cycloalkene complexes 4.2 and 4.3 as a single
isomer. The reactions with methylcyclopentane, methylcyclohexane, ethylcyclohexane, and

pentane, in contrast, give complex mixtures containing the 1’-allyl hydride complexes

4.8—4.11, respectively, in both the presence and absence of PMes. The formation of 4.8—4.11
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is proposed to proceed via the reaction sequence outlined in Scheme 4.6. This proposed
mechanism assumes that (1) B-hydrogen abstraction occurs with the same stereospecificity as
that observed for the neohexane reaction, (2) subsequent allylic C—H activation is also
stereospecific, occurring only when it leads to formation of an endo and acyclic allyl ligand,
and (3) 1,3-disubstituted allyl ligands are unstable, decomposing at the temperature at which
they form. Although rare, the conversion of an alkane molecule into a m-coordinated ligand by
multiple H-atom loss (i.e., dehydrogenation) is precedented. However, in contrast to the
formation of 4.2—4.11, where the neopentylidene ligand accepts two hydrogens from the

alkane solvent, most systems in the literature require an added alkene as hydrogen acceptor.®’

In the reactions of [Cp*W(NO)(=CHCMes)] with arenes, meta- and para-C—H bonds
are preferentially attacked, followed by ortho and benzyl C—H bonds. Exceptions are the
reaction with anisole, where ortho attack predominates, presumably because of prior
coordination of the oxygen atom to metal center, and the reaction with mesitylene, where
benzylic activation is strongly favored, presumably because all the aryl hydrogens in this
molecule are in sterically hindered environments. Like the Cp*W(NO)(CH,CMe;)(CH,Ph)
complex reported in Chapter 3, the benzyl-activated products are unstable with respect to o-
abstraction of neopentane. This leads to formation of [Cp*W(NO)(=CHAr)] complexes which
favor aryl C—H bonds significantly more than [Cp*W(NO)(=CHCMe;)].

Finally, the above study also shows that the Cp neopentylidene complex,
[CpW(NO)(=CHCMej3)], is also capable of cleaving C—H bonds intermolecularly. However,
unlike the Cp* system, it is significantly more reactive toward PMe; than the C—H bonds of

cyclohexane and its C—H activation products are in general not stable at the temperature at

which they form.
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CHAPTER 5

Kinetic and Mechanistic Studies of the Generation and C-H Activation

Reactions of the [Cp’W(NO)(=CHCMe;)] Fragments
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5.1 Introduction

o-Hydrogen abstraction from an alkyl ligand is a fundamental process in organometallic
chemistry and has played an important role in the development of transition-metal alkylidene'/
carbene’ complexes. As with the more ubiquitous B-hydrogen abstraction reaction, an o~
hydrdgen may be abstracted by an external reagent,’ the metal,’ or a neighboring ligand.’
Abstraction of an a-hydrogen by the metal is often reversible, only takes place in coordinatively
unsaturated d" complexes, where n > 2, and may or may not be followed by reductive
elimination of HX, where X is a ligand originally attached to the metal. Direct transfer of an o-
hydrogen atom to a neighboring ligand on the other hand occurs with no formal change in the
metal oxidation state, is rarely reversible, and has a rate that often depends on factors such as the
degree of steric congestion at the metal center, the solvent, and the presence of added donor
ligands. More complicated pathways involving initial Cp* ring-metalation or y-C—H activation
followed by o-hydrogen abstraction have also been noted. For example, it has been shown that

(1) the reaction of the bis(alkyl) Cp*W(NO)(CH,SiMes), with LDA leads to formation of an

“ate” alkylidene complex in which the ring-metallated species [(17°,7'-
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CsMe,CH,)W(NO)(CH,SiMe;),][Lio(THF);] is an observable intermediate,® and (2) thermolysis
of (PMe;),Ta(Me)(Mes)Br; (Mes = C¢H3-2,4,6-Mes) leads to loss of methane and formation of a
substituted benzylidene complex via abstraction of a y-hydrogen atom and subsequent

rearrangement of an unobserved benzotantallacyclobutene compound.”

In the preceding chapters, it was reported that the bis(alkyl) complexes
Cp*W(NO)(CH,CMes), and its Cp analogue exhibit o-agostic structures in solution and solid
states and that they decompose readily at elevated temperatures to give neopentane and
presumab{y the coordinatively unsaturated neopentylidene fragments, [Cp’W(NO)(=CHCMe;)],
which can effect the C—H bond cleavage of alkanes, arenes, and certain alkenes. In the
activation of alkanes and arenes, several remarkable selectivity features of
[Cp*W(NO)(=CHCMe;)] have been noted (see Chapter 4). First, this intermediate can activate
aliphatic C—H bonds even in the presence of excess PMe;.® Second, it reacts most rapidly with
aromatic compounds, showing a strong preference for activation of the meta and para C-H
bonds relative to the bonds at the ortho and benzylic positions. Attack at the ortho position, in
fact, is significant only when the reaction is site-directed or when the ortho C—H bond is not too
sterically hindered and the meta and para C—H bonds are absent. Third, in the activation of
alkanes the C—H bonds that are preferentially attacked are generally those having the highest
bond dissociation energies; the qualitative order of reactivity, for example, is cyclopropyl > 1°

alkyl ~ 2° alkyl > cycloalkyl >> tert-butyl.

There are a number of cases now known in which the kinetic selectivity for different
types of C—H bonds is similar to that of [Cp*W(N O)(=CHCMe3)].9 For many of these systems,
it has been found that strong M—C bonds are formed when strong C—H bonds are broken and
that the relative ease of C—H activation is determined largely by the strengths of the product
M-C bonds and by the binding affinities of the hydrocarbon to the metal center prior to
activation.'®!! For example, arenes are generally more reactive than alkanes because of prior

coordination of the metal to the n-electrons to give 1°-arene complexes and because of

formation of a much stronger M—C bond.
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Molecular complexes in which an arene is weakly coordinated to an unsaturated metal
center in an 7)>-fashion were first formulated as early as the mid-1960s."* Since then, the area of
arene as well as alkane coordination has grown steadily, and has led to the discovery that such
adducts not only exist as independent entities'""'? but also as metastable intermediates in a
number of C—H bond making and breaking reactions.'* For reactions involving C—H activation,
the initial formation of alkane G-complexes and 77°-arene complexes is apparently necessary for
two reasons: (1) to allow the metal to coordinate interchangeably (and hence discriminate)
different types of C—H bonds, and (2) to provide a lower energy pathway for the bond-breaking

step. 13

Recently, there has been considerable research effort devoted to understanding the
mechanisms of intermolecular C—H activation by soluble transition-metal complexes. However,
in few of these investigations has it been possible to obtain direct information about the reactive
intermediates without examining also the reverse reactions. Much of the current understanding
of C—H activation by way of oxidative addition, for example, has come from mechanistic
studies of alkane reductive elimination reactions, where several lines of evidence based on
isotope effect and isotope tracer experiments have implicated the existence of alkane o-

complexes.

With respect to the mechanism by which the Cp’W(NO)(CH,CMe;), complexes
decompose and react, no intermediates have yet been directly observed, although several
trapping reactions with phosphines and alkenes (see Chapter 3) have strongly implicated the
intermediacy of [Cp”W(NO)(=CHCMe;)] in which the fert-butyl group points away from Cp’
ligand. In this chapter, the first part reports an in-depth study of the kinetics and mechanisms of
the thermal decompositions and subsequent C—H activation reactions of the bis(neopentyl)
complexes. Specifically, kinetic isotope effect and labeling studies are described which not only
further support the intermediacy of [Cp”W(NO)(=CHCMejs)], but which also strongly implicate
the intermediacy of alkane adducts, [Cp”W(NO)(=CHCMe;)(n°-R-H)], along the pathway for

both the forward and reverse reactions. A mechanism involving a net transfer of an o-hydrogen

from one neopentyl group to the o-carbon of the adjacent neopentyl group is proposed; whether
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neopentane is lost by direct o-hydrogen abstraction or by o-hydride elimination followed by
reductive elimination could not be distinguished. In the second part of this chapter, an
investigation of the thermal stabilities of a series Cp’W(NO)(R)(R”) complexes that are
electronically and structurally analogous to the bis(neopentyl) compounds is described. Two
major conclusions from this work are the following: (1) the pathway by which these
compounds decompose is governed primarily by the strengths of the M—C bond formed and
broken, and (2) the presence of o-agostic interactions in the ground state structures has little, if

any, effect on the rate and pathway of decomposition.

5.2 Experimental Section

5.2.1 Methods

The synthetic methodologies employed throughout this thesis are described in detail in
Section 2.2.1. Unless otherwise stated, all thermolyses were carried out in J. Young NMR tubes

or thick-walled glass vessels immersed in an oil bath at 65-70 °C for ca. 2 d.

5.2.2 Reagents

THF and cyclohexane used in kinetic experiments were distilled from Na/benzophenone
ketyl and then stored in glass bombs under dinitrogen. Dimethylphenylphosphine,
trimethylphosphine, triethylphosphine, n-butyl ether (Aldrich), C¢Ds (Cambridge Isotopes),
C¢H3D; (98 %, Aldrich), and tetramethylsilane-d,, were dried over sodium.
Dimethyldichlorosilane (Aldrich) was freshly distilled. CDsl (99.5+ atom % D, Aldrich) was
dried over 4-A molecular sieves. The organometallic complexes CpW(NO)(CH,CMe;), (2.1),
Cp*W(NO)(CH2CMe;), (2.4), Cp*W(NO)(CH,CMe;)(CH,CMe,Ph) (2.8), and
Cp*W(NO)(CH,CMe3)(CHj3) (2.10) were prepared as described in Section 2.2.1. The o-
deuterated complexes CpW(NO)(CD,CMes), (2.1-dy), Cp*W(NO)(CD,CMe;), (2.4-ds), and
Cp*W(NO)(CH,CMe;)(CD,CMe,Ph) (2.8-d;) were prepared in a similar manner using the
dialkylmagnesium reagents R;Mg-(dioxane) (R = CD,CMe;, CD,CMe;Ph); an exception is that
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the crude product mixtures were filtered through Célite instead of alumina I prior to
crystallization. In all cases, 'H NMR spectroscopy at 300 MHz revealed no detectable

methylene proton signals, thus indicating at least 98% D incorporation at Cy,.
5.2.3 NMR and Mass Spectral Data for Cp*W(NO)(CH,CMe;)(CD,CMe;Ph) (2.8-d;)

MS 555 [M", "W]. 'H NMR (500 MHz, CDCl;) 8-2.18 (d, “Jun = 12.5, 1H, WCHy),
1.27 (s, 9H, CMe3), 1.45 (s, 15H, CsMes), 1.74 (s, 3H, CMeMe), 1.85 (s, 3H, CMeMe), 3.16 (d,
2Jun = 12.4, 1H, WCHy), 7.06 (t, *Juy = 7.3, 1H, H,), 7.23 (t, *Jun = 7.4, 2H, H,,), 7.50 (d, *Jun
=7.4,2H, H,). *H{'"H} NMR (77 MHz, C¢Hg) § —0.54 (s, 1D, WCD,), 2.47 (s, 1D, WCD,).

5.2.4 Preparation of (CH;),Si(CD3),

Mg turnings (4.00 g, 167 mmol) and n-butyl ether (350 mL) were added to a 500-mL
three-necked flask equipped with a stir-bar and a reflux condenser. The flask was cooled to —78
°C and CDsI (6.0 mL, 94.4 mmol) was added dropwise by syringe. The resulting mixture was
stirred at room temperature for 3.5 h, during which time its color changed to grey-black. The
supernatant solution was filtered through Celite (2 X 2 cm) into a 500-mL two-necked flask and
cooled to —40 °C. Freshly distilled Me,SiCl, (5.10 mL, 42.0 mmol) was added dropwise by
syringe. Once the addition was complete, the flask was removed from the cold bath, wrapped
with aluminum foil, and the contents were stirred (under a static atmosphere of argon) for
another 16 h. A pale brown-yellow solution resulted which contained an off-white precipitate in
suspension. At this point, the contents of the flask were quickly transferred to a one-necked
flask equipped with a short-path distillation head. Under a flow of argon, colorless
(CHj3),Si(CDs3); (~1-2 mL, b.p. 28-32 °C) was distilled into a receiving flask immersed in a dry
ice/acetone bath (Care should be taken to avoid bumping!). To remove iodide byproducts, the

distillate was transferred to a Pyrex bomb containing PPh; (~200 mg), degassed, and stored in

the dark for ~5 d. Next, it was vacuum transferred into another bomb containing a Na mirror
and allowed to dry for 4 d before use. The purity of (CH3),Si(CD3), was established by 'H
NMR spectroscopy and by GC-MS m/z 94 [M'].
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5.2.5 Preparation of Cp*W(NO)(CH,CMe;)(C¢Ds) (2.11-ds)

A wine-red solution of 2.4 (60 mg, 0.12 mmol) in C¢Dg (~1 mL) was heated at 70 °C for
~2 d, during which time its color changed to purple-red. 'H NMR analysis of the sample
revealed the formation of free neopentane and the known Cp*W(NO)(CHDCMe;)(CeDs) (2.11-
dg)'® (~95%) along with a small amount of unidentified products, which displayed signals in the
range 0 1-2. The organic volatiles were then removed in vacuo to obtain an oily residue, which
was chromatographed on alumina I (1 x 1.5 cm) by eluting with hexanes. The first band to
appear, a pink fraction, was collected by eluting with 4:1 hexanes/Et,O. Concentration of this
fraction, followed by cooling to —30 °C for 1 d provided 2.11-ds as dark wine-red needles (18
mg, 30% yield) [Occasionally, a residual amount of 2.11-ds could still be detected by '"H NMR].
The 'H NMR spectrum of 2.11-ds is identical to that of the protio analogue 2.11 (see Chapter 2),

except it does not display aromatic resonances.

5.2.6 Kinetic Measurements

All kinetic experiments were performed by UV-vis spectroscopy. Spectra were recorded
on a HP 8452A Diode Array UV-vis spectrophotometer equipped with a deutertum lamp and a
thermostated cell holder connected to a VWR Scientific constant-temperature bath (model
1160A) filled with ethylene glycol/water and maintained to £0.05 °C. The spectrophotometer
was interfaced to a 586 PC computer using HP 89531A operating software. Stock solutions of
organometallic reagent were prepared in the appropriate solvent in the glovebox and stored at —
30 °C between runs. A representative stock solution of 2.1, 2.1-dy, 2.4, or 2.4-d4 contained
0.013 mmol of the complex dissolved in 25.0 mL of solvent in a volumetric flask. In a typical
experiment, a UV-vis cell equipped with a Kontes Teflon stopcock was charged sequentially
with 3.0 mL of the solution of the organometallic reagent and a measured amount of trapping
reagent where required. Each run was monitored for >3 half-lives. In all but a few cases, each
rate constant was determined at least three times for each system and each temperature studied.
Spectra were recorded at regular time intervals after the solutions had been allowed to reach the

desired temperatures (5—15 min). The absorbance intensities of 2.1, 2.4, and their deuterated
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analogues at A = 486 nm were monitored in all cases and then plotted versus time. Infinity
values were determined by non-linear regression with least-squares fitting of the raw data using

SigmaPlot 3.0; Jandsen Graphing Software, 1987—-1992. Using Microsoft Excel, the observed
rate constants (kyps) were then calculated from the slope of the plots of In[(A—A«)/(A—Ag)]

versus time, which displayed excellent linearity with correlation coefficients typically 0.995 or

better. Activation parameters, AH" and AS*, were determined from Eyring plots of In(kyps/T)

versus 1/T, where AH® = R x slope, AS* = R[intercept — In(kg/h)] and R, kg, and h are the gas
constant, Boltzmann’s constant, and Planck’s constant, respectively. Errors are 95% confidence

limits of linearly regressed lines.

5.2.7 "H and {'"H} NMR Analyses of the Thermolysis of (a) 2.1-d; and 2.4-d, in THF in the
Presence of PMej and (b) 2.4-d, in CgDy

In a typical reaction, a J. Young NMR tube containing 10-20 mg of organometallic
reagent was charged with ca. 0.5 mL of solvent and, where needed, an excess amount of PMe;
by vacuum transfer. The resulting mixture was heated in a constant-temperature bath at 65.0 °C
in the case of 2.1-d4 and 75.0 °C in the case of 2.4-d, and monitored periodically by 'H (C4Ds)
and “H{'H} (CsHg) NMR spectroscopies. In all cases, the themolyses were relatively clean and
H/D exchange between the d; and y-positions of the neopentyl ligands of the starting materials
during the course of the thermolyses was evidenced by the presence of low-intensity 'H NMR

signals in the methylene regions. At >90% conversion, the 'H and *H NMR spectrum of the

reactions of 2.1-d4 and 2.4-d; with PMe; showed peaks consistent with the presence of both
Cp’W(NO)(=CDCMes)(PMes) (major) and Cp’W(NO)[=CHCMe,(CD;)](PMe;) (minor). The
'H and *H{'H} NMR spectra of the C¢Dg reaction of 2.4-d, similarly revealed the formation of
Cp*W(NO)(CHDCMe;)(CgDs) along with a small amount of
Cp*W(NO)[CH,CMe(CD3)](CeDs).
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5.2.8 Thermolysis of 2.4 in THF in the Presence of Excess PMe; and C¢Dg

In the glovebox, a small Pyrex vessel was charged with 2.4 (24 mg, 0.049 mmol), THF
(2-3 mL), and C¢Dg (21 ML, 0.24 mmol, 5 equiv). The wine-red solution was then degassed by
three freeze-pump-thaw cycles. Next, PMe; (>10 equiv) was added by vacuum transfer and the
resulting solution was heated at 70 °C for ca. 16 h, after which time the organic volatiles were
removed in vacuo. 'H NMR spectroscopy showed that Cp*W(NO)(=CHCMe;)(PMe3) (3.1)
was the only product formed. An identical result was also obtained when Si(CHj3), was |

substituted for C¢Ds.

5.2.9 GC-MS Analysis of Neopentane Generated from the Thermolysis of (a) 2.1-d4 and
2.4-d, in THF in the Presence of Excess PMe; and (b) 2.4-d, in Neat PMe;

These experiments were carried out in 0.4—0.5 mL of solvent and were stopped after 23
d at 65 °C in the case of 2.1-d4 and 75 °C in the case of 2.4-d,. The organic volatiles were then
removed in vacuo and analyzed by GC-MS, which showed the absence of dineopentyl. The
mass spectra of the reaction of 2.1-d; with PMes; in THF showed the presence of neopentane-dj,
-dy, -d,, and -dj in respective yields of ca. 2%, 17%, 4%, and 77% (see Table 5.1). In the case
of 2.4-d,, the corresponding isotopic distribution was ca. 0%, 18%, 3%, and 79% in THF and ca.
0%, 10%, 0%, and 90% in neat PMe;. As expected, "H NMR (CgDg) analysis of the
nonvolatiles of the reaction of 2.4-d, in neat PMe; revealed the presence of a small amount of

hydrogen at the o-position.
5.2.10 Thermolysis of 2.4 in Si(CD3)4

A sample of 2.4 (29 mg, 0.057 mmol) in tetramethylsilane-d;, (0.5 mL) in a J. Young
NMR tube was heated in an oil bath at 70 °C for 2.5 d, during which time its color became deep
purple red. A 'HNMR spectrum of this solution showed the clean formation of
Cp*W(NO)(CHDCMe;)[CD,Si(CDs)3] (2.9-d12) and 1 equiv of neopentane. The organic

volatiles were removed in vacuo. The remaining red-black solid was extracted with pentane and
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filtered through Celite. Cooling this filtrate to —30 °C overnight afforded 2.9-d;; (27 mg, 93%

yield) as mauve crystals.

Anal. Calcd. for CgHsD,NOSIW: C, 43.94; H, 7.13; N, 2.70. Found: C, 44.26; H,
7.09; N, 2.74. IR (cm™") vno 1554 (s), Vep 2204 (w). MS 519 [M*, '**'W]. 'H NMR (300 MHz,
CsDg) 8 1.36 (s, 9H, CMes), 1.51 (s, 15H, CsMes), 3.19 (br s, 1H, WCHDC). *H{'H} NMR (77
MHz, C¢Hg) 8 —2.16 (s, 1D, WCHDC), -1.38 (s, 1D, WCD,Si), 0.33 (s, 9D, Si(CD3)3), 1.06 (s,
1D, WCD,Si). "“C{'H} NMR (75 MHz, C¢Ds) & 9.9 (CsMes), 34.2 (CMe3), 39.7 (CMes), 104.8
(t, "Jep = 14.9, WCHDC), 109.8 (CsMes). °C resonances attributable to CD; and Si(CDs);
could not be observed, presumably due to C-D coupling, quadrupolar effect, and lack of nuclear

Overhauser enhancement.

5.2.11 Thermolysis of 2.4 in C¢Dy

See the first part of Section 5.2.5.

5.2.12 Thermolysis of 2.4 in (CH3),Si(CD3),

A sample of 2.4 (14 mg, 0.025 mmol) in a J. Young NMR tube was dissolved in
(CH;),Si(CD3); (~0.3 mL) and then heated in a constant-temperature bath at 70.0 °C for 1.5 d,
after which time the volatiles were removed in vacuo. The residue was dissolved in C¢Ds and
two '"H NMR spectra (400 MHz, pulse delay of 10 seconds) were recorded. The ratio of
Cp*W(NO)(CH,CMe;)[CH,Si(CH3)(CDs),] (2.9-d¢-H) to
Cp*W(NO)(CHDCMe;)[CD,Si(CD3)(CHj),] (2.9-d¢-D) was determined to be 1.35(5):1 by
integration of the methylene signals at § 3.20 and 3.27.

'H NMR (500 MHz, C¢Ds) 8 —2.11 (dd, %y = 12.4, *Jyn = 1.4, 1H, WCH,C), -1.30
(dd, 2Ty = 12.0, “Jun = 1.4, WCH,Si), 0.38 [s, SiMe(CDs), and SiMe,(CD3)], 1.07 (s, CMe3),
1.35 (d, 2Jun = 12.4, WCH,Si), 1.52 (s, CsMes), 3.20 (s, WCHDC), 3.27 (d, *Jun = 12.4, 1H,
WCH,C).
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5.2.13 Thermolysis of 2.4 in 1:1 CcHg/CeDs

Two samples of 2.4 (16 mg, 0.033 mmol) in J. Young NMR tubes were dissolved in an
equimolar mixture of C¢Hg/CgDg (0.4 mL). The tubes were then heated side by side in a
constant-temperature bath at 70.0 °C for ~1.5 d. After removal of the organic volatiles in vacuo,
the residues were dissolved in C¢Dg and two 'H NMR spectra (400 MHz, pulse delay of 10 s)
were recorded for each experiment. The average ratio of Cp*W(NO)(CH,CMe;)(CeHs) (2.11)
to Cp*W(NO)(CHDCMe;)(CsDs) (2.11-dg) was determined to be 1.05(5):1 by integration of the
methylene signals at & 4.37 and 4.50.

'H NMR (500 MHz, C¢Dg) 8 —2.05 (d, /iy = 11.4, 1H, WCH,), 1.26 (s, CMe3), 1.53 (s,
CsMes), 4.37 (s, WCHD), 4.50 (d, 2/ = 11.4, 1H, WCH,), 7.08 (t, *Juu = 7.4, ArH), 7.19 (t,
an = 7.4, ArtH), 7.71 (d, *Jun = 7.7, ArH).

5.2.14 Thermolysis of 2.4 in 1,3,5-C¢H;3D3-d;

Two samples of 2.4 (14 mg, 0.025 mmol) in J. Young NMR tubes were dissolved in
1,3,5-C¢H3D3 (~0.3 mL). Each sample was heated in a constant-temperature bath at 70.0 °C for
~1.5 d, after which time the organic volatiles were removed in vacuo. The residues were then
dissolved in C¢Dg and two "H NMR spectra (400 MHz, pulse delay of 10 seconds) were
recorded for each experiment. The average ratio of Cp*W(NO)(CH,CMe3)(CsHyDj3) (2.11-ds-
H) to Cp*W(NO)(CHDCMe;)(C¢H3D,) (2.11-d3-D) was determined to be 1.35(5):1 by

| integration of the methylene signals at 8 4.34 and 0 4.48.

'H NMR (400 MHz, C¢Dg) § —2.02 (d, *Juy = 11.4, 1H, WCH,), 1.25 (s, CMe3), 1.54 (s,
CsMes), 4.34 (s, WCHD), 4.48 (d, /i = 11.4, 1H, WCH,), 7.08 (s, ArH), 7.18 (s, ArH), 7.71
(s, ArH).
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5.2.15 Thermolysis of Cp*W(NO)(CH,CMe;)(CH,CMe,Ph) (2.8) in THF in the Presence of
Added PMe;

To a Pyrex reactor containing 2.8 (50 mg, 0.090 mmol) was added THF (2 mL) and
excess PMe; by vacuum transfer. The resulting mixture was thawed and heated at 75 °C
overnight, during which time its color changed from brown-red to yellow-orange. The organic
volatiles were removed in vacuo and the residue was analyzed by '"H NMR (C4Ds) spectroscopy,
which showed the presence of Cp*W(NO)(CH,CMe;-0-CsHa)(PMej3) (5.1) as the major species
along with Cp*W(NO)(=CHCMe,)(PMes3) (3.4) and Cp*W(NO)(CH,CMe3)(CsHsCMe3) (5.2)
(as a ~1.4:1 mixture of m- and p-isomers) in a combined yield of ~15%. Next, the crude
product sample was redissolved in a minimum amount of Et,O and stored at —30 °C for 2 d to
obtain 5.1 (15 mg, 30% yield) as yellow-orange blocks. The mother liquor was taken to dryness
and chromatographed on alumina I by eluting with hexanes. The first band to appear, a pink
fraction, was collected by eluting with 4:1 hexanes/Et,O. Concentration of this fraction,
followed by cooling to —30 °C for 2 d afforded 5.2 (~2 mg) as mauve needles contaminated by a

trace amount of 5.1.

Cp*W(NO)(CH,CMe,-0-C¢H,4)(PMes) (5.1): Anal. Caled. for Co3H3sNOPW: C,
49.56; H, 6.51; N, 2.51. Found: C,49.78; H, 6.54; N, 2.52. MS 557 [M", "**W]. '"H NMR
(500 MHz, CDCL3) & 1.18 (s, 3H, CMeMe), 1.21 (d, *Jup = 8.9, 9H, PMe3), 1.36 (s, 3H,
CMeMe), 1.49 (d, “Jun = 8.8, 1H, WCHS>), 1.65 (dd, “Jyyu = 8.8, *Jup = 2.3, 1H, WCH,), 1.87 (s,
15H, CsMes), 6.84 (m, 1H, ArH), 6.94 (m, 2H, ArH), 7.11 (d, *Jyy = 7.6, 1H, ArH). PC{'H}
NMR (75 MHz, CDCl3) 8 10.5 (CsMes), 14.1 (d, 'Jep = 29, PMes), 30.6 (CMeMe), 36.1 (d, “Jcp
=3, CMeMe), 51.5 (d, *Jcp = 3, CMeMe), 57.4 (*Jcp =7, WCH,), 107.0 (CsMes), 122.7 (Ar
CH), 123.0 (Ar CH), 124.2 (Ar CH), 138.4 (d, *Jep = 13, Ar CH), 165.9 (d, *Jep =9, Cipso),
173.2 (d, Ycp = 21, WCipso). >'P{'H} NMR (202 MHz, C¢D¢) & -20.4 ('Jpw = 211).

Cp*W(NO)(CH;CMe;)(C¢HsCMes) (5.2): 'H NMR (500 MHz, C¢Dg) 8 5.2, —1.82
(d, Y = 11.5, 1H, WCHS,), 1.26 (s, 9H, CH,CMes), 1.29 (s, 9H, CipssCMes), 1.58 (s, 15H,
CsMes), 4.38 (d, 2y = 11.6, 1H, WCHy), 7.19 (d, *Juu = 7.2, 1H, ArH), 7.22 (t, *Juu = 7.4, 1H,
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ArH), 7.62 (d, Y = 7.5, 1H, ArH), 7.84 (s, 1H, ArH). 5.2,: =1.92 (d, % = 11.5, 1H, WCHy),
1.22 (s, 9H, CipssCMes) 1.26 (s, 9H, CH,CMes), 1.58 (s, 15H, CsMes), 4.38 (d, *Jun = 11.6, 1H,
WCH,), 7.29 (d, *Juy = 8.0, 2H, ArH), 7.78 (d, *Juu = 7.9, 2H, ArH).

5.2.16 Thermolysis of Cp*W(NO)(CH,CMe;)(CD,CMe,Ph) (2.8-d;) in THF in the
Presence of Added PMe;

This reaction was carried out in the same manner as that described above for the protio
complex 2.8. Analysis of the crude reaction mixture by 'H NMR spectroscopy indicated the
presence of Cp*W(NO)(CD,CMe,—0-C¢Hy) (5.1-d3), Cp*W(NO)(=CHCMe3)(PMes) (3.4)
(W=CH 6 11.2), and Cp*W(NO)(CH,CMe;)[C¢HsCMe,(CD,H)] (5.2-d;). Complexes 5.1-d,
and 5.2-d; were purified, respectively, by crystallization from Et,O and by chromatography on

alumina I with hexanes and hexanes/Et,O as described above.

5.1-dy: MS m/z 559 [M", *W]. '"H NMR (500 MHz, C¢D¢) 8 0.89 (d, *Jup = 8.8, 9H,
PMes), 1.58 (s, 15H, CsMes), 1.68 (s, 3H, CMeMe), 1.75 (s, 3H, CMeMe), 7.06 (t, *Juy = 6.9,
1H, ArH), 7.10 (d, *Juu = 6.9, 1H, ArH), 7.16 (t, *Jun = 7.1, 1H, ArH), 7.23 (d, i = 7.5, 1H,
ArH). H{'H} NMR (77 MHz, C¢Hy) 5 1.80 (br s, 2D, WCD,). >C{'H} (CDCl;) § 10.5
(CsMes), 14.1 (d, 'Jcp = 29, PMe3), 30.6 (CMeMe), 36.1 (CMeMe), 51.3 (CMeMe), 107.0
(CsMes), 122.6 (Ar CH), 123.0 (Ar CH), 124.2 (Ar CH), 138.4 (d, *Jcp.= 13, Ar CH), 165.9
(Cipso)s 173.2 (d, Jep = 21, WCipso).

5.2-d,: "HNMR (500 MHz, C¢Dg) 8 5.2,u-d3: —1.82 (d, 2Jun = 11.5, 1H, WCHy,), 1.26
(s, 9H, CH,CMe3), 1.29 [s, 7H, CipseCMey(CD,H)], 1.58 (s, 15H, CsMes), 4.38 (d, “Juu = 11.6,
1H, WCHy), 7.19 (d, *Jun = 7.2, 1H, ArH), 7.22 (t, *Juy = 7.4, 1H, ArH), 7.62 (d, *Juu = 7.5,
1H, ArH), 7.84 (s, 1H, ArH). 5.2,-ds: —1.82 (d, “Juu = 11.5, 1H, WCH,), 1.26 [s, 7H,
CipsoMes(CD;H)], 1.29 (s, 9H, CH,CMes), 1.58 (s, 15H, CsMes), 4.38 (d, Juu = 11.6, 1H,
WCHS,), 7.29 (d, *Juyy = 7.8, 2H, ArH), 7.78 (d, *Jun = 7.9, 2H, ArH). *H{'H} NMR (77 MHz,
CeHe) & 1.26 [br s, CMey(CD,H)].
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5.2.17 Thermolysis of Cp*W(NO)(CHDCMe;)[CD;Si(CD3)3] (2.9-d;;) in Si(CHz)4

A solution of 2.9-d;, in ~0.5 mL of tetramethylsilane was heated in a J. Young NMR
tube at ~70 °C for 2 d. Neither reaction nor H/D exchange could be detected in the 'H and

’H{'H} NMR spectra of a C¢Dg sample of the crude reaction mixture.
5.2.18 Thermolysis of Cp*W(NO)(CH,;CMe;)(CH;3) (2.10)

To a C¢Dg solution (~0.5 mL) of freshly sublimed 2.10 in a J. Young NMR tube was
added PMe; (~1.2 equiv) by vacuum transfer. An immediate color change from dark red to
yellow resulted. Inspection of the 'H NMR spectrum at room temperature revealed the presence
of an equilibrium mixture containing Cp*W(NO)(CH,CMe;)(CH3)(PMes), 2.10, and free PMe3;
Only one isomer of Cp*W(NO)(CH,CMes)(CH;3)(PMes) was detected at 400 MHz, namely that

in which the PMe; is coordinated between the methyl and nitrosyl ligands.

Cp*W(NO)(CH,CMe;3)(CH3)(PMe;): "H NMR (400 MHz, CsDs) 8 0.00 (d, *Jyp =
16.7, 3H, WCHa), 0.61 (dd, 2y = 11.5, *Jup = 5.9, 1H, WCH,), 1.03 (d, “/up = 8.7, 9H, PMe3),
1.42 (d, 2Ju = 11.5, 1H, WCH3), 1.52 (s, 9H, CMe;), 1.54 (s, 15H, CsMes). *C{'H} NMR (75
MHz, C¢Ds) 8 9.8 (CsMes), 11.6 (d, 'Jep = 28, PMes), 12.8 (d, Jcp = 21, 'Jeu = 128, WCH3),
35.4 (CMe), 38.4 (CMes), 54.6 (d, *Jcp = 11, 'Joy = 120, WCHS>), 106.0 (CsMes). *'P{'H}
NMR (202 MHz, C¢D¢) 6 -17.4 (‘Jpw = 140). NOEDS (400 MHz) irrad. at 0.00 ppm, NOEs at
80.61 and 1.03; irrad. at 0.61 ppm, NOEs at 6 0.00 and 1.42; irrad. at 1.03 ppm, NOEs at $ 0.00
and 1.54.

When THF-dg was used in place of C¢Dg as solvent, an immediate color change from
dark red to yellow also resulted. Thermolysis of this mixture to 70 °C in the dark showed no
noticeable reaction after 2 days. After an additional 3 d at ~85 °C, traces of 3.4 (W=CH 3
11.25) was detected by 'H NMR spectroscopy (Ce¢Ds) along with similar amounts of

unidentified 'decomposition products, which displayed broadened peaks in the Cp* region. No

methylidene products were observed.
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5.2.19 Thermolysis of Cp*W(NO)(CH,CMe;3)(CgDs) (2.11-ds) in C¢Dy

A Cg¢Dg solution (~0.4 mL) of 2.11-ds in a J. Young NMR tube was prepared. The tube
was then placed in an NMR probe at 70 °C. 'H NMR spectra were acquired at regular time
intervals over the course of ~10 h. Although a small amount of decomposition was observed,

neither arene exchange nor H/D scrambling was evident.
5.3 Results and Discussion
5.3.1 Isotopic Labeling Studies

The most straightforward mechanism for the thermal decomposition and C-H activation
reaction of Cp”W(NO)(CH,CMe;), [Cp’ = Cp (2.1), Cp* (2.4)] is that shown in Scheme 5.1.
Because this reaction sequence involves both C—H bond scission and formation, valuable
mechanistic information may be obtained by replacement of the migrating hydrogen with
deuterium. In this context, two types of deuterium-labeling experiments have been carried out

in order to probe this mechanistic possibility.

Scheme 5.1
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First, thermolysis of 2.4 in neat Me4Si-d); at ~70 °C for 2.5 d reéuits in the quantitative
formation of neopentane and the mixed bis(alkyl) complex
Cp*W(NO)(CHDCMe;3)[CD,Si(CDs3)s] (2.9-dy2) in which a deuterium is incorporated into the
o-position of the neopeﬁtyl ligand (Scheme 5.2). Similarly, thermolysis of 2.4 in neat C¢Dg at
~70 °C for 2 d produces the phenyl neopentyl derivative Cp*W(NO)(CHDCMe;)(CqDs) (2.11-
dg) in which the a-carbon of the neopentyl ligand is monodeuterated. Minor resonances
downfield of the Cp* region are also detected in the 'H NMR spectrum in this case and are
assignable to products arising from slow decomposition of 2.11-ds during the late stages of the
reaction (see later). For both complexes 2.9-dy; and 2.11-dg, analysis of the crude product
mixture by NMR spectroscopy indicates that only one of the neopentyl methylene protons is
replaced by deuterium. Particularly indicative of the structures illustrated in Scheme 5.2 is the
'H NMR resonance of the remaining proton, which appears as a singlet and is shiffed upfield
relative to the resonance observed in the unlabeled complex by ca. 0.07 ppm for 2.9-d;; and
0.14 ppm for 2.11-d¢. Thus, although no intermediates could be detected when the reaction with
CeDs was followed by 'H NMR spectroscopy, these results unambiguously demonstrate that
[Cp*W(NO)(=CHCMes;)] is a key intermediate in the thermal decomposition of 2.4, that (in

agreement with the results of the trapping reactions with phosphines and certain alkenes) the
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neopentylidene moiety is anti with respect to the Cp* ligand, and that 2.9-d;, and 2.11-d, are
formed as a result of a cis C—D addition across the tungsten-carbon double bond in this

unobserved unsaturated intermediate.

In the second type of deuterium-labeling study, the preparation and thermal
decomposition of the o-deuterated derivatives Cp”W(NO)(CD,CMe;), [Cp’ = Cp (2.1-dy), Cp*
(2.4-d4)] were carried out. The preparation of 2.1-d4 and 2.4-d, can be carried out in a manner
analogous to that for 2.1 and 2.4 using (Me;CCD,),Mg-(dioxane) as the alkylatingAagent. These
deuterium-containing compounds, however, undergo H/D exchange with Et,O/pentane and
Et,O/hexanes when filtered slowly through alumina I. Their purification therefore is best
achieved by filtration of the crude product mixtures through Celite followed by crystallization.
For both compounds, the methylene resonances were the only signals observed in the
?H{'H}NMR spectrum. No corresponding methylene signals were observed in the "H NMR

spectrum, indicating an isotopic purity of at least 98%.

To determine the fate of the o-hydrogen abstracted and the source of the hydrogen
consumed in converting one neopentyl group to neopentane, the thermal decompositions of 2.1-
d, and 2.4-d, were performed in THF in the presence of excess PMe; for 2-3 d at 65 °C and 75
°C, respectively. As can be seen from Scheme 5.3 and Table 5.1, analysis of the crude reaction
mixtures by 'H and *H NMR spectroscopies and the organic volatiles by GC/mass spectrometry
shows the formation of Cp”W(NO)(=CDCMe;)(PMes) and neopentane-ds as the major products
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in these reactions. In each case, small quantities of Cp”W(NO)[=CHCMe,(CD3)](PMes) and
neopentane-d; are also observed, with the latter constituting 17—-18% of the neopentane mixture.
A reasonable explanation for these observations is that loss of neopentane from 2.1-d,; and 2.4-
d4 occurs reversibly during the course of the thermolysis and that this process involves an o~
hydrogen abstraction/elimination pathway in which an o-deuterium (hydrogen) from one
neopentyl group is transferred to the o-carbon atom of the other. Since neopentane-d; is not
observed as a product, it can also be concluded that neither ring metalation nor y-hydrogen

activation is a competitive side-reaction.

Table 5.1. Isotopic Composition of Neopentane Derived from Thermal Decompositions of 2.1-

d4 and 2.4-d4

isotopic composition of neopentane (%)*

compd reaction medium -dy’ -d) -d’ -dy
2.1-d, THF, excess PMe; 2 17 4 77
2.4-d, THF, excess PMe; 0 18 3 79
2.4-d, neat PMe; 0 10 0 90

“These are estimates derived directly from the GC-MS data (see the Appendix); they are not corrected for isotopic

impurities present in the starting materials. “These percentages are within experimental error.

Further evidence that loss of neopentane occurs reversibly during the thermolysis of 2.1
and 2.4 comes from reaction of 2.4-d; with C¢Dg. When 2.4-d, is heated in neat C¢Dg at 70 °C,
H/D exchange between the o~ and y-positions of the neopentyl ligands in 2.4-dy is again found
to occur, as judged by 'H and 2H{ 'H} NMR spectroscopies. Concurrently, neopentane and the
benzene-activated isotopomer Cp*W(NO)(CD,CMe;)(C¢Ds) form. A small quantity of
Cp*W(NO)[CHDCMe,(CD3)](CsDs) is also observed with deuterium incorporated into the

same O-position as that described above for 2.11-dg. This is based on the observation that the

W-CHD resonance appears exclusively as a low-intensity broad singlet at 8 4.37. This

demonstrates that the thermal decomposition of 2.4-d, proceeds by an o-H abstraction route
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wherein isotopic label scrambling between the o- and y-positions of the neopentyl ligands

occurs prior to product formation.

The H/D exchange described above in principle could occur inter- or intramolecularly as
depicted in Scheme 5.4. Path A can be discounted since thermolysis of 2.4 (70 °C, 16 h) in THF
in the presence of excess PMes (>10 equiv) and 5 equiv of Me4Si or C¢Dg produces
Cp*W(NO)(=CHCMe;)(PMes3), with no detectable products resulting from intermolecular
C-H(D) activation. This is not unexpected and can be attributed to the fact that the added
hydrocarbon in each case is too low in concentration to compete with PMes for reaction with
intermediate [Cp*W(NO)(=CHCMes)]. The possibility of a solvent-caged mechanism (i.e. path
B) can also be tested by a competition experiment. When 2.4-dy is heated to 75 °C in neat
PMes;, Cp*W(NO)(=CDCMe;)(PMes) is observed with detectable proton incorporation in the o-
position. In addition, the neopentane produced is approximately 90% ds and 10% d, as
determined by GC/MS analysis (see Table 5.1). This strongly suggests that neopentane does not
react as a solvent-caged species. More likely is that the H/D exchange occurs intramolecularly
via path C. According to this path, the starting bis(neopentyl) does not decompose to give
[Cp*W(NO)(=CDCMe;)] directly. Rather, the initial step involves reversible formation of the
g-complex, [Cp*W(NO)(=CDCMe3)(n2-D—CD2CMe3)]. The observation of neopentane-d|, in
addition to the expected neopentane-ds, indicates that the metal in this complex also migrates
readily and intramolecularly from complexation with an 0-C—D bond to complexation with a y-
C-H bond with eventual formation of Cp*W(NO)(CHDCMes)[CH,CMe,(CD3)]. It also
strongly suggests that this exchange process occurs competitively with loss of neopentane from
[Cp*W(NO)(=CDCMe;3)(1>-D-CD,CMe3)] and that the latter process is irreversible. This
leads to formation of the [Cp*W(NO)(=CDCMej3)] intermediate, which then coordinates PMes

or another (and more concentrated) hydrocarbon.
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Scheme 5.4
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5.3.2 Isotope Effect Studies

Additional evidence that an intermediate alkane G-complex exists along the pathway by
which 2.1 and 2.4 eliminate neopentane comes from studies of the isotope effects on the reverse
reaction, i.e., the C—H activation reaction of [Cp*W(NO)(=CHCMej3)]. The isotope effects on
the C—H activation reaction of [Cp*W(NO)(=CHCMe;)] were measured as shown in Scheme
5.5. Thermolysis of 2.4 in a mixture of 1:1 C¢Hg/CDs at 70.0 °C for 1.5 d results in the
formation of the benzene C—H and C—D activation products, 2.11 and 2.11-d. By integration of

the methylene proton signals at 8 4.50 and 4.37 (Figure 5.1A), the ratio of 2.11 to 2.11-dg, was

found to be 1.05(5):1. Similarly, the thermolysis of 2.4 in 1,3,5-C¢H3D; at 70.0 °C for 1.5 d
produces Cp*W(NO)(CH,CMe3)(2,4,6-C¢HoD3) (2.11-d3-H) and Cp*W(NO)(CHDCMe;)(3,5-
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Scheme 5.5
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CeH3D») (2.11-d5-D). The ratio of the benzene products in this case (Figure 5.1B) is 1.35(5):1,
indicating a slight preferential activation of a C—H bond over a C-D bond. An analogous result
is obtained when (CHj3),Si(CDjs); is substituted for 1,3,5-C¢H3Dj as solvent. (CH3),Si(CD3),
was prepared in a straightforward manner as shown in eq 5.1. Thermolysis of 2.4 in
(CH3),Si(CD3), at 70.0 °C for 1.5 d leads to the formation of
Cp*W(NO)(CH,CMe;)[CH,Si(CH3)(CDs3)2] (2.9-de-H) and
Cp*W(NO)(CHDCMe;)[CD,Si(CH3)2(CDs)] (2.9-d3-D) in a 1.35(5):1 ratio by integration of the

methylene proton resonances at 8 3.27 and 3.20, respectively.
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Figure 5.1. 500-MHz 'H NMR spectra of the methylene regions of (A)
Cp*W(NO)(CH,CMes)(CsHs) (2.11) and Cp*W(NO)(CHDCMe;)(CeDs) (2.11-dg) and (B)
Cp*W(NO)(CH,CMe;)(2,4,6-C¢H,D3) (2.11-d5-H) and Cp*W(NO)(CHDCMe;)(3,5-C¢H3Dy)
(2.11-d5-D).

Each of the experiments outlined in Scheme 5.5 was carried out under conditions that
ensure that once C—H or C-D cleavage has occurred isomerization of the initially formed
product is not followed. The observed product ratios therefore reflect the kinetic isotope effects
for activation of benzene and tetramethylsilane by [Cp*W(NO)(=CHCMe;)]. This demonstrates
that a small but real isotope effect (ky/kp = 1.35(5)) is observed when [Cp*W(NO)(=CHCMej)]
has to compete for C—H/C—D bonds in the same molecule. When the C—H/C-D bonds belong
to separate molecules, the isotope effect (ky/kp = 1.05(5)) is negligible, if present at all. These

results require that direct C—H bond addition across the tungsten neopentylidene moiety is not

occurring and that an intermediate 6-complex is involved. The involvement of an intermediate
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o-complex allows the C—H(D) bonds in the same molecule to coordinate interchangeably with
the metal center prior to bond activation. Since the zero-point energy of a C—H bond is higher
than that of a C—D and since this energy difference is greatest when the two bonds are terminal,
there is a thermodynamic preference for the former to coordinate to the metal and undergo

subsequent bond cleavage.

Similar isotope effects have been reported by Jones et. al., Bergman et. al., and Flood et.
al. for the thermal activation of benzene by [Cp*Rh(PMes)], [Cp*Ir(PMes;)(17°—C3Hg)], and
[CnRh(PMe3)][BAr,] [Cn = 1,4,7-trimethyl-1,4,7-triazacyclononane; Ar = C¢H3-3,5-(CF3),],
respectively. Bergman and Flood proposed that their observed isotope effects could be due to
initial formation of either a G-complex or an 1°-arene complex. Jones and Feher, on the other
hand, postulated the intermediacy of an 1>-arene complex for their reactions. As additional
evidence, they found that when benzene is replaced by p-di-tert-butylbenzene, an n* complex
can be directly observed by "H NMR spectroscopy at low temperatures. In the activation of
benzene by [Cp*W(NO)(=CHCMes)], the presence of an intermediate n’-arene complex would
provide a lower energy pathway for the interconversion of one o-complex to another.
Unfortunately, such a species can neither be proved nor disproved based on the observed kinetic
isotope effects discussed above. The fact that the ky/kp values for reactions with 1,3,5-C¢H;D;

and (CHs3),Si(CDs), are identical may simply be coincidental.
5.3.3 Kinetic Studies

Kinetic studies were carried out on the thermal decomposition of CpW(NO)(CH,CMe;),
(2.1) and Cp*W(NO)(CH,CMe;); (2.4) in THF and cyclohexane in the presence of greater than
5-fold excess of phosphine, where phosphine = PMes;, PMe,Ph, or PEt;. The rates of
disappearance of 2.1 and 2.4 were measured by UV-vis spectroscopy by monitoring the
decrease in absorbance intensity at 486 nm; measured rate constants are given in Tables 5.2 and

5.3. In all cases examined, the rates of decomposition were first-order in metal complex for >3

half-lives and showed no dependence on the concentration and nature of added phosphine.
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Table 5.2. Rate Constants for the Decomposition of 2.1 and 2.4 as a Function of Phosphine and

Phosphine Concentration

entry compd’ solvent temp (°C)>  phosphine  [phosphine] (M) kops (s7)°
1 2.4 cyclohexane 91.0 PMe; 0.0032 4.84(10) x 10™
2 91.0 PMe; 0.016 4.72(7) x 10*
3 91.0 PMe; 0.16 4.55(7) x 10™*
4 2.4 THF 81.5 PMe; 0.016 2.16(4) x 10
5 81.5 PMe,Ph 0.016 2.30(3) x 10
6 81.5 PEt; 0.016 2.13(2) x 10™
7 2.1 THF 81.0 PMe; 0.016 5.72(5) x 10™
8 81.0 PMe,Ph 0.016 5.75(4) x 10™
9 81.0 PEt; 0.016 5.52(4) x 10™

“[organometallic] ~ 5.2 x 10 M. ®Error ~ 1 °C. “Entries 1-3 were obtained from 2-3 runs and entries 4-9 were

obtained from 3-4 runs; errors were calculated acc ording to [2(s)*]"¥n, where s, is the standard deviation of k;.

Comparison of the rate data of entries 4 and 7 of Table 5.2 indicates that 2.4 decomposes slower

than 2.1 by a factor of ca. 2.7 (Figure 5.2); the latter in turn decomposes at a rate ca. 10 times

slower than the previously reported CpMo(NO)(CD,CMes;),"” system.
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Figure 5.2. Representative first-order kinetic plots for the decomposition of 2.1 (®) and 2.4 (W)
in THF in the presence of excess PMej at 81 °C.

For both compounds 2.1 and 2.4, the decomposition is slightly faster in THF solvent
than in cyclohexane (Table 5.3). By arbitrarily setting the ko value derived from reaction in
cyclohexane at 81 °C to 1.0, the relative rates of decomposition of 2.1 and 2.4 in THF are 2.7
and 1.3, respectively. These results stand in contrast to the rate of decomposition of
CpTa(CH2CMe3)2C1218 reported by Schrock and co-workers, which is slowed by donor solvents,
and to the rate of decomposition of CpMo(NO)(CD,CMes),,'® which is invariant to changes in

solvent polarity and donor ability.
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Table 5.3. Rate Constants for the Thermal Decompositions of 2.1 and 2.4 in the Presence of

Excess PMe;*

entry compd® temp (°C)*  solvent kops (s7')° solvent kaps (s)°
1 2.4 715 THF  843(11)x 10°  cyclohexane 5.23(3)x 10”
2 81.5 2.16(4) x 10 1.67(2) x 10™
3 91.0 5.61(8) x 10" 4.58(5) x 10™
4 99.0 1.20(6) x 107 1.23(2) x 107
5 2.1 62.0 THF  8.74(12) x 10°  cyclohexane 2.46(1) x 10
6 71.0 2.31(5) x 10™ 6.48(3) x 107
7 81.0 5.72(5) x 10™ 2.092) x 10™
8 90.0 1.42(4) x 107 4.90(7) x 10

“[organometallic] ~ 5.2 x 10 M. *Error ~ 1 °C. “Obtained from 3-4 runs; errors were calculated according to

[2(s)°1"*/n, where s; is the standard deviation of k;.

The rates of thermal decomposition of 2.1 between 60 and 90 °C and of 2.4 between 71
and 99 °C in THF and cyclohexane gave linear Eyring plots as shown in Figure 5.2. From these
plots, the activation parameters listed in Table 5.4 were determined. The close to zero entropies
of activation for both 2.1 and 2.4 in cyclohexane are comparable to those observed by Bercaw
and co-workers for the a-hydrogen transfer reactions involving Cp*M(CH;R); compounds [M =

Ti (AS* = -2.85(71) eu),"”” Hf (AS* = 1(3) eu)*®], and suggest that there is little reorganization on

approach to the transition state in this solvent.
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Figure 5.3. Eyring plots for the thermal decompositions of 2.1 (®) and 2.4 (M) in cyclohexane

in the presence of excess PMes.

Table 5.4. Activation Parameters for the Thermal Decompositions of 2.1 and 2.4 in THF and

Cyclohexane in the Presence of Excess PMe;*

Entry  compd® solvent AH* (keal/mol)® AS* (eu)**
1 24 THF 24.0(2.2) -7.9(6.1)
2 cyclohexane 28.3(3.5) 3.6(9.8)
3 2.1 THF 23.3(1.7) -7.9(4.9)
4 cyclohexane 25.1(2.1) -4.8(6.1)

“[Organometallic] ~ 5.2 x 10 M. °Errors are 95% confidence limits. °1 eu=1 cal/K-mol =4.184 J/K-mol.

An examination of the kinetics of the thermal decomposition of CpW(NO)(CD,CMes);,
(2.1-dy) and Cp*W(NO)(CD,CMe;); (2.4-dy) reveals a decrease in rate compared to 2.1 and 2.4
(Table 5.5). Atca. 81 °C, the ku/kp values for decompositions of 2.1/2.1-d4 and 2.4/2.4-d, in
THF are 2.86 and 2.50, respectively, indicating that an o-C—H(D) bond is being broken in the

transition state of the rate-determining step. These isotope effects are smaller than values of
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3-5,°*?! which are generally observed for simple intramolecular o-hydrogen abstraction
reactions. They are, however, similar in magnitude to those reported for the thermal
decompositions of Cp*,Ti(CHs), (ku/kp = 2.92(10) at 110 °C)'® and Ta(CH,CMes)s (ku/kp = 2.7
at 60 °C).22 A common feature of Cp*,Ti(CH3); and Ta(CH,CMe;)s is that when deuterium is
substituted for hydrogen in the o-position of the alkyl groups, they undergo alkane elimination
not only by a-deuterium abstraction but also by ring metallation and y-hydrogen abstraction,
respectively. The slightly reduced ky/kp values observed in these reactions therefore can be

ascribed to the lack of kinetic contributions from these side reactions.

In contrast to Cp*,;Ti(CDj3), and Ta(CD,CMes)s, abstraction of a y-hydrogen or a
hydrogen from a Cp or Cp* ring is not observed in the thermal decompositions of
CpW(NO)(CD,CMes), (2.1-d,) and Cp*W(NO)(CD,CMes), (2.4-dy) (see above). Instead,
thermolyses of these tungsten complexes show that H/D exchange between the - and -
positions of the neopentyl ligands, leading to formation of
Cp’W(NO)(CDHCMe;)[CH,CMe,(CD3)], occurs competitively with loss of neopentane-d;
from the starting compounds. The origin of the normal but relatively small isotope effects
observed in the decomposition of Cp’W(NO)(CD,CMej3), therefore is due to the kinetic
contribution from loss of neopentane from Cp’W(NO)(CD,CMes), and
Cp’W(NO)(CDHCMe;)[CH,CMe,(CDs)]. Since the latter species can only undergo o-C-H

bond cleavage, the overall deuterium isotope effect is diluted by its decomposition.

Table 5.5. Rate Constants for Thermolyses of 2.1-d;and 2.4-d4 in the Presence of Excess PMe;

compd* solvent ~ temp (°C)° kops (s1)° kulkp

2.1-d, THF 81.5 2.00(4) x 10™* 2.86(6)
2.4-d, THF 81.5 8.64(24) x 107 2.50(8)
2.4-d, cyclohexane 91.0 1.92(3) x 10 2.39(5)

“[Organometallic] ~ 5.2 x 10* M. °Error ~ 1 °C. “Obtained from duplicate runs; errors were calculated according

to [Z(si/ki)z] l/Z(kH/kD), where s; is the standard deviation of %;.
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5.3.4 Thermolyses of Other Cp’W(NO)(R)(R’) Complexes: Qualitative Observations

In the preceding chapters it was shown that the benzyl neopentyl complexes,
Cp*W(NO)(CH,CMe3)(CHAr) (Ar = Ph, C¢Hjs-0-Me, CsHy-m-Me, C¢Hy-p-Me) also
decompose by o-hydrogen abstraction to give neopentane. Significantly, it was found that
while the benzyl, m-methylbenzyl, and p-methylbenzyl complexes decompose cleanly and
readily at a rate that is comparable to that of 2.4 (i.e., 1.5-2 d at 70 °C), the o-methylbenzyl
complex decomposes partially (<20%) and rather messily under similar conditions. Two
features of these results are significant. First, although the neopentyl but not the benzyl ligand
is involved in a-agostic bonding (see Chapter 2), a-hydrogen abstraction from a benzyl ligand
is more facile than o-hydrogen abstraction from a neopentyl ligand. This selectivity presumably
is driven by the breaking of a relatively weak W—neopentyl bond and the formation of a strong
W=C(H)Ar bond. Second, even when the benzyl methylene hydrogens are hindered by o-
methyl substitution, a-hydrogen abstraction from the neopenty! ligand does not take place. This
result suggests that the presence of an ¢-agostic interaction in the ground state structure is not a

prerequisite for the cleavage of an a-C—H bond.

To gain additional insight into the structural features which determine the thermal
reactivity of other Cp”W(NO)(R)(R’) complexes, the thermolyses of the bis(alkyl) and alkyl aryl
complexes Cp*W(NO)(CH,CMes)(CH,CMe,Et) (2.7) (described in detail in Chapter 4),
Cp*W(NO)(CH,CMe;)(CH,CMe,Ph) (2.8), Cp* WINO)(CHDCMe3)[CD;Si(CDs)s] (2.9-d12),
Cp*W(NO)(CH,CMe;)(CH3) (2.10), and Cp*W(NO)(CH,CMes)(CeDs) (2.11-ds) were carried
out. Qualitatively 2.7 and 2.8 decompose at a rate comparable to that observed for 2.4, whereas

the sterically less bulky 2.9-d1;,2.10 , and 2.11-d;s are significantly more stable.

As noted in Chapter 4, thermolysis of 2.7 in THF in the presence of excess PMej at
70-75 °C for 1.5 d produces a mixture containing as the major (and only identified) products
Cp*W(NO)(=CHCMe;)(PMes) (3.4) and Cp*W(NO)(=CHCMe,Et)(PMes) (4.7) in a ratio of
~1:1, and Cp*W(NO)(PMe;),, whose mechanism of formation is not yet known (eq 5.2). Under

similar reaction conditions, thermolysis of the neophyl neopentyl complex 2.8 at 75 °C
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overnight in the presence of excess PMej results in the formation of a yellow-orange mixture
containing the ortho-metalated complex Cp*W(NO)(CH,CMe,-0-CcH4)(PMe;) (5.1) as the
major product (eq 5.3). The minor products, formed in trace amounts and identified on the basis
of their '"H NMR spectral data, are 3.4 and a 1.4:1 mixture of m- and p-
Cp*W(NO)(CH,CMes)(CeHsCMes) (5.2). Complex 5.1 was isolated as yellow-orange blocks
in 30% yield. Its structure was confirmed by X-ray diffraction. As shown in Figure 5.4, the
ORTEP diagram of 5.1 clearly shows that the phenyl ring is orthometalated. The W(1)-C(18)
and W(1)—-C(11) bond lengths are 2.244(5) and 2.236(4) A, respectively, and are slightly longer
than those in previously characterized CpW(NO)(CH;CMe;-0-CsH4)(NCMe) (2.232(8) and
2.201(8) A).? In addition, the PMej is coordinated cis to the W—C(sp?) bond, and not cis to the
W—C(sp°) bond as observed for the NCMe ligand in the Cp compound.

vl e

W---NO ¥ W
Me [\ > PMes KII\I PMe;
e Mo ) MeiC N
In PMe, _ (5.3)
| > 5.1 3.4
Me;C N CMe,ph 10T
4 @
2'8 W CMe3
+ ( i ~
N
Me3C O

52 (mp=14:1)




186

W(1)-N(1) 1.793(4)
W(1)-P(1) 2.5089(11)
W(1)-C(18) 2.244(5)
W(1)-C(11) 2.236(4)
N(1)-0(1) 1.216(5)
C(17)-C(18) 1.539(7)
C(11)-C(12) 1.498(7)
W(1)-N(1)-O(1) 174.6(4)
N(1)-W(1)-C(11) 115.74(19)
N(1)-W(1)-C(18) 84.47(19)
N(1)-W(1)-P(1) 77.30(13)
C(17)-C(18)-W(1) 112.8(3)

Figure 5.4. ORTEP diagram and selected bond distances and angles of complex
Cp*W(NO)(CH,CMe,-0-CeHa)(PMes) (5.1).

To determine whether 5.1 is formed by 8-hydrogen abstraction in unobserved
intermediate, [Cp*W(NO)(=CHCMe,Ph)], the a-deuterated complex
Cp*W(NO)(CH,CMe;3)(CD,CMe,Ph) (2.8-d;) was prepared and its thermal reactivity
examined. The thermolysis of 2.8-d; was carried out in THF in the presence of excess PMe;
and afforded a mixture containing 3.4,5.1- d;, and 5.2-d; in yields similar to those observed in
the reaction of 2.8 (eq 5.4). Complex 5.2-d, was isolated in >90% purity by chromatography on
alumina I and characterized by 'H and “H{'H} NMR spectroscopies. Complex 5.1-d; was
isolated by crystallization from Et,O and characterized by mass spectrometry and by 'H,
*H{'H}, and BC{'"H}NMR spectroscopies. Key to the identification of 5.1-d; is the absence of
methylene resonances in its '"H and ?C NMR spectra and the presence of a peak (m/z 559)
corresponding to the molecular ion in its EI mass spectrum. This demonstrates that 5.1-d, is
formed as a result of metalation at the d-position of the neophyl ligand, followed by
coordination of PMes, and that a-hydrogen abstraction from CH,CMe; and 8-hydrogen
abstraction from CH,CMe,Ph are competitive processes in the thermal decomposition of 2.8.

The observation that -hydrogen abstraction from a neophyl ligand is preferred over a-hydrogen
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W--NO  + W
NG N
Me \ ~PMe; KI'\I PMe;
Me” Y MesC o
- 5.4)
w._ D PMe (
' D > 5.1-d, 3.4

Me;C & CMe,Ph

: ﬁi
2.8-d, CMe,(CD,H)

+ W

Me3C 161

5.2-dy (m:p = 1.4:1)

abstraction is not without precedent. The thermal decompositions of (dppe)Pt(CH,CMe,Ph),**
and CpV(CHZCMezPh)z(PMeg),25 for example, have been shown to cyclometalate exclusively
through 6-H activation. In the case of 2.8, 8-H activation is preferred even though both alkyl
ligands are involved in a-agostic bonding with the metal (see Chapter 2). This kinetic

preference presumably is driven by the formation of a strong M—C(aryl) bond.

In contrast to the above bis(alkyls), Cp*W(NO)(CHDCMe;)[CD,Si(CD3)s3] (2.9-d12)
shows no evidence of decomposition or H/D scrambling analogous to that observed for 2.4-d4
after a sample was heated in neat Me4Si at ~70 °C for 2 d. In the case of
Cp*W(NO)(CH,CMe;)(CH;) (2.10), it reacts instantaneously with PMejs in either C¢Dg or THF
at ambient temperature to give a yellow solution whose "H NMR spectrum is consistent with the
formation of Cp*W(NO)(CH,CMe;)(CH3)(PMes) as an equilibrium mixture (eq 5.5). Only one
isomer of Cp*W(NO)(CH,CMes)(CH3)(PMes) is formed, namely that in which the PMe; is cis.
to the methyl and nitrosyl ligands, according to NOE difference data. Like 2.9-d13, both 2.10
and its PMe; adduct are fairly stable thermally. They decompose partially in THF at ~85 °C for
3 d to give traces of Cp*W(NO)(=CHCMe;)(PMes) (3.4) and unidentified products. Although
the methylidene complex Cp*W(NO)(=CH,)(PMe3) was not apparent in the '"H NMR spectrum
of the crude reaction mixture, it is possible that [Cp*W(NO)(=CH;)] was also generated but that

this species was too reactive to be trapped by PMe;. Thus it appears that while o-abstraction of
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W + PMe; =—= w--No —> 34 (5.3)

" >Me O\ PMe

N THF \ 3 + others
MC3C O M e3C Me

alkane occurs readily in 2.4, 2.7, 2.8, and certain neopentyl benzyl derivatives, this process is at
best sluggish for 2.9-d;; and 2.10 under similar experimental conditions. While it can be argued
that loss of tetramethylsilane from 2.9-dy, or methane from 2.10 is highly unfavorable because it
would involve the breaking of fairly strong M—CD,Si(CDs); and M—CHj3 bonds,* the reason
why these complexes do not undergo facile loss of neopentane as observed for

Cp*W(NO)(CH,CMes3)(CH,Ar) is at present unclear.

Finally, in the above section it was shown that thermolysis of 2.4 in C¢Dg at 70 °C
results in the formatidn of Cp*W(NO)YCHDCMe3)(C¢Ds) (2.11-dg). To determine whether
benzene is activated reversibly, the thermolysis of isotopically labeled
Cp*W(NO)(CH,CMes)(Ph-ds) (2.11-ds) was investigated. This compound was prepared as
shown in eq 5.6 by taking advantage of the acidic nature of the agostic C—D bond. The
thermolysis of 2.11-ds was carried out in neat C¢Dg and monitored periodically by '"H NMR
spectroscopy at 70 °C. Throughout the course of the thermolysis (~10 h), slow decomposition
was evidenced by the appearance minor peaks in the Cp* region. Arene exchange and H/D
exchange between the neopentyl and phenyl ligands, however, were not observed. This result
demonstrates that 2.11-ds does not decompose by an a-hydrogen abstraction pathway,
presumably because this would require the breaking of the strong M—C(aryl) bond. To gain
additional insight into the thermal decomposition of 2.11, the thermolysis of 2.4 in C¢Ds was
carried out at 70-75 °C for 3 d. The organic volatiles were then analyzed by GC/MS, which
indicated the presence of neopentane-dy, -d|, and d, in approximately 81%, 11%, and 7% yields,
respectively. The formation of neopentane-d, and -d, strongly suggests that

Cp*W(NO)(CHDCMe;)(Ph-ds) (2.11-ds) decomposes by two competitive pathways, namely

ring metalation and B-hydrogen abstraction.
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@ d alumina I @ d
DLW > — AW _C (56)
YI’\I hexanes YII\I
Me3C ) Me3C O
2.11-dg 2.11-dy

5.4 Conclusions

The thermal decompositions of the bis(neopentyl) complexes Cp’W(NO)(CH,CMe3),
have been shown to proceed by a reversible, rate-determining formation of a neopentane o-
complex, [Cp’W(NO)(=CHCMe3)(n2-H—CH2CMe3)], in which the metal can coordinate
interchangeably to the - and y-C—H bonds of the neopentane molecule. Concurrently,
neopentane dissociates irreversibly from the metal center to give the 16-electron intermediate,
[Cp”W(NO)(=CHCMes)], which can coordinate to another hydrocarbon or to a Lewis base such
as PMe;.

Comparison of the relative rates and products of the thermal decompositions of 2.7, 2.8,
2.9-dy, 2.10 and 2.11-ds with those of 2.4 and the benzyl neopentyl complexes
Cp*W(NO)(CH,CMej;)(CH,Ar) demonstrates that (1) 2.4 and the benzyl neopentyl complexes
are unstable with respect to neopentane loss by o-hydrogen abstraction, (2) 2.7 and 2.8
decompose at a rate comparable to that of 2.4 but give several products as a result of
competitive a-hydrogen abstraction from CH,CMe; and CH,CMe,Et and competitive o-
hydrogen abstraction from CH,CMes and d-hydrogen abstraction from CH,CMe,Ph, and (3)
2.9-d;,, 2.10, and 2.11-ds are thermally robust; thermolysis of 2.10 and 2.11-ds at extended
times demonstrates that o-hydrogen abstraction resulting in loss of neopentane is a very minor

reaction at best.
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APPENDIX

Table Al. Selected IR Spectral Data for Complexes 2.1-2.11°

Nujol KBr

cmpd R R’ VNO Vean Vno VcoH

2.1 CH,CMe; CH,CMe; 1558 (s) 1555 (s)

2.2 CH,CMe,Ph CH,CMe,Ph . 1554 (s) 2690, 2719 (br) 1560 (s) 2690, 2719 (br)

2.3 CH,SiMe; CH,SiMe; 1596 (s) c

24 CHyCMe; CH,CMe; 1551 (s) 1551 (s)

2,5 CH,CMe,Ph CH,CMe,Ph 1547 (s) 2478 (sh w) 1551 (s) 2478 (shw)

2.6 CH.SiMe; CH,SiMe; 1549 (s) c

2.7 CHxCMe; CH,CMe,Et 1576 (s) 1554 (s)

2.8 CH,CMe; CH,CMe,Ph 1574 (s) 1557 (s) |

2.9 CH,CMe; CH,SiMe; 1553 (s) 1552 (s) '
210 CH,CMe; CH;, ‘ 1587 (s) . 1551 (s)

2.11  CH,CMes Ph 1547 (s) 2529 (br w) 1551 (s)

% incm”. ®Not observed. “Not determined.

0.7

Figure Al. Plot of the kinetic data for
the products of the thermolysis of 2.4 in
neohexane in the presence of excess
PMes;: Cp*W(NO)(=CHCMe;)(PMes)
(3.4) = ¢; Cp*W(NO)(syn-
neohexene)(PMes) (4.4gyn) = W;
Cp*W(NO)(anti-neohexene)(PMe;)
(4.4a00) = A.

Concentration (Integration Units)

0 20000 40000 60000 80000

Time (sec)
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Since kg.asyn = k3.4, ka.4anei can be calculated according to the equation: ™4 4y =
[1/(ks.4syn—ks 4ant) 110(k4.a5yn/Ks 4anti), Where 1774 45y is the time at which [4.4,y,] reaches its

maximum value.

ppm

Figure A2. 'H-"H EXSY spectrum of Cp*W(NO)(CH,CMe;)(CsHs-2,5-Mey) (2.11°) in
toluene-dg at —50 °C.

GC-MS Analysis of Neopentane-d,: Neopentane does not give a molecular ion on electron
impact; the base peak is [M — methyl]" (i.e., C4Hs, m/z 57). Assuming that (a) neopentane-ds is
solely (CH;);C(CD3), neopentane-d; is solely (CH3);C(CD;H), etc., (b) there are no isotope
effects for methyl- and hydrogen-losses, and (c) the highest mass peak in the °C corrected data
corresponds to the amount of that isotope, the isotopic distribution in the neopentanes produced
from thermolyses of 2.1-dy, 2.4-d,, and 2.11-dg can be calculated by subtracting the appropriaté
theoretical amount from all the lower mass peak totals; three such operations would give the
amounts of neopentane-ds, -d,, and -d;. The amount remaining in the m/z 57 column is due to

neopentane-dy; however, this must be normalized by multiplying by 0.75 since an m/z 57

fragment is generated 4 times out of 4 but neopentane-d,, -d», or -ds gives m/z 58, 59, and 60




o

fragments, respectively, only 3 times out of 4. See, Schrock, R. R.; Fellmann, J. D. J. Am.

Chem. Soc. 1978, 100, 3359.

Table A2. fert-Butyl Ions in the Mass Spectra of Neopentanes

a

m/z 57 58 59 60
2.1-d/ THF/PMe, 45.07 25.96 8.62 100.00
2.4-dy/THF/PMe; 37.73 28.52 7.74 100.00

2.4-d,/PMe; 32.63 14.91 5.85 100.00
2.11-dg/CeDs 100.00 ~9.60 ~6.58 0
Neopentane-dob 100.00 0.13
Neopentane-d,” 35.07 100.00
Neopentane-d,” 34.66 3.29 100.00
Neopentane-ds’ 32.66 3.30 2.71 100.00

“All corrected for *C. “Calculated spectra. Schrock, R. R.; Fellmann, J. D. J. Am.

Figure A3. "H NMR spectra of the methylene regions of (A)
Cp*W(NO)(CH2CMes)[CH,Si(CH3)(CDs),] (2.9-dg-H) and
Cp*W(NO)(CHDCMe3)[CD,Si(CH3)2(CD3)] (2.9-d5-D) [obtained from thermolysis of 2.4 in

(CH3),81(CDs),, kn/kp = 1.35(5)], and (B) m- and p-isomers of

Chem. Soc. 1978, 100, 3359.

Cp*W(NO)(CH,CMes)(C¢HsMe) and Cp*W(NO)(CHDCMes)(C¢DsMe) [obtained from
thermolysis of 2.4 in 1:1 toluene/toluene-ds, ky/kp = 1.04(5), unpublished].
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Table A6. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(CD,CMes), (2.4-d4)

X y z U(eq)
W(1) 7797(1) 1370(1) 6588(1) 27(1) 1
N(1) 5765(10) 1327(4) 6170(7) 38(2) 1
o) 4356(8) 1233(4) 5706(7) 53(2) 1
C(1) 8040(12) 2318(5) 6918(9) 42(3) 1
C(2) 6942(11) 2866(4) 6582(8) 38(3) 0.54(3)
C(3) 5199(17) 2690(10) 6230(3) 62(8) 0.54(3)
Cc4) 7240(3) 3191(11) 5466 (18) 58(8) 0.54(3)
C(5) 7180(3) 3318(11) 7654(19) 75 (9) 0.54(3)
C(2) 6942(11) 2866(4) 6582(8) 38(3) 0.46(3)
C(3") 5500(3) 2765(12) 7010(3) 60(10) 0.46(3)
C#4’) 6520(4) 2984(14) 5205(14) 66(10) 0.46(3)
C(5”) 7810(3) 3438(9) 7250(2) 54(9) 0.46(3)
C(6) 8258(11) 931(5) 8365(8) 30(2) 1
C(7) 7105(10) 768(4) 9041(9) 41(3) 1
C(8) 6009(12) 260(5) 8408(10) 56(3) 1
C(9) 7968(12) 543(5) 10351(9) 54(3) 1
Cc(10) 6131(12) 1330(5) 9222(10) 48(3) 1
cn 7958(12) 767(5) 4948(9) 39(3) 1
C(12) 8492(11) 1369(4) 4736(9) 28(2) 1
C(13) 9893(11) 1477(4) 5627(9) 32(2) l
C(14) 10245(10) 950(5) 6397(8) 29(2) 1
C(15) 9056(11) 511(4) 5971(9) 31(2) 1
C(16) 6550(12) 434(6) 4144(11) 58(3) 1
Cc(17) 7716(13) 1747(6) 3628(10) 62(4) 1
C(18) 10957(12) 2018(5) 5698(11) 52(3) 1
C(19) 11682(11) 867(6) 7436(9) 49(3) 1
C(20) 9006(13) 138(5) 6435(11) 52(3) 1
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Table A7. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(CH,CMe3), (2.4)

CX y z Ueeqd
e 7802¢3) - 137D £593(2) 22(1) -
He) 5730(2) 1318¢1) 8163¢1) 28¢1)
oy L3373 122541 5703(3) 3D
(1 BLS1(3) 323N 873012y 4y
(19>} 892903 287%5¢1) $591(2) 3¢nH
¢(3) 5143(10) 2680(5) £268(11) 54(2)
[ & ] 7140012) 31744y 5433¢10) S1¢2)
cs) 719501%) 2325¢4) ?§48(9) T2(3)
c(3) 5544 (14) 2776(5) 6962¢17) 58(3)
ct4) 6722¢32) 2053(12) 5232¢21) BLL4)
cLs%) 77541 344853 7242017 £9(3Y
L6 0302(3) 926(1) 8377¢2) 26¢1)
() 7088¢2) 768(1) 9076¢2) 251
cL8) §010(3) 259(1) 8408¢2) 43{N
cm 7960(3) S4E¢1) 10371¢2) 34¢1)
c(10) $110¢3) 1328¢1) 9223(2) 401)
ctn 7950(3) 75401 4936¢2) 28(1
ct12) 8481¢3) 1364¢1) 4723¢2) 26¢1)
£413) 9924¢2) 147841 5634(2) 26(1)
ce14). 10274(2) §$55¢1) 6511¢2) 26¢1)
¢L15) 9074(3) 59%(1) 5976(2) 26¢1)
c(16) 6565(3) 240¢1) 4126(2) 61¢H
c17) 7708¢5) 1735¢1) 3637(2) 4001y
€(18) 10975¢3) 2021 5706(3) 38¢1)
c(19) "N 878(1) 7445(2) 36(1)

CLam 0025(3) «135(D 6431¢3) 3T
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Table A8. Fractional coordinates and equivalent isotropic displacement parameters for

X y z U(eq)
w(1) 1576(1) 7500 4928(1) 28(1) 1
N(1) 3324(4) 7500 5428(3) 34(1) 1
o(1) 4412(5) 7500 5958(4) 58(1) 1
c(1) 1687(19) 6652(5) 3795(7) 39(2) 0.50
Si(1) 3091(6) 5998(3) 3944(4) 45(1) 0.50
c2) 4825(22) 6418(16) 3888(20) 76(4) 0.50
C3) 2936(27) 5389(12) 2800(16) 73(3) 0.50
C(4) 3024(21) 5459(5) 5199(12) 62(2) 0.50
cay 1815(19) 6545(5) 4037(7) 39(2) 0.50
c(1”) 3032(20) 6003(10) 3939(14) 45(1) 0.50
c2") 4479(24) 6350(16) 3691(21) 76(4) 0.50
c3) 2722(28) 5440(13) 3057(18) 73(3) 0.50
c@é) 3069(21) 5653(5) 5086(13) 62(2) 0.50
c(11) 586(4) 7128(2) 6543(2) 36(1) 1
c(12) -394(4) 6897(2) 5737(3) 43(1) |
C(13) -980(5) 7500 5230(5) 49(1) 1
C14) 1376(6) 6679(3) 7333(3) 60(1) 1
c(15) -855(7) 6157(3) 5544(6) 74(2) 1
1

C(16) -2092(7) 7500 4353(8) 91(4)
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Table A9. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(CH,CMes3)(CeHs-2,5-Me,) (2.11°)

atom . x y A B,
w(1) --0.29851(3) | 0.11513(4) . 0.20928(2) 1.509(10)
w(2) 0.22121(3) 0.11527(4) 0.28286(2) 1.597(10)
o) -0.2504(6) -0.0809(6) 0.2474(4) 3.7(2)
0(2) 0.2387(6) -0.0787(6) 0.2391(4) 3.6(2)
N(1) -0.2610(6) 0.0018(7) 0.2349(5) 2.2(2)
N(2) 0.2400(7) 0.0040(7) 0.2547(5) 3.3(3)
c(1) -0.4252(6) 0.1339(8) 0.1147(5) 1.5(2)
C(2) -0.4421(8) 0.0634(9) 0.1532(6) 2.6(3)
C@3) -0.4499(7) 0.1041(9) 0.2176(6) 2.2(3)
Cc@) -0.4329(8) 0.2020(8) 0.2112(6) 2.3(3)
C(5) -0.4207(7) 0.2198(8) 0.1484(5) 1.5(2)
C(6) -0.4261(8) 0.1265(10) 0.0443(6) 3.5(3)
c(7) -0.4623(9) -0.0347(9) 0.1353(7) 3.2(3)
C(8) -0.4751(9) 0.0568(10) 0.2756(7) 3.8(4)
C(9) -0.4405(8) 0.2728(8) 0.2654(6) 2.3(3)
C(10) -0.4076(8) 0.3136(9) 0.1210(6) 2.8(3)
c() -0.2243(7) 0.1379(9) 0.1367(6) 2.0(3)
C(12) -0.1989(8) 0.0739(9) 0.0923(6) 2.3(3)
C(13) -0.1480(8) 0.1054(10) 0.0500(6) 2.8(3)
C(14) -0.1226(8) 0.1969(11) 0.0479(6) 3.0(3)
C(15) -0.1468(8) 0.2610(9) 0.0900(6) 2.6(3)
c(16) 0.1978(7) 0.2296(9) 0.1326(5) 1.9(3)
c(17) -0.2237(10) -0.0279(9) 0.0909(7) 3.6(4)

C(18) -0.1202(8) 0.3624(10) 0.0922(6) 3.5(3)
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Table A10. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(CH,CMe3)(NMe;) (2.17)

X y z Ul(eq) SOF
w(1) 7668 (1) 9528(1) 8843 (1) 18 (1) 1 |
0(1) 4412 (5) 8430 (4) 9183 (2) 40 (1) 1 |
N(1) 5741 (5) 8789 (4) 8982 (2) 25(1) 1
N(2) 8873 (6) 8009 (4) 8613 (2) 26 (1) 1
c(1) 9528 (6) 10124 (5) 9622(2) 23 (1) 1
c(2) 9811 (6) 11026 (5) 9157 (2) 23 (1) 1
c(3) 8377(7) 11755(5) 9084 (2) 26 (1) 1
c(4) 7168 (6) 11317(5) 9490 (2) 25 (1) 1
c(s5) 7873 (6) 10266 (5) 9819 (2) 23 (1) 1
c(se) 10773 (8) 9236 (7) 9904 (3) 35(2) 1
c(7) 11436 (7) 11300(7) 8861 (4) 38 (1) 1
c(8) 8253 (10) 12924 (6) 8685 (3) 40(2) 1
c(9) 5476 (9) 11832 (8) 9575 (4) 45(2) 1
c(10) 7077(9) 9571(8) 10330(3) 44 (2) 1
C(11) 7085 (6) 10423 (5) 7980(2) 23 (1) 1
c(12) 6090(6) 9741 (5) 7489 (2) 23 (1) 1
Cc(13) 6139(8) 10551(8) 6914 (3) 37(1) 1
C(14) 4295(7) 9597(7) 7678 (3) 32 (1) 1
Cc(15) 6787 (9) 8407 (7) 7339(3) 36 (2) 1
C(16) 10590(7) 8082 (7) 8421 (3) 38(2) 1
c(17) 8338(11) 6680 (7) 8626 (4) 40(2) 1
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Table A11. Fractional coordinates and equivalent isotropic displacement parameters for

CpW(NO)(=CHCMe3)(PMe3) (3.1)

X y z U(eq)
w(l) 0.56731(7) 0.35417(4) 0.27778(5) 3.99(1)
P(l) 0.7964(4) 0.3512(3) 0.3905(3) 436(9)
o) 0.639(1) 0.1799(7) 0.1519(9) 6.0(3)
N(1) 0.611(1) 0.2494(9) 0.2078(9) 40(3)
c() 0.572(4) 0.481(2) 0.152(2) 88(8)
cQ) 0.432(4) 0.452(1) 0.151(2) 8.7(7)
C3) 0.385(3) 0.475(2) 0.246(3) 90(8)
c(4) 0.491(3) 0.518(1) 0.307(2) 69(6)
c(5) 0.607(3) 0.524(1) 0.252(3) 7.5(7)
C(6) 0.469(2) 0.2983(9) 0.388(1) 47(4)
c() 0.419(2) 0.199(1) 0.424(1) 5.9(5)
C(8) 0.467(3) 0.194(1) 0.543(2) 11.5(9)
c(9) 0.479(2) 0.115(1) 0.366(2) 71(6)
C(10) 0.259(2) 0.198(1) 0.404(2) 10.0(7)
cany 0.804(2) 0.416(1) 0.516(1) 93(6)
c(12) 0.945(2) 0.401(1) 0.334(2) 81(6)
C(13) 0.861(2) 0.234(1) 0.433(2) 79(6)
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Table A12. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(=CHCMes3)(PMe;) (3.4)

X y z U(eq)
w(1) 2584(1) 7503(2) 8145(1) 32(1)
N(1) 1248(13) 6735(14) 8898(13) 85(6)
o(1) 95(15) 6260(12) 9063(16) 107(5)
c) 1642(9) 7463(13) 5468(9) 49(3)
C(2) 2515(16) 8288(11) 5859(21) 46(4)
C(3) 4155(13) 8009(11) 6336(18) 40(4)
C(4) 4177(13) 6978(11) 6218(21) 39(4)
c(5) 2644(17) 6655(12) 570421) 49(5)
C(6) -104(11) 7399(26) 4811(11) 99(8)
c(7) 2017(30) 9308(12) 5497(18) 110(12)
C(8) 5570(21) 8632(18) 6594(16) 98(12)
C9) 5657(23) 6403(14) 6610(15) 79(9)
C(10) 2138(32) 5614(14) 5492(25) 133(15)
P(1) 1449(4) 8963(3) 9327(4) 45(1)
can 2630(18) 10022(12) 9594(20) 74(5)
C(12) -462(19) 9389(16) 8346(19) 86(6)
C(13) 913(17) 8655(13) 11157(14) 68(5)
C(14) 4388(11) 7389(17) 9777(10) 28(4)
c(15) 4914(15) 7008(10) 11253(14) 50(3)
C(16) 3621(18) 6467(11) 11840(16) 62(4)
c(17) 6271(18) 6339(14) 11142(18) 79(5)

C(18) 5533(16) 7784(12), 12495(13) 67(6)




Table A13. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)[CH(CMe;)CH,(CMe3)CH] (3.14)
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X y z U(eq)
w(l) 0.201815(11) 0.148487(12) 0.182473(12) 1.283(6)
o(1) 0.2461(3) 0.3412(2) 0.2014(3) 3.27(11)
N(1) 0.0837(3) 0.2588(3) 0.1928(3) 2.02(10)
C(1) 0.0788(3) 0.0797(4) 0.2345(4) 2.74(14)
CQ) 0.0780(3) 0.1790(4) 0.2379(4) 2.92(14)
C(3) 0.0832(3) 0.2117(4) 0.1618(4) 3.10(15)
C(4) 0.0874(3) 0.1357(4) 0.1107(3) 2.15(12)
C(5) 0.0793(4) 0.0537(3) 0.1564(4) 2.41(12)
C(6) 0.0712(5) 0.0139(7) 0.2979(5) 6.8(3)
c(7) 0.0668(4) 0.2380(7) 0.3064(5) 7.6(3)
C(8) 0.0762(5) 0.1856(5) 0.1388(7) 6.9(2)
C(9) 0.0890(4) 0.1396(6) 0.0265(5) 5.8(2)
C(10) 0.3308(4) 0.0436(4) 0.1247(5) 5.2(2)
c(n 0.2730(3) . 0.1227(4) 0.0424(3) 2.17(12)
Cc(12) 0.3142(4) 0.0854(3) 0.1007(3) 1.44(10)
C(13) 0.2675(3) 0.0511(4) 0.1798(3) 2.36(13)
C(14) 0.3207(3) 0.0707(3) 0.2590(3) 1.32(10)
c(15) 0.3919(4) 0.0980(4) 0.3252(3) 1.93(12)
C(16) 0.3734(4) 0.0470(4) 0.0232(3) 3.12(14)
C(17) 0.2835(4) 0.2105(4) 0.0687(4) 3.29(15)
C(18) 0.2686(4) 0.1458(4) -0.0294(4) 3.1Q2)
C(19) 0.3758(3) 0.1143(4) 0.3947(4) 2.83(14)
C(20) 0.3701(4) 0.0158(4) 0.3428(4) 2.90(14) . A
c@l) 0.3701(4) 0.1856(5) 0.3105(3) 2.70(14)
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Table A14. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(CyoHs) (3.15)

X y z U(eq) SOF

w(1) 5150(1) 2760(1) 2065(1) 17(1) 1
N(1) 6788(5) 3618(4) 1854(3) 21(1) 1
o(1) 8003(4) 4069(5) 1569(3) 35(1) 1
c() 3210(6) 4977(6) 2467(3) 24(1) 1
C(2) 1256(6) 5420(6) 2547(4) 33(1) 1
Cc@3) 799(6) 5474(6) 3581(4) 33(1) 1
C(4) 2225(6) 3905(6) 3972(4) 31(1) 1
C(5) 3914(6) 3904(6) 3497(3) 20(1) 1
C(6) 5416(5) 2109(5) 3490(3) 18(1) 1
c(7) 6935(6) 1801(6) 4118(3) 24(1) 1
c(8) 6287(7) 1857(7) 5131(3) 34(1) 1
C(9) 7838(6) 3086(6) 3914(3) 29(1) 1
C(10) 8284(7) 12(6) 3963(4) 39(1) 1
c11) 6433(6) 489(6) 1104(3) 22(1) 1
C(12) 5301(6) 1891(6) 565(3) 23(1) 1
c(13) 3565(6) 2193(6) 900(3) 22(1) 1
C(14) 3622(6) 968(5) 1660(3) 20(1) 1
c(15) 5393(6) 91(5) 1775(3) 22(1) 1
C(16) 8368(6) 246(7) 943(4) 34(1) 1
c(17) 5853(7) 2774(6) 276(3) 30(1) 1
c(18) 1967(6) 3494(6) 473(4) 29(1) 1
C(19) 2100(6) 698(6) 2180(3) 28(1) 1

1

C(20) 6020(6) -1663(6) 2436(3) 28(1)




Table A15. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(Ci2H;s) (3.17)

X Yy z Uleq) SOF
w(1) 7336 (1) 2185(1) 8834 (1) 21(1) 1
0o(1) 6175 (3) 1602 (2) 6690(2) 44 (1) 1
N(1) 6565(3) 1919 (2) 7544 (2) 28 (1) 1
c(1) 7862 (4) 663 (2) 9325 (3) 37(1) 1
c(2) 8976 (4) 1047 (3) 9110(3) 38(1) 1
c(3) 9574 (3) 1725(2) 9852 (3) 32(1) 1
C(4) 8844 (3) 1739(2) 10532(2) 28(1) 1
Cc(5) 7777 (4) ©1093(2) 10195(3) 32(1) 1
c(6) 6984 (8) -101(3) 8752 (4) 63(2) 1
c(7) 9498 (6) 740 (4) 8299 (4) 60(1) 1
c(s) 10814 (4) 2282 (4) 9930 (4) 49(1) 1
C(9) 9255 (4) 2219(3) 11532(3) 36 (1) 1
c(10) 6843 (4) 849(3) 10756(3) 42(1) 1
c(11) 5684 (3) 2762 (2) 9114 (3) 25(1) 1
c(12) 6279 (3) 3628(2) 8745 (3) 27(1) 1
c(13) 6628 (4) 4425(2) 9517 (3) 35(1) 1
C(14) 6852 (5) 5261 (3) 8972 (3) 45(1) 1
C(15) 8009 (5) 5163(3) 8848 (3) 47(1) 1
Cc(16) 8620 (4) 4261.(2) 9288 (3) 36 (1) 1
c(17) 7762 (3) 3522 (2) 8564 (2) 26 (1) 1
c(18) 8096 (5) 4211(3) 10173(3) 43 (1) 1
c(19) 4145 (4) 2627(3) 8610 (3) 33(1) 1
Cc(20) 3767(5) 1756 (3) 9042 (4) 53 (1) 1
c(21) 3695(4) 2530(4) 7476 (3) 43 (1) 1
Cc(22) 3390 (4) 3428(3) 8871 (4) 46 (1) 1

208
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Table A16. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(1*-CioH,5) (3.21a)

X Y z . Uleq) SOF
W(1) 1213 (1) 4078 (1) 2930 (1) 25(1) 1
0(1) 2190(7) 5741(3) 4015 (4) 54 (2) 1
N(1) 1920 (6) 5040(3) 3579 (4) 35(1) 1
c(1) -1044(7) 4724 (4) 2140(4) .28(1) 1
c(2) -1275(7) 4489 (4) 3038 (4) 29(1) 1
C(3) -1248(7) 3532 (4) 3096 (4) 29 (1) 1
C(4) -1040(7) 3183 (4) 2220 (4) 30(2) 1
c(5) -955(7) 3923 (4) 1624 (4) 28 (1) 1
Cc(6) ~1136(9) 5667 (4) 1753 (6) 43 (2) 1
c(7) -1603(9) 5120(5) 3775(5) 42 (2) 1
c(8) -1623(9) 2976 (4) 3883 (5) 40 (2) 1
c(9) -1088(9) 2207(5) 1954 (5) 46 (2) 1
c(10) -1069(9) 3884 (5) 584 (5) 43 (2) 1
c{11) = 2527(8) 4501 (4) 1796 (5) 41 (2) 1
c(12) 3577(9) 3751 (5) 1500(5) 44 (2) 1
C(13) 4469(9) 3302 (6) 2393 (5) 52 (2) 1
C(14) 3298(7) 3069 (4) 2958 (5) 36 (2) 1
c(15) . 3299(8) 3313 (4) 3875 (5) 34 (2) 1
c(16) 1879(8) 3156 (4) 4149(4) 36(2) 1
c(17) 3351(12) 5354 (6) 2009 (8) 71(3) 1
c(18) 4657(11) 4081 (6) 892(7) 65(3) 1
c(19) 2555(9) 3039(5) 905 (5) 51(2) 1
C(20) 4547(9) 3837(5) 4471 (5) 44 (2) 1
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Table A17. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(cyclohexene)(PMes) (4.2)

X y z U(eq)
W(l) 1305(1) 3312(1) 634(1) 22(1)
P(1) 1754(1) 4776(3) -105(1) 34(1)
N(1) 1605(2) 1560(8) 507(4) 30(2)
o) 1840(2) 321(7) 518(4) 52(2)
c(1) 944(3) 3315(10) ©1706(5) 30(2)
CQ) 1402(3) 2782(9) 2051(5) 28(2)
C(3) 1709(3) 4070(9) 2029(5) 22(2)
C(4) 1422(3) 5430(8) 1675(5) 23(2)
C(5) 954(3) 4960(9) 1459(5) 25(2)
C(6) 521(4) 2404(14) 1735(7) 57(3)
) 1551(4) 1108(10) 2420(7) 53(3)
C(8) 2216(3) 4030(12) 2422(6) 42(2)
C(9) 1594(4) 7127(9) 1653(6) 38(2)
C(10) 552(4) 6033(12) 1110(7) 47(3)
c(1n 2329(4) 5472(14) 521(7) 57(3)
C(12) 1914(4) 3513(11) -873(6) 48(3)
C(13) 1528(5) 6612(12) 682(7) 62(3)
c(14) 752(3) 3687(11) -608(5) 4e(3)
C(15) 619(3) 2463(11) 114(6) 38(2)
C(16) 555(4) 687(12) -410(7) 54(3)
a7 445(4) 556(14) 1357(6) 62(3)
c(18) 791(4) 1521(11) 1653(6) 50(3)

C(19) 736(3) 3269(11) 1523(6) 43(2)
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Table A18. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(neohexene)(PMes) (4.45yn)

atom X . ¥ z B,
W(1) 0.18313(2) 0.147497(14) 0.24211(2) 2.452(5)
P(1) 03870(2) 0.19188(11) 0.38425(13) 3.63(4)
0(1) 0.2053(7) 0.3122(3) 0.1733(4) 6.8(2)
N(1) 0.2076(6) 0.2432(3) 0.1996(4) 3.75(13)
C(1) 0.0292(7) 0.0576(4) 0.3079(5) 3.42(15)
C(2) 0.0029(7) 0.1376(4) 0.3322(5) 3.51(15)
C(3) -0.0671(7) 0.1794(4) 0.2471(6) 3.9(2)
C(4) -0.0810(7) 0.1260(4) 0.1676(5) 3.50(15)
C(5) -0.0275(6) 0.0515(4) 0.2079(4) 3.19(14)
C(6) 0.0770(8) -0.0099(3) 0.3787(5) 5.2(2)
c(7) 0.0132(10) 0.1629(5) 0.4337(6) 6.3(3)
c@8) -0.1239(9) 0.2633(5) 0.2383(8) 7.2(3)
C(9) -0.1563(9) 0.1433(5) 0.0637(6) 6.6(2)
C(10) -0.0486(8) -0.0251(4) 0.1516(6) 5.5(2)
| c1) 0.4646(10) 0.1301(5) 0.4907(6) 6.5(2)
C(12) 0.5578(8) 0.2303(5) 0.3574(6) 5.4(2)
C(13) 0.3285(10) 0.2789(5) 0.4380(7) 6.7(3)
l C(14) 0.2350(8) 0.0898(4) 0.1214(4) 3.9(2)
| ’ C(15) 0.3818(7) 0.0925(4) 0.1961(5) 3.5(2)
‘ C(16) 0.4711(7) 0.0154(4) 0.2253(5) 4.1(2)
cQ17) 0.3830(9) -0.0475(5) 0.2626(6) 5.4(2)
C(18) 0.5161(10) -0.0167(5) 0.1386(7) 6.9(3)

C(19) 0.6242(9) 0.0281(5) 0.3075(7) 6.6(2)




Table A19. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(cyclohexyl)(NMe,) (4.7)
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X y z U(eq)

W 0.30124(2) 0.16682(4) 0.08101(2) 0.0425

o) 0.3916(6) -0.1617(8) 0.1310(6) 0.087
N(1) 0.3568(5) -0.0263(8) 0.1036(5) 0.057
N(2) 0.3937(5) 1 0.2761(8) 0.0498(5) 0.049
c(l) 0.2168(6) 0.3906(10) 0.1164(6) 0.048
CQ2) 0.3034(5) 0.3620(9) 0.1842(5) 0.047
C(3) 0.3019(6) 0.1985(10) 0.2135(5) 0.053
C(4) 0.2119(6) 0.1305(10) 0.1634(6) 0.053
C(5) 0.1600(6) 0.2438(11) 0.1051(6) 0.051
C(6) 0.3882(7) 0.4521(10) 0.0270(6) 0.062
C(7) 0.4810(7) 0.2108(12) 0.0484(7) 0.070
C(1D 0.1816(7) 0.5532(11) 0.0723(7) 0.066
C(12) 0.3816(7) 0.4849(13) 0.2255(6) 0.071
C(13) 0.3795(8) 0.1213(15) 0.2892(7) 0.086
C(14) 0.1779(8) -0.0392(12) 0.1787(8) 0.077
C(15) 0.0583(6) 0.2382(14) 0.0472(8) 0.075
C(21) 0.1982(7) 0.0864(15) -0.0386(6) 0.070
C(22) 0.1664(9) 0.2168(22) -0.1014(8) 0.105
C(23) 0.0886(11) 0.1550(28) -0.1863(10) 0.132
C(24) 0.1242(14) 0.0220(33) -0.2233(10) 0.130
C(25) 0.1593(15) -0.1211(25) -0.1588(12) 0.140
C(26) 0.2348(12) -0.0546(19) -0.0805(9) 0.109
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Table A20. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(1*-C7H 1 )(H) (4.9endo)

X y z U(eq)
w(1) 3433(1) 6447(1) 2047(1) 36(1)
c(1) 3341(13) 7560(7) 924(6) 37(2)
C2) 2630(14) 6721(8) 571(7) 38(2)
c3) 774(16) 6639(9) 96(8) 49(3)
C(4) -442(15) 7436(9) 339(8) 58(3)
6) 464(17) 8404(8) 278(9) 52(3)
C(6) 2179(15) 8480(7) 914(8) 42(3)
c(7) 5008(15) 7530(8) 1426(8) 53(3)
C(8) 4147(17) 4761(9) 2080(8) 52(3)
C(9) 5794(13) 5261(8) 2020(7) 42(3)
C(10) 6333(11) 5814(9) 2795(7) 41(3)
c(n) 4911(15) 5742(9) 3271(7) 50(3)
c(12) ©3645(16) 5059(9) 2873(9) 55(3)
C(13) 3313(21) 4036(11) 1463(11) 82(5)
C(14) 6940(17) 5143(9) 1323(9) 62(4)
C(15) 7923(18) 6414(8) 2938(11) 66(4)
C(16) 4964(24) 6177(12) 4130(9) 84(5)
c(17) 2035(20) 4691(10) 3228(12) 85(5)
N(1) 2300(12) 7312(7) 2608(6) 44(2)

o(1) 1620(12) 7847(8) 3072(6) 74(3)
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Table A21 Fractional coordinates and equivalent isotropic displacement parameters for

Cp*WNO)(17°-CsHy3)(H) (4.11x0)

X y z U(eq)
W(l) 0.64157(3) 0.17219(2) 0.36499(2) 2.012(6)
o(1) 0.7957(7) -0.0135(4) 0.3192(4) 5.5(2)
N(1) 0.7258(7) 0.0622(5) 0.3323(4) 3.18(14)
C(h 0.5883(7) 0.1911(5) 0.5156(4) 2.32(14)
C(2) 0.7467(8) 0.1610(5) 0.5140(4) 2.45(14)
C(3) 0.8301(7) 0.2353(5) 0.4724(5) 2.87(15)
C4) 0.7204 (8) 0.3132(5) 0.4500(5) 2.56(15)
C(s) 0.5711(7) 0.2831(5) 0.4770(5) 2.34(14)
C(6) 0.4598(9) 0.1388(6) 0.5636(5) 37(2)
C(7) 0.8188(11) 0.0698(6) 0.5556(6) 4.5(2)
C(8) 1.0043(8) 0.2377(8) 0.4632(6) 5.0(2)
C©) 0.7587(11) 0.4104(6) 0.4129(6) 4.2(2)
C(10) 0.4227(9) 0.3450(6) 0.4724(6) 4.2(2)
C(11) 0.7270(9) 0.2429(7) 0.2416(5) 4.0(2)
C(12) 0.5651(10) 0.2593(5) 0.2389(4) 33(2)
C(13) 0.4491(9) 0.1890(5) 0.2304(5) 2.9(2)
C(14) 0.2778(9) 0.2157(7) 0.2386(5) 40(2)
C(15) 0.1744(9) 0.1336(7) 0.2640(6) 40(2)
C(16) 0.1892(9) 0.0475(6) 0.2026(6) 43(2)
C(17) 0.3569(9) 0.0161(6) 0.1978(5) 35(2)

c(18) 0.4612(9) 0.0993(6) 0.1729(5) 33(2)




Table A22. Fractional coordinates and equivalent isotropic displacement parameters for

Cp*W(NO)(CH;CMe;-0-CsHy)(PMes) (5.1)

x Yy z U(eq)
W(1) 1757 (1) 1247(1) 1918(1) 13(1)
P(1) 3741(1) 1248(1) 952(1) 18(1)
0(1) 1243 (4) 2996(3) 951(2) 33(1)
N(1) 1502 (4) 2312(3) 1362(2) 20(1)
c(1) 145(6) 221(3) 2586(3) 22(1)
c(2) -526(5) 721(3) 1940(3) 19(1)
C(3) 75(6) 404 (3) 1194 (3) 20(1)
c(4) 1109(6) ~-270(4) 1391(3) 24 (1)
c(5) 1166(6) -371(4) 2253 (3) 24(1)
C(6) ~-284(7) 221(4) 3455(3) 31(1)
c(7) -1713(5) 1371(3) 2011(3) 29(1)
C(8) ~421(6) 666(4) 376(3) 35(1)
c(9) 1811(7) -898(4) 802(3) 39(1)
C(10) 1984 (6) -1074(3) 2726(3) 35(1)
c(11) 3553 (4) 1234 (4) 2758(2) 14(1)
c(12) 3677(5) 1975(3) 3309(3) 17(1)
c(13) 4805(6) 2014 (4) 3825(3) 26(1)
Cc(14) 5771(5) 1313(5) 3839(3) 28(1)
c(15) 5610(5) 538(4) 3336(3) 24(1)
C{16) 4541(5) 516(3) 2790(3) 20(1)
c(17) 2534(5) 2676(3) 3317(3) 18(1)
c(18) 1280(5) 2133(3) 3004(3) 21(1)
Cc(19) 2209 (6) 3049 (4) 4175(3) 31(1)
C(20) 2872 (6) 3530(3) 2789(3) 27(1)
Cc(21) 3161(6) 1439 (4) -83(3) 33(1)
Cc(22) 5022 (6) 330(4) 798(3) 31(1)
C(23) 4823 (6) 2258(4) 1128(3) 29(1)
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