
LBL-37533 
uc-401 

Bis(pentamethylcyclopentadieny1)ytterbiu: 
An Investigation of Weak Interactions in Solution 

Using Multinuclear NMR Spectroscopy 

David Joel Schwartz 
Ph.D. Thesis 

Department of Chemistry 
University of California, Berkeley 

and 

Chemical Sciences Division 
Lawrence Berkeley Laboratory 

University of California 
Berkeley, CA 94720 

July 1995 

This work was supported by the Director, Office of Energy Research, Office of Basic Energy Sciences, 
ChemicaI Sciences Division, of the U.S. Department of Energy under Contract No. DE-ACO3-76SFOOO98. 



DISCLAIMER 

This report was prepared as an account of work sponsored 
by an agency of t h e  United States  Government. Neither t h e  
United States Government nor any agency thereof, nor any 
of their employees, make any warranty, express or implied, 
or assumes any legal liability or responsibility for the  
accuracy, completeness, or usefulness of any information, 
apparatus, product, or process disclosed, or represents tha t  
its use would not infringe privately owned rights. Reference 
herein t o  any specific commercial product, process, or 
service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its 
endorsement, recommendation, or favoring by the  United 
States Government or any agency thereof. The views and 
opinions of authors expressed herein do  not necessarily 
state or reflect those of the United States Government or 
any agency thereof. 



DISCLAIMER 

Portions of this document may be illegible 
in electronic image products. Images are 
produced from the best available original 
document. 



Bis(pentamethylcycIopentadieny1)ytterbium: 

An Investigation of Weak Interactions in Solution 
Using Multinuclear NMR Spectroscopy. 

by 

David Joel Schwartz 

B.S. (University of Michigan, Ann Arbor) 1990 

A dissertation submitted in partial satisfaction of the 

requirement for the degree of 

Doctor of Philosophy 

in 

Chemistry 

in the 

GRADUATE DMSION 

of the 

UNIVERSITY of CALIFORNIA at BERKELEY 

Comrnitee in charge: 

Professor Richard A. Andersen, Chair 

Professor John Arnold 

Professor Glenn T. Seaborg 

1995 



1 
Abstract 

Bis(pentamethylcyclopentadieny1)ytterbium: A n  Investigation of 
Weak Interactions in Solution Using Multinuclear NMR Spectroscopy. 

by 

David Joel Schwartz 

Doctor of Philosophy in Chemistry 

University of California at Berkeley 

Professor Richard A. Andersen, Chair 

Cp*zYb forms 1:l adducts with the cis dihydride complexes P2PtH2 (P2 = dcype, 

dcypp) that undergo slow intermolecular exchange at 25 OC, on the NMR timescale. There 

are significant perturbations in the spectral values from those of the free P2PtH2 

complexes, and JybX coupling (X = lH, 31P, lg5Pt) is present. The interactions of 

Cp*2Yb with (dippe)PtMe2 and (dippe)Pt(Me)(H) have also been investigated. The NMR 

spectral values of the adducts are discussed in detail, and correlated with the solid state 

structures. 

Several platinum cis dihydride phosphine complexes, P2PtH2 (P2 = dippe, dcype, 

dtbpe), have been found to be unstable in solution, reversibly losing H2 and forming 

binuclear complexes of the general formula (P2PtH)z. The extent of dimerization is directly 

related to the steric size of the phosphine ligand, larger phosphines imparting kinetic 

stability to the monomers. The 1H, 3lP{ IH}, and 195Pt{ 1H} NMR spectra of these 

dimers at 25 "C indicate that a fast fluxional process is present on the NMR timescale. The 

spectral and structural details, solution properties (H/D isotopic exchange), and the nature 

of the fluxional process, are discussed. 

The interactions between Cp*2Yb and phosphines and R3PX derivatives (X = 0, 

NR', CHR") have also been investigated. Intermolecular exchange can be slowed at low 
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temperature for 1:l (Jybp = 950 Hz) and 1:2 (Jybp = 600 Hz) phosphine adducts (PMe3, 

PEt3, dmpm, and 1,2-(PMe2)C& have been investigated). Both 1:l and 1:2 adducts of 

Cp"2Yb with Me3PO and Et3PNH have also been isolated. The spectroscopic properties of 

the ylide adducts Cp*2Yb(Me2PhPCHSiMeg) and Cp*2Yb(Me2PhPCH2) have been 

investigated. Intermolecular exchange can be slowed at low temperature. A second, 

intramolecular process can be slowed at lower temperatures for  

Cp*2Yb(Me2PhPCHSiMe3), and the mechanism of this process is discussed. The 1H, 

13C, 31P, and 171Yb NMR values of these adducts are discussed in detail. 

The potential of using long range l71Yb-lH spin-spin coupling, to the methyl group 

protons of the Cp* rings of Cp*2YbLn adducts, for inverse-detection of 171Yb has been 

explored. Synthetic attempts towards a P2Pt-YbCp*2 heterobimetallic complex are 

discussed. The spectroscopic properties of a novel ring-metallated complex, (dcype)Pt(p- 

H ) ( P - C H ~ C ~ M ~ ~ ) Y ~ C P * ,  are discussed. In addition, the results of several NMR 

experiments on the interactions of Cp*2Yb with H2, C&, Xe, CO, silanes, stannanes, 

c6&j, and toluene are documented. 
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NOTE; For purposes of clarity and conciseness, the following abbreviations have been 

used throughout this work 

Me: 

Et: 

* P h  

cy: 

Np: 

Mes: 

cp*: 

dmpe: 

dtbpe: 

0 dcype: 
dcypp: 

dippe: 

dtbpp: 

dppe: 

dmpm: 

-CH3 

-CH2CH3 

-c6% 
-C6H11 

-CH2CMe3 

-(I7 3,5-C6H2Me3) 

pentamethylcyclopentadienyl anion 

bis(di-methylphosphino)ethane7 IMe2P(CH2)2PMe21 

bis(di-tertiary-butylphosphino)ethane, [(Me3C)2P(CH2)2P(CMe3)2] 

bis(di-cyclohexylphosphino)ethane, [CY~P(CH~)~~’CY~] 
bis(di-cyclohexylphosphino)propane, [Cy2P(CHz)3PCy2] 

bis(di-iso-propylphosphino)ethane, [(Me2CH>2P(CH2)2P(CHMe2)21 

bis(di-tert-butylphosphino)propane7 [(Me3C)2P(CH2)3P(CMe3)2] 

bis(di-phenylphosphino)ethane, Ph2P(CH2)2PPh2] 

bis(di-methylphosphino)methane7 [Me2P(CH2)PMe2] 
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NOTE; Again, for clarity and conciseness, compounds that are discussed in the text 

have been numbered (by Chapter); for the reader's convenience, a summary of these 

designations is given below: 

Designation - 

1 

2 

3 
4 

5 

6 

7 

8 

9 

10 

11 

1 



ChaDter 4 cP*2n 
(dcypdPt(Np)(H) 

(dc ype)P t( p-H) (p- CH2C4Meq)Y bCp* 

(Mes2SW2 

Me3SnH 

Q*2Y b*(toluene) 

4 

5 

6 

7 

8 
9 

10 

11  

12 

13 

1 

2 

3 

4 

5 

6 
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INTRODUCTION 

Weak interactions in solution between organometallic complexes and organic 

substrates have been implicated in a variety of important reactions, including C-H bond 

activation,la-b the Ziegler-Natta polymerization of olefins,lc-f and more generally, any 

chemical reaction that occurs in the solution-state. For the purposes of this work, a weak 

interaction will be considered one whose enthalpy of formation is 120 kcal mol-1. 

Chemical forces can be qualitatively ordered as follows:2 covalent, ionic, ion-dipole, 

dipole-dipole, ion-induced dipole, dipole-induced dipole, and London dispersion 

interactions; the interactions discussed in this work fall into the latter categories of this 

classification scheme. While solid-state structural studies have been informative with 

respect to clarifying the structural perturbations that result from such interactions (e.g., 

structures of agostic q2-H~ complexes,3b~c etc.), very little is known about 

the structural and electronic perturbations resulting from such "weak" interactions in the 

solution state. Consequently, a more thorough understanding of the electronic and 

geometric consequences of such interactions in solution is desirable. 

NMR spectroscopy is an ideal tool for investigating weak interactions in solution. 

Both chemical shifts and spin-spin coupling constants are sensitive to small electronic and 

structural changes, as would be expected to result from weak interactions. The 

abundance of =-active nuclei with nuclear spins of 1/2 throughout the Periodic Table 

makes NMR spectroscopy applicable to many different systems, allowing a thorough 

study of the effects of weak interactions on a variety of systems. For each individual 

system, this abundance gives the possibility of several different NMR-active nuclei being 

present, giving multiple probes of the perturbations that result from the interactions under 

investigation. Also, the relatively large temperature range accessible using NMR 

spectroscopy allows the study of a range of interactions of varying strengths. 
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Bis(pentamethylcyclopentadieny1) ytterbium, Cp*2Yb, is an ideal complex for 

studying weak interactions in solution via NMR spectroscopy. This lanthanide 

metallocene complex has a bent geometry in both the gas and solid phases? a fact that 

has been rationalized in a variety of ways.5 The geometry results in a low steric barrier to 

ligand binding as the molecular geometry changes only slightly upon binding of an 
additional ligand(s) (Cp*2Yb can be considered to be "pre-organized" with respect to 

binding of an additional ligand). The bonding between the Yb center and the ligands in 

Cp*2YbL adducts (and in lanthanide complexes in general) is mainly ionic in nature? a 

result of shielding of the 4f valence orbitals by the filled 5s and 5p orbitals. This results 

in a low electronic barrier to ligand binding. Any molecule that possesses a permanent 

dipole moment, or is relatively easily polarized, is a potential ligand for Cp*2Yb. The 

metal center in this complex is in the +2 oxidation state (relatively rare for the lanthanide 

element&), resulting in a 4f14 diamagnetic electronic configuration. This, combined with 

the 171Yb isotope (14.3% nat. abundance, I = 1/2), makes Cp*zYb a favorable complex 

for NMR spectroscopic investigations. Thus, Cp*2Yb is a Lewis acidic, diamagnetic 

complex with an intrinsically low electronic and steric barrier for ligand binding, and it 

possesses an NMR-active metal isotope. 

Considering these properties, it is not surprising that evidence of weak interactions 

in solution involving Cp*2Yb has been reported. For example, the polymerization of 

ethylene by Cp*2Yb is inhibited by the presence of H2, CO, methane, and xenon (eqs. 1, 

2),7 consistent with a weak interaction between these gaseous molecules and the Yb 

center. The polymerization rate was found to be slower in toluene than in aliphatic 

hydrocarbon solvents (eq. 3), consistent with a weak interaction formed between Cp*2Yb 

and toluene (presumably involving the x aromatic system of toluene). Similarly, toluene 

has been found to enhance the rate of intermolecular exchange for the adduct 

(PPh3)2Pt(p-C2b)YbCp*2 (eq. 4) 7 relative to the exchange rate in benzene; toluene 
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would be expected to be a better ligand than benzene towards Cp*2Yb as a result of its 

more electron-rich n; aromatic system. 

polyethylene 

t No polymerization. c2H4 (7am.I 
H2, Co, CH4, Xe (7 am.) C p * m  

- c2H4 (7 am.> polyethylene 
Solvent Q *2% 

Rate: Solvent = pentane >toluene. 

- (4) @*2% + pph3)2m(c2&) - Solvent (Pph3>2~(P-c2&)~*2  

Exchange rate: Solvent = toluene > benzene. 

It has also been reported that a weak interaction is formed in solution between the 

paramagnetic complex Cp"2Eu and H2, C2H4, based on the paramagnetic shifting and 

broadening of the 1H resonances of these small molecules in the presence of Cp*2Eu.8 

Several Cp*2Ybh complexes, where L is a neutral, non-classical Lewis base, have 

been structurally characterized,g and three examples of these are shown below (Fig. 1). 

Figure 1. Several Cp#2YbL complexes (Cp# = a Cp derivative; L = a neutral ligand) 
that have been structurally characterized.9 

In general, only minor changes in the solid-state parameters are found upon complexation 

of a ligand, L, to Cp*2Yb. The IR spectra of the adducts are also unperturbed relative to 

the spectra of the free complexes. Given this, it is not surprising that all Cp*2YbLn 
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adducts (L = a neutral ligand) studied to-date have been found to undergo fast 

intermolecular exchange on the NMR timescale at all temperatures, with relatively minor 

perturbations in the NMR chemical shift values, relative to those of the free 

complexes.7~9 This is a result of small kinetic barriers to intermolecular exchange in 

solution for Cp*2YbLn complexes, indicative of the thermodynamic weakness of the 

interactions (a justification of this statement will be given in Chapter 3). Consequently, 

while indirect evidence of weak interactions in solution involving Cp*2Yb has been 

observed (as discussed above), there has been very little direct investigation of the 

electronic and structural perturbations that result from these interactions, since only 

averaged NMR spectra have been observed. 

While there have been several recent reports of Yb(II) adducts that undergo slow 

intermolecular exchange in solution on the NMR timescale (based on the observation of 

coupling between the 171Yb nucleus and nuclei on the ligand),lO all of rhese complexes 

contain anionic ligands and thus the Yb-L interactions are relatively strong, ionic 
interactions (Fig. 2). 

Figure 2. Examples of Yb(II) complexes that undergo slow exchange in solution, on 
the NMR timescale (Tp' = Hydrotris(3-tert-butyl-5-methylpyrazolyl)borate).~~~-~ In the 
first complex, the alkyl groups undergo slow exchange; in the latter two complexes, the 
hydride ligands undergo slow exchange. 

The goal of the present work was to synthesize Cp*2YbLn adducts (L = a weakly 

coordinated, neutral ligand) for which intermolecular exchange is slow on the NMR 

timescale. For such slow-exchange systems, the discrete spectral values of the adducts 

will be observable (in contrast to fast-exchange adducts, for which exchange-averaged 
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NMR values are observed), thus allowing a thorough, systematic investigation of the 

solution-state perturbations that result from the weak Yb--L interactions. Correlation of 

the solution-state data with the solid-state structural parameters of the adducts is also 

desirable, in order to gain a more thorough understanding of the electronicand structural 

consequences of the weak interactions. 

Two classes of ligands that result in slow exchange systems with Cp*2Yb have 

been investigated. The interactions of Cp*2Yb with cis-P2PtXY complexes (X, Y = H, 

Me) are described in Chapter 1. Chapter 3 describes the interactions that are formed 

between Cp"2Yb and phosphines and phosphine derivatives. An investigation of the 

solution state instability of cis-P2PtH2 complexes, discovered during the investigations 

described in Chapter 1, is discussed in Chapter 2. Lastly, Chapter 4 describes the results 

of an investigation of the interactions formed between Cp*2Yb and small molecules such 

as H2, CgHg, CO, etc., as well as synthetic attempts towards a P2Pt-YbCp*2 

heterobimetallic complex. 

The 171Yb isotope dlows a direct probe of the electronic perturbations resulting 

from the weak interactions under investigation, at the metal center itself. Recently, 171Yb 

NMR has been receiving increasing attention. The first report of direct 171Yb NMR was 

made in 1989.1ob There have since been several reports of direct-detected 171Yb 

NMRlo9l1 and several reports of the observation of JybX coupling.lO However, direct 

detection of 171Yb is time-consuming, a result of long Ti relaxation times, broad 

resonances, and relatively low sensitivity-lob Given that the goal of the present work is 

to study slow-exchange Cp*2YbL adducts, Jybx coupling (X = nuclei on the ligand, L) 

will presumably be present. This allows the use of the Heteronuclear Multiple Quantum 

Coherence (HMQC) pulse sequence1:! for indirect detection of 171Yb, via the X nucleus. 

The HMQC pulse sequence allows detection of 17lYb with the sensitivity of the X 

nucleus (Le., 1H sensitivity for JYbH coupling), resulting in a dramatic decrease in 

acquisition time (roughly 5800X faster for equivalent S / N  relative to direct detection of 
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17lYb, for X = 1H). The relative signs of coupling constants can also be obtained from 

HMQC spectra (in contrast to 1-D spectra), giving additional information concerning the 

interactions under investigation. The use of the HMQC pulse sequence for 171Yb 

detection has not been previously reported; the application of this technique for indirect 

detection of 171Yb is described throughout this work, and is discussed in detail in 

Chapter 4. 
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CHAPTER 1 

Interactions of Cp"2Yb with 
cis-P2PtXY Complexes (X, Y = H, Me) 

The recent reports of spin-spin coupling between ytterbium and hydrogen in d- 

transition metal hydride anionsla and in a (pHBEt3) adduct of Yb@)lb indicates that the 

hydride ligand, in the appropriate chemical environment, gives slow exchange systems 
with Yb(II) complexes. Considering these reports, cis-P2PtH2 complexes appeared to be 

good candidates for giving slow-exchange Cp*2YbL adducts amenable to NMR study. 

These Pt hydride complexes have relatively large dipole moments2 and sterically 

accessible hydride ligands that are expected to bind to Cp*2Yb in a bidentate coordination 

mode, which will presumably favor slow exchange behavior. The resultant compounds 

possess several NMR-active isotopes (IH, 3lP, lgSPt) near the Lewis acid-base binding 

site. These bis(ph0sphine)platinum complexes should also allow an investigation of the 

effects of steric and electronic changes upon the Yb-L interaction: the P-Pt-P bite angle 

can easily be changed, the alkyl groups of the bidentate phosphine ligand can be varied, 

and the X and Y ligands of the P2PtXY complex can be modified to include other 

interesting ligands (e.g., Me, larger alkyl groups, F, SiR3, etc.); and the resulting effects 
on the Yb-L interactions can be investigated. 

Interactions with ( R ~ P ( C H Z ) ~ P R ~ ) P ~ H ~  Complexes. Addition of a 

colorless toluene solution of (dtbpe)PtH2 (2),3 to a brown toluene solution of Cp*2Yb 

(1) at room temperature results in  the immediate precipitation of a maroon solid, 

formulated as (dtbpe>Pt(pE&YbCp*2 (3), in quantitative yield. The solid-state infrared 

spectrum of this complex shows intense u(M-H) bands at 1925 and 1898 cm-1, shifted 

from the single broad absorption of 1988 cm-l for 2. While this shift to lower energy is 

characteristic of bridging Pt hydride ligands, it is a smaller perturbation than is generally 

observed? indicating that the Yb-hydride interactions are relatively weak. The adduct is 
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completely insoluble in hexane, toluene, and diethyl ether. Although it dissolves in 

tetrahydrofuran-dg to give a maroon solution, the lH and 31P NMR data show that the 

solution contains free 2 and the known Cp*2Yb(thf)2 adduct.5 Integration of the proton 

NMR spectrum of this sample shows that 3 is indeed a 1:l adduct. The solubility 

properties of 3 crecluded further study of this complex. 

Allowing 1 to react with one equivalent of (dcype)PtH2 (4) in toluene gives a dark 

blue solution. Slow cooling of this solution to -80 "C gives dark maroon crystals of the 

1:l complex, (dcype)Pt(p-H)2YbCp*2 (5) in 75% yield. This complex shows a broad 

band at 1889 cm-1 in its solid-state infrared spectrum, shifted to lower energy relative to 

the u(M-H) bands for 4, at 1986 and 1979 cm-1. Crystals of 5, isolated from toluene, do 

not redissolve in toluene. Consequently, the NMR data discussed below were 0btaine.d 

on a sample that was made by dissolving 4 and a slight excess of 1 in GDg. This 

sample will hereafter be referred to as either the 1:l sample, or simply as the complex 5. 

The room temperature 'H and 3lP{ IH} NMR spectra of 4 and the 1:l sample are shown 

in F igre  1. In addition to the expected spin-spin coupling of the hydride nuclei to the 

two phosphorus nuclei and to the 195Pt isotope (I = 1/2, 33.8% natural abundance), 

oupling to 171Yb is also present in the lH NMR spectrum of 5 (Fig. lb, lJybH = 180 

Hz). Coupling of the phosphorus nuclei to 171Yb is also present (Fig. Id, Jybp = 93 

Hz), the intensity of each satellite being ca. 7% the intensity of the major resonance, as 

expected. The presence of these couplings indicate that intermolecular exchange is slow 

on the NMR timescale, at 25 "C. 

Interestingly, while intermolecular exchange does not occur at 25 "C for a sample 

of 1 and 4 containing a slight excess of 1, this is not true for a sample containing an 

excess of 4. Fast intermolecular exchange is observed at 25 "C on the NMR timescale, 

when 1 and 4 are mixed in a 1:2 molar ratio. The spectra show broadened resonances, 

coupling to 17lYb is no longer observed, and the chemical shift and coupling constant 

values are averages of the stopped exchange values and the values for free 1 and 4. 
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I 
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1 1 
I * k! I\ I\" 

Figure 1. lH and 3lP( 'H} NMR spectra of 4 and 5 (%D6,25 "C), (a) 'H spectrum 
of 4 (300 MHz; a minor grease impurity is marked with an asterisk, (b) 1H spectrum of 5 
(300 MHz; hydride region; a minor impurity is marked with an asterisk). 
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Figure 1 (continued). lH and 31P{ lH} NMR spectra of 4 and 5 (C6D6, 25 OC), (c) 
31P{ lH} specmm of 4 (162 MHz), (d) 3lP{ lH} spectrum of 5 (162 MHz). 
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This result may be rationalized by assuming that an associative exchange mechanism 

occurs when 4 is present in excess, the transition state involving interaction of an Yb 

center with one hydride ligand on each of two different molecules of 4, as shown in 

Figure 2. If the exchange mechanism were dissociative, the presence of excess 4 would 
have a negligible effect on the exchange rate. Presumably, the steric bulk of the Cp* 

rings prevents two molecules of 1 from simultaneously coordinating to one molecule of 4 

(Fig. 2), resulting in a higher barrier and therefore slow exchange behavior for a sample 

containing excess 1. It is likely that, in the absence of excess 4 (Le., when 1 is present 

in excess) the exchange mechanism is dissociative, with a higher barrier than the banier 

for the associative mechanism; this will be discussed in more detail in Chapter 3. 

Y b  
\ 
"* 

intermolecular exchange 

Figure 2. Proposed exchange mechanism for a sample of 1 containing an excess of 4. 

In contrast to 3, dissolution of 5 in tetrahydrofuran-dg does not result in complete 

cleavage of the 1: 1 complex formed from 1 and 4. Rather, values intermediate between 

the stopped-exchange values of the 1:l sample (in CgDg) and the values of free 4 in 

tetrahydrofuran-dg are observed, along with broadened resonances and loss of Coupling 
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to 171Yb, at 25 OC. Qualitatively, this indicates that 4 and thf are comparable Lewis 

bases, relative to the Lewis acid YbCp*2 (keeping in mind that thf is present in large 

excess in this sample). The apparent relative basicity series is: thf = (dcype)PtHZ (4) > 

(dtbpe)PtH2 (2). This difference between 2 and 4 may be the result of steric effects. 

The dcype derivative possesses a proton on the alpha carbon of the cyclohexyl ring, while 

the dtbpe derivative has only methyl groups on this carbon; this may result in 

destabilizing steric interactions between 1 and 2, as compared to the steric interactions 

formed between 1 and 4. Such differences in steric effects for dcype vs. dtbpe 

complexes will be discussed in more detail in Chapter 2. 

The room temperature 1H/195Pt and 1H/171Yb correlation 2-D spectra obtained on 5 

are shown in Figures 3 and 4, respectively. These spectra, and most of the other spectra 

obtained to measure metal chemical shifts and coupling patterns in this work, were 

obtained using the 2D-HMQC pulse sequence: which allows indirect detection of an X 

nucleus with 1H sensitivity, utilizing a JXH coupling. Couplings to 1H are removed in 

the X dimension, while couplings to a different type of nucleus, Y, in an H-X correlation 

are independently retained in both dimensions, resulting in an E.COSY-like splitting 

 att tern,^ with respect to the Y nucleus. Resolution of splittings into two dimensions 

allows easier identification of coupling constants found in lower intensity isotopomers 

(e.g., when Y = 171Yb), particularly when satellites due to these isotopomers would be 

obscured by other lines in the relevant l-D spectra. A large splitting due to coupling to Y 

in one dimension may be used to resolve a small coupling to Y in the other dimension, 

even if this small coupling is less than the linewidth in that dimension. Information about 

the relative signs of coupling constants may also be directly inferred fiom the direction of 

the slope in the ECOSY-like pattern. 
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Figure 3. 1H/195Pt HMQC NMR spectrum of 5 (400 MHz, Cog, 25 "C). Annotated 
with normal 1H spectrum (F2) and 195Pt projection (Fl). 
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Figure 4. lH/171Yb HMQC NMR spectrum of 5 (400 MHz, C6D6, 25 "C). 
Annotated with normal lH spectrum (F2) and 171Yb projection (Fl). 



16 

In the case of 5, the 1H/171Yb HMQC spectrum confirms that l7lYb is the source 

of the extra satellites present in the 1H and 31P{ 1H) NMR spectra (Fig. 1). In addition, 

the 195Pt and 171Yb pseudo-spectra (vertical dimensions in Figs. 3 and 4, respectively) 

contain a triplet with 171Yb satellites and a triplet with 195Pt satellites, respectively (the 

triplets arise from coupling to the two phosphorus nuclei), showing that there is coupling 

between the metal centers. The 1H/195Pt spectrum (Fig. 3) shows that this coupling, 

Jptyb, has the same sign as lJptH. The NMR spectral values measured on 5 are 

presented in Table 1, along with the values for 4. Since the signs of 1Jpm and 1Jpp are 

known to be positive,* the signs of the other coupling constants can be obtained from the 

HMQC spectra, and are also given in Table 1. 

Table 1.1H. aP-?95Pt, and m Y b  NMR Data for 4 and 5 (C6Dlr;, - 25 "C). 

- 4 
0.56 

+179, -16 
+1100 
76.5 

+1822 
b 

--- 
-862 

-30d 

5 
-1.98 

+152, -14 
+lo31 
75.4 

+2077 
2.42 
+180 
+93 
-75 1 

-1-572 
+2260 

Wnless otherwise stated, J m  pertains to the coupling constant involving the nucleus X 
and the hydride nuclei, in all Tables. 
bThe chemical shift of the Cp* protons for a c6D6 sample of 1 is 1.93 ppm. 
CFor details of the metal chemical shift referencing, see the Experimental section. 
dThe 171Yb chemical shift of 1, measured at 25 OC, using indirect detection (see Chapter 4 
for details). 

Interaction of 1 with 4 results in several perturbations in the chemical shift and 

coupling constant values, compared with the values for uncomplexed 4. Specifically, a 
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significant upfield shift of 6(Pt -a  by 2.54 ppm occurs, indicating that the bridging 

hydrides of 5 are more shielded, relative to those of 4. The Cp* resonance of 1 is shifted 

downfield by 0.47 ppm; downfield shifts of this resonance are common for Cp*2YbLn 

complexes, relative to the value for l%d The interaction between 1 and 4 results in a 

decrease in the 2 J p ~  and 1 J p ~  values, and a large increase in the 1Jpp value. These 

perturbations are easily rationalized by assuming that donation of electron density from 

the Pt-hydride bonds to the acidic ytterbium metal center results in a decrease in the Pt-H 

bond strength, and a consequent decrease in the trans influence of the hydride ligands. 

Bridging hydride ligands in dimeric Pt phosphine complexes generally have a lower trans 

influence than terminal Pt hydrides.10 Consistent with the IR data for 5 (see above), the 

1 J p ~  value €or 5 (1031 Hz) is lowered from the value for free 4, but is still higher than is 

generally seen for bridging Pt hydrides,ll indicating that the Yb-hydride interaction is 

relatively weak. Interaction of 1 with the H/D analogue of 4, (dcype)Pt(H)@), shows 

no evidence for ~ J H D  in the 1H NMR spectrum; the half height width of the hydride 

resonance is 15 Hz, indicating that JHD is less than ca. 8 E. The 1Jm value for free 

(dcype)Pt(H)@), at 25 OC and at -80 OC, was found to be near zero.12 

There have been few J ~ H  and Jybp values reported in the literature; the values 

measured on 5 are similar to the previously reported values. The 1 J n ~  value of 180 Hz 

found for 5 can be compared to the values of 170 Hz for [{Cp2Nb(p- 

H)2}2Yb(diglyme)],'a and 200 Hz for [vp1)Yb(y-HBEt3)(thf)] (Tp' = hydrotris(3-tert- 
buty1-5-methylpyra~olyl)borate).~ The 3Jybp value of 93 Hz in 5 is similar to the value 

of 73 Hz found for [{(PMe3)3WH5}2Yb(diglyme)],lain which the Yb-P coupling is via 

a P-M-H--Yb interaction, as in 5 (assuming that direct Pt-Yb spin-spin communication is 

negligible, this will be discussed below). 

The 171Yb chemical shift of a sample of 1 dissolved in C6D6 is -30 ppm, at 25 OC. 

This is similar to the values reported for Cp*2Yb(thf)2 (0 ppm) and Cp*2Yb(Et20)2 (+36 

ppm), both measured at 25 OC.13714 The 6(Yb) value of +572 ppm found for 5 at 25 OC 
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indicates a significantly deshielded ytterbium metal center, relative to that in 1. Given the 

few examples of 171Yb chemical shift values reported to date for Cp*2YbLn 

complexes,l3b~l5 the wide variation in these values, and the presence of fast 

intermolecular exchange of L on the NMR timescale for many of these complexes (the 

complexes reported here being rare examples of stopped-exchange Cp*2Y bLn 

complexes), a correlation of 171Yb chemical shifts with chemical properties is not yet 

possible (see Chapter 4 for further discussion of 171Yb chemical shifts). The l95Pt 

chemical shift of 5 (-751 ppm) is shifted downfield from the value for 4 (-862 ppm), 

consistent with less electron density on the platinum center in the adduct. Considering the 

very large range of platinum chemical shifts (ca. 13,000 ppm),l3a this is not a large 

perturbation. The Pt-Yb coupling constant, 2260 Hz, is the first transition metal- 

ytterbium coupling constant to be reported, and so no comparisons can be made. 

However, it is clear that there is communication between the metal nuclear spins; this will 

be discussed in more detail below. 

To verify the nature of the Lewis acid-base interaction between 1 and 4, a single 

crystal X-ray diffraction study was performed on 5. Unfortunately, the crystal was 

severely disordered, and only the Yb, Pt, the two P atoms, and rough Cp* ring centroid 

positions could be located (see the Experimental section for details). While the atomic 

positions have relatively large esd's associated with them, some useful information can 

nevertheless be obtained. The heavy atom positions are consistent with a symmetrical 

Pt(p-H)2Yb structure, with P(1)-Pt-Yb = 143(1)', P(2)-Pt-Yb = 137(2)', and the P-Pt-P 

plane oriented roughly perpendicular to the (Cp* ring centroid)-Yb-(Cp* ring centroid) 

plane, the interplanar angle being 86(2)'. The Pt-Yb distance, 3.264(6) A, is 0.25 8, 

longer than the sum of the covalent radii (the covalent radii of Pt@) and Yb@) are 1.31 

A16 and 1.70 A,17respectively), indicating that the Jptyb coupling observed in solution is 

likely not via a direct Pt-Yb interaction. This Pt-Yb distance is similar to the W-Yb 

separation found for [ {  (PMe3)3WH5}2Yb(diglyme)] (3.24 A) and to the Nb-Yb 
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separation found for [{Cp2Nb(~1-H)2)2Yb(diglyme)l(3.33 A) (the van der Waals radii of 

W and Nb are 1.35 A and 1.45 A, respectively).la There has been one previous report of 

a complex containing both Yb and Pt centers; the Pt-Yb separation in this complex, 

Interaction with (dcypp)PtHz The energies of the frontier orbitals of a P2Pt 

fragment change as the P-Pt-P angle is varied.19 Specifically, the energy of the P2Pt 

HOMO, largely of d(x2-y2) character, rises as this angle becomes more acute. Thus as 

this angle changes, the Lewis basicity of the hydride ligands of a cis-P2PtH2 complex 

would be expected to change. The P-Pt-P angles in (dcype)PtH2 (4) and (dcypp)PtH2 

(6)12$20 are ca. 87'21 and 103Op respectively. The NMR spectra of a sample containing 
a ca. 1:l molar ratio of 1 and 6 (with a slight excess of 1) indicate that intermolecular 

exchange is slow on the NMR timescale, at 25 "C. The 1H and 31P{ 1H) spectra, as well 

as the 1H/195Pt and 1W171Yb HMQC spectra (these spectra are qualitatively identical to 

the analogous spectra measured on 5, and are given in Appendix I), were measured on 

this adduct, 7, and the spectral values obtained are given in Table 2, along with the values 

for 6. 

Table 2, &€. AP-BPt. and U Y b  NMR Data for 6 and 7 (CgDh. 25 'C) - 

6 
-1.13 

+174, -24 

+lo69 
21.6 

+1897 
--- 
--- 
--- 
-861 
--- 
--- 

7 
-3.45 

+148, -21 
+993 
15.8 

+2090 
2.44 

+168 
+82 
-749 
+472 

+2160 

. -  
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Comparing the perturbations resulting from the interaction of 1 with 6 to the 

perturbations that were observed for 4 (Table 1) shows that they are almost identical. 

Apparently the interaction between cis-P2PtH2 complexes and 1 is not significantly 

affected by a change in the P-Pt-P angle, a somewhat surprising result. The two cis- 

dihydride complexes, 4 and 6 ,  also behave similarly with respect to intermolecular 

exchange with 1. As found for 4, an excess of 6 results in averaged spectra, while an 

excess of 1 does not. The 171Yb chemical shift for 7 is +472 ppm, the analogous value 

for 5 is +572 ppm; the reason for this difference, and whether it is chemically significant, 

is unknown. Again, the signs of the coupling constants can be determined, and are given 

in Table 2; the signs are the same as were found for the analogous values for 5. 

Interactions with cis- and trans-(PCy3)2PtH2. Given the negligible 

effect of the P-Pt-P angle on the NMR values of 5 and 7, it was of interest to investigate 

the behavior of the monodentate analogue, (PCy3)2PtH2, with 1. The cis complex, cis- 

(PCy3)2PtH2, is not isolable, being unstable with respect to isomerization to the trans 

complex. There are no perturbations in the room temperature IH and 3IP{ IH} N M R  

spectral values of a GD6 solution of tran~-(PCy3)2PtH2~~ when 2 eq.. of 1 are added. In 

addition, the chemical shift of the Cp* resonance of this sample is unshifted relative to 
that of a sample of pure 1. In contrast, exposure of a C6Dg solution of 1 and 

(PCy3)2Pt24 (1:l molar ratio) to 1 atm. of H2 results in precipitation of a dark blue solid 

formulated as (PCy3)2Pt(p-H)2YbCp*2, on the basis of the similarity in color and 

solubility to 5 and 7, in quantitative yield within minutes (there is no interaction between 

1 and (PCy3)2Pt, even at low temperature, based on IH and 31P NMR--see Chapter 4 for 

further details). It has been reported that addition of &hydrogen to (PCy3)2Pt at low 

temperature gives NMR spectra that are consistent with the cis-&hydride, but irreversible 

isomerization occurs at temperatures greater than -50 O C.25 It is likely that the rapid 

precipitation of (PCy3)2Pt(p-H)2YbCp*2 prevents the cis-trans isomerization. The 

solubility properties precluded further studies of this system. 
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The lack of an interaction between 1 and trans-(PCy3)2PtH2 is intriguing. This 

may result from the trans orientation of the sterically bulky PCy3 ligands, prohibiting 1 

from approaching the hydride ligands. Another possibility is that the lack of an 

interaction is the result of electronic factors. While cis dihydride complexes possess a 

permanent dipole moment, trans dihydride complexes do not. As the interaction between 

the platinum hydride complexes and 1 is largely electrostatic in nature (i.e., a Lewis acid- 

base interaction), it is possible that a permanent electric dipole moment is necessary for 

this interaction to be significant. Yet another possibility is that a trans orientation of the 

hydride ligands results in less electron-rich ligands, relative to the hydride ligands in a cis 

complex, in which the hydrides are trans to electron-rich phosphine ligands. 

Interaction with (dippe)PtMez. Considering the relatively strong 

interactions formed between 1 and cis-P2PtH2 complexes, it was of interest to investigate 

whether substitution of the hydrides by methyl groups would result in a similar 

interaction between the two complexes, via bridging methyl groups. The exact nature of 

the bridging methyl interactions is interesting, specifically whether the methyl groups 

interact with the Yb center via the carbon atoms (M-C-M 3-cented2-electron 

interactions), .the electron density in the C-H bonds (agostic interactions), or a 

combination of these two possibilities. Perhaps most interesting is the nature of the 

interaction in solution, as measured by the methyl-related NMR spectral values, assuming 

that intermolecular exchange is slow. The dippe analogue, (dippe)PtMe2 (8), was used 

instead of the dcype derivative, since it crystallizes more readily (the dcype derivative was 

found to give qualitatively identical NMR spectra as 8, when combined with 1). 

The complex (dippe)Pt(pL-Me)2YbCp*2 (9) is dark green, in contrast to the 

maroon color of the dihydride complexes. Crystals of 9 easily dissolve in toluene (giving 

a dark green solution), in contrast to the behavior observed for 5. The room temperature 

NMR values measured on a sample of 1 and 8 (containing a slight excess of 1) are 

shown in Table 3. Intermolecular exchange is rapid on the NMR timescale for this 
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si. . le. While the intermediate exchange regime can be reached at ca. -95 "C in toluene- 

ds tdicated by the presence of broad but distinct resonances for both free and bound 

Cp* rings), further cooling to -110 O C  to try to stop the exchange results in resonances 

that are too broad to permit the measurement of any coupling constant values (1H (win) 

= 120 Hz). Attempts at using fluorinated hydrocarbon solvents (very low freezing 

points, and lower viscosities than toluene, at low temperature), and fluorocarbon/toluene 

solvent mixtures, were unsuccessful due to either low solubility of 9 in these solvents, or 

low solubility of these solvents in toluene. 

Table 5 IH, UC. and 3 P  NMR Data for 8 and 9 25 OC). 

s 
1.23 
68 

18.1 

17.6 
121 
70.4 
1816 
--- 

2 
0.68 
66 

18.0 

17.5 
123 
70.0 
1968 
2.28 

not observed 
not observed 

aThe uncertainty in these values is estimated at +1 Hz. 

The directions of the perturbations of the spectral values of 9, relative to those of 

8, are similar to those observed for the dihydride complexes discussed above (Tables 1 

and 2), however the extent of the changes are less. In the hope of gaining some 

information concerning the nature of the bridging methyl interaction, the (averaged) C-H 

coupling constant was measured at 25 "C. The values obtained for 8 and 9 are identical 

within experimental error; the values are also unchanged at -80 OC. The chemical shift of 
the methyl carbon nuclei of 9 is also unperturbed, relative to the analogous value for 8 
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(Table 3). Apparently, the interaction between 1 and 8 in solution is too weak to allow 

investigation of the methyl-Yb interactions via NMR spectroscopy. No low frequency C- 

H stretches are present in the solid-state infrared spectrum of 926 

To gain more information about the details of the bridging methyl interactions, a 

single crystal X-ray diffraction study was performed on 9. The solid state structure is 

shown in Figure 5. This is the first crystallographically characterized complex containing 

bridging methyl groups between a transition metal and an f-element center. Five of the 

six bridging methyl hydrogens were located from a difference Fourier map, near the end 

of the structure refinement. The sixth hydrogen, €322, was added assuming an idealized 

bonding geometry around C2 (tetrahedral, d(C-H) = 0.95 A). These atoms were 

included in the structure factor calculation, but not refined. Inclusion of these six 

hydrogens resulted in a slight improvement in the model, providing confirmation of their 

positions. 

Figure 5. ORTEP diagram of (dippe)Pt(p.-Me)2YbCp*2 (9), 50% probability thermal 
ellipsoids. 

Selected bond distances and angles for 9 are given in Table 6. The heavy atom 
bonding parameters are not unusual. The Pt-Yb separation, 4.0391(5) A, is 0.78 8, 
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longer than the analogous value in 5. As expected, the methyl groups are symmetrically 

bridging, with Pt-Cl-Yb = 106.8(3)', Pt-C2-Yb = 107.5(4)', and equivalent Pt-Cy Pt-P 

md Yb-C distances, within experimental error; this symmetry introduces a pseudo-C2 

axis through the Pt and Yb metal centers. The Pt-P and Pt-C distances found for 9 are 

within the expected range for cis-P2PtMe2 complexes;27 no significant perturbations are 

present as a result of the Yb-methyl interactions. The Pl-Pt-P2/Cpl-Yb-Cp2 torsional 

angle (84.1(4>"), Yb-Cp* distances (2.42 8, for both), and the Cpl-Yb-Cp2 angle 

1139.6(5)') are within the expected values. 

Table 6. Selected Intramolecular Distances (A) and Angles (de@ in r(dippe)Pt(u- 
i!@UQ&lr9,. 

Bond Distances 
Pt-Yb 4.0391(5) Yb-Cp1a 
Pt-P1 2.258(3) m c p 2  
Pt-P2 2.262(2) Yb-H1A 
Pt-c1 2.089 (9) Yb-H1B 
Pt-c2 2.099(8) Yb-H1C 
Yb-c1 2.909(8) Yb-H2A 
n c 2  2.88(1) Yb-H2B 

Yb-H2C 

2.42 
2.42 
3.74 
2.38 
2.60 
3.80 
2.63 
2.30 

Bond Angles 
Pl-Pt-P2 86.97(9) cpl-Yb-cp2 139.6(5) 
c 1 -Pt-c2 86.2(4) Cl-Yb-C2 59.3(2) 
Pt-Cl -Y b 106.8(3) ' Pt-a-Yb 107.5 (4) 

Yb-C1-H1A 133.7(6) Yb-C1-H1B 50.6(4) 
Yb-C 1-H1C 62.5(4) Yb-C2-H2A 141.2( 6) 
Y b-C2-H2B 65.8 (5) Y b-C2-H2C 45 -2 (5) 

aAll distances and angles involving Cp* rings were calculated using the ring centroid 
positions, for this structure and also for the structure of 11, below. 

Clearly, the bridging methyl portion of 9 is the structural feature of principal 

interest. The C1-Yb and C2-Yb distances are 2.908(8) %, and 2.88(1) A, respectively, 

well within the sum of the van der Waals radii, 3.70 %, (taking the van der Waals radius 

of a methyl group as 2.00 A17). In Cp*Be(p-Me)YbCp*z the Yb-methyl carbon distance 

is 2.766(4) A, in (PPh3)2Pt(p-C2H4)Y bCp*2 the average Yb-C(o1efin) distance is 

2.781(6) A.9d Based on the orientation of the methyl hydrogens, the interaction involves 
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donation of electron density from the C-H bonds of the methyl groups to the 

electropositive Yb center (i.e., agostic interactions). The Pt-C-Yb angles, 107' and 108', 

are much less acute than the analogous values found for M(p-Me)2M structures 

containing M-C-M 3-center/2-electron type interactions (e.g., [(Me)3Al]2), in which this 

angle is 75-90O.28 The analogous angle in [Cp2Yb(p-Me)]a7 which contains Yb-C-Yb 

type bridges, is 86.6' and the Yb-C distances are 2.49 and 2.54 A.29 The Pt-C-Yb 

angles in 9 are most consistent with agostic C-H--Yb interactions, as the Pt-C-H angles 

are ea. 106-121'. 

For each methyl group, two of the hydrogens are oriented towards the ytterbium 

center, with distances ranging from 2.30-2.63 A, and one hydrogen is oriented away 

from the ytterbium center, at a distance of ca. 3.8 A. The van der Waals distance for an 

Yb--H interaction is 2.9 A, using 1.2 A as the van der Waals radius for a hydrogen 

atom.17 The average Yb-H distance in Cp*Be(p-Me)YbCp*2 is 2.59 (8) A79C and in 

[ (Cp2Nb(p-H)2}2Yb(diglyme)] it is 2.33(8) A.la It is informative to compare the 

bridging methyl interactions of 9 to the C-H--Yb interactions in (PPh3)2Pt(p- 

C2&)YbCp*2,9din which the C-Pt-C/C-Yb-C interplanar angle is 15.1', resulting in two 

pairs of Yb-H distances (2.58,2.64 A; 3.09, 3.15 A) and two pairs of Yb-C-H angles 

(69.5', 100.Oo, average values for the short and long Yb-H pairs, respectively). The 

analogous interplanar angle in 9 is only 4O, however this also results in two pairs of Yb- 

H distances (2.30, 2.38 A; and 2.60, 2.63 A; ignoring the long Yb-HlA, H2A 

interactions) and also two pairs of Yb-C-H angles (47.9' and 64.2', average angles for 

the shorter and longer Yb-H pairs, respectively). While the differences in the pairs of 

Yb-H interactions are less pronounced than in (PPh3)2Pt(p-C2Q)YbCp*2, they are 

clearly also present for 9. Given the symmetry of the two complexes, this phenomenon 

is likely not a steric or crystal packing effect; apparently such pairwise Yb-H interactions 

are energetically more favorable than four equal Yb-H interactions. 
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The orientation of the methyl groups in 9, with four of the six C-H bonds pointed 

towards the Yb center, maximizes the mount of electron donation to the Yb center that 

can occur (a - ;tructures containing five and six C-H bonds interacting with the Yb center 

are clearly chemically unreasonable). This geometry results in an eclipsed geometry of 

the C-H bonds, relative to the C-C vector (the three pairs of C-Pt-C-H torsional angles 

for analogous H s  are all within 7' of each other). Two cis-L2M(Me)2 (M = Pd, Pt) 
structures have been reported in which the methyl hydrogens have been located,2%30 the 

methyl hydrogens in both of these structures are not eclipsed, relative to the C-C vector. 

While it is possible that the orientation of the methyl hydrogens in 9 is solely a result of 

crystal packing and/or steric effects, given the conformations observed in the "free" 

L2M(Me)2 complexes and the close Yb-H distances in 9, the observed conformation most 

likely arises as a result of the agostic C-H--Yb interactions. 

The agostic interactions observed in the solid state structure of 9 represent a rare 

bonding mode for bridging methyl groups. The different orientations of bridging methyl 

groups that have been structurally characterized are shown in Figure 6. 

a 

C 

H 

M-C-M' 
I 

$\ 
H H  

d 

b 

e 

Figure 6. Different types of bridging methyl groups that have been crystallographically 
characterized. 
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The most common orientation observed is the M-C-M type (Fig. 6a),29931 the classic 

example being the trimethylaluminum dimer.32 Several examples of types b?C333 c,34 

and d35 have also been observed. To the best of our knowledge, only two examples of 

type e, the orientation observed for 9, have been reported.36 

Interaction with (dippe)Pt(Me)(H). It was of interest to see if a methyl 

hydride complex of platinum would combine the best features of the dihydride and 

dimethyl complexes, &., slow intermolecular exchange in solution, while still containing 

a bridging methyl interaction, so that the spectroscopic changes resulting from the methyl- 

Yb interaction could be studied. While it has been reported that (dcype)Pt(Me)(H) can be 

synthesized from reaction of (dcype)Pt(Me)(Cl) with excess NaHB(OMe)3,37 we found 

that this method did not work reproducibly, and the yield of the desired product was low 

when successful. The synthesis of (dmpe)Pt(Me)(H) has also been reported, via 

reduction of (dmpe)Pt(Me)(OCOPh) with excess L W E t 3  or LiB& at low temperature, 

although synthetic details were not given.38 This method was also found to be 

ineproducible. While it sometimes gave the desired product cleanly, at other times it gave 

product mixtures containing many different species, including the desired methyl hydride 

complex as well as the dihydride complex, the latter presumably arising from reduction of 

the methyl hydride complex by the excess LiHBEt3/LiB&. We have found that reaction 

of (dippe)Pt(Me)(OCOPh) with the milder hydride source NaHE3(OMe)3 in thf results in 

clean conversion to the desired (dippe)Pt(Me)(H) complex, in reproducible yields of 70- 
80%. This reaction can be done at room temperature, excess NaHB(0Me)g does not 

result in product decomposition or reduced yields, and purification of the product is 

simple (see the Experimental section for details). It appears that the combination of a 

milder hydride source, NaHB(OMe)3, with a platinum benzoate complex (containing a 

better leaving group than the analogous chloride complex) is a better method for synthesis 

of cis-P2Pt(Me)(H) complexes. 
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Reaction of (dippe)Pt(Me)(H) (10) with 1 eq. of 1 in toluene results in a beige- 

orange solution, from which dark green-brown crystals, formulated as (dippe)Pt(p- 

Me)(p-H)YbCp*2 (11) can be isolated in 70% yield. The crystals are solvent-loss 

sensitive, and turn gold upon exposure to vacuum. This solid has a u(M-H) band at 

1895 cm-1 in its solid-state infrared spectrum, shifted from 1965 cm-1 for 10. As found 

for 9, no low frequency C-H stretches are present in the infrared spectrum, and crystals 

of 11 redissolve in toluene. A sample of this solid dissolved in C6Dg gives NMR spectra 

that indicate intermolecular exchange is rapid at 25 OC; no coupling to 171Yb is observed 

and broadened resonances are present. However a toluene-dg solution of 1 and 10, 

containing a slight excess of 1, does not show intermolecular exchange at 25 OC, 

presumably for the same reasons as mentioned above (Fig. 2, and accompanying 

discussion). Coupling of 171Yb to the hydride as well as to the phosphorus nucleus that 

is trans to the hydride is present at 25 OC. However, coupling to 171Yb is not resolved 

for the methyl platinum-related resonances, in the room temperature l-D 1H and 31P{ IH} 

(Ptrans to the methyl group) NMR spectra. The NMR values measured on this sample at 

25 "C and at -70 "C, are given in Table 7. 

Considering first the room temperature 1H and 31P data, the perturbations in the 

values resulting from the presence of 1 are roughly equivalent to the perturbations that 

were observed for the analogous values in the dihydride and dimethyl complexes (Tables 

1-3). The lJybH value of 11 is slightly smaller than the analogous values for 5 and 7, 

indicative of a slightly weaker Yb-hydride interaction in 11 than in the dihydride 

complexes. This may be a result of steric interactions between the Yb center and the 

methyl group, preventing the Yb center from approaching the hydride ligand as closely as 

in the dihydride complexes. Both the 1H chemical shift perturbation of the methyl 

protons (A(@ = 0.55 ppm for 9, 0.80 ppm for ll), as well as the 2 J p t ~ ~ 3  - perturbation 

(A(J) = 2 Hz for 9, 14 Hz for ll), are larger than for 9, presumably indicating a stronger 

Yb-methyl interaction in 11, relative to that in 9. 
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Table 7, AH, ~ & ~ P - - ~ P t ,  and m Y b  NMR Data for 10 and 11 (toluene-dg, at 25 
O C  and -70 "C). 

25 O C  

Le - 1 1  
0.48 -2.65 

201 163 
+1158 +lo34 

85.5, 70.1 81.3, 69.2 
+1822, +1747 +1978, +2186 

--- 2.29, 1.94 
--- +114 
--- --, +78 

1.44 0.64 
-7 1 -57 

-70 "C 
Le - 1 1  

0.89 -2.40 

198 159 
+1137 +lo20 

85.6, 72.0 82.7, 71.2 
+1841, +1775 +1992, +2205 

--- 2.50, 2.06 
--- +113 

1.65 0.72 
--- -3, +82 

-70 -60 
--- +24 

--- +46(4)b 
121(2)b 123 (2)b 

--- +340 
--- +960 

-13.8 -15.4 

-400 -520 

aListed as P trans to methyl, P trans to hydride, respectively. 
bThe estimated uncertainties in these values are given in parentheses. 

The lH and 3lP NMR values of 11 are relatively unchanged upon cooling to -70 

OC, suggesting that the nature of the interaction between 1 and 10 is not changed 

significantly over this temperature range. The Ig5Pt chemical shift for 11 at -70 OC is 

shifted upfield from the value for 10 (A(6) = -120 ppm), in contrast to the downfield 

shifts observed for 5 and 7 (A(6) = +111 ppm and +112 ppm, respectively). The 171Yb 

shift for 11 at -70 OC is +340 ppm, shifted downfield 370 ppm from free 1. This 

contrasts with downfield shifts of 602 ppm for 5 and 502 ppm for 7, perhaps indicative 

of a weaker interaction between 1 and 10, relative to the interactions formed between 1 
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and the cis dihydride complexes. The 1H/195Pt HMQC spectrum measured at -70 OC 

(given in Appendix I) shows the presence of spin-spin coupling between 195Pt and 171Yb 

(Jptyb = 960 Hz), of roughly half the size of the analogous values measured for 5 and 7. 

The presence of coupling between the Pt and Yb .centers in 57, and 11 indicates 

that there is communication of the metal nuclear spins, likely via the bridging ligands. Is 

this Pt-Yb nuclear spin-spin communication significant? As mentioned above, there have 

not been many Jybx values reported, and no Yb-transition metal coupling constants. 

Comparison of the reported Jybx values to the Jptyb values measured for 5,7, and 11 is 

not valid, as different nuclei are involved, and the different magnetogyric ratios make 

such a comparison meaningless. Comparison of the reduced coupling constant values is 

complicated by the fact that, while such values are independent of the magnetogyxic ratios 

involved, they are still dependent on the atomic number and are also strongly affected by 

relativistic effects, which are large for both 195Pt and 171Yb.39 It is known that JPpt 

values for polynuclear Pt complexes show no correlation with solid state Pt-Pt distances 

and a similar possibility has been suggested for Jptw values.* Another potential 

complication is the possibility of two different communication mechanisms, a direct Pt- 

Yb interaction and interaction via the bridging ligands. The coupling via the first 

mechanism (l-bond) may be either of the same or of opposite sign to the coupling via the 

second mechanism (>I-bond), and this can have a large effect on the measured coupling 

constant value; this has been suggested as a possible reason for the seemingly random 

Jptpt values.* Consequently, the only thing that can be stated with certainty concerning 

the Jptyb values measured on 5,7, and 11 is that there is nuclear spin communication 

between the metal centers, and that this communication is about equal for 5 and 7, and 

roughly halved for 11. Whether the difference is a consequence of the different bridging 

ligands in the complexes, of the longer Pt-Yb separation for 11, or a combination of 

these two possibilities, is unknown. 
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The 1W195Pt spectrum of 11 at 0 "C (Figure 7) shows that at this temperature Jptyb 

-480 

j 

is identical to the value obtained at -70 "C (this spectrum was optimized for the 2 J ~  of 

the methyl protons, 58 Hz). In addition,,coupling of the ytterbium center to the methyl 
hydrogens is observed, JYbCH3 - = 24 Hz. This value was also measured at -70 "Cy and 

was found to be identical. These similar spectroscopic values for 11 at 0 "C and -70 "C 

show that the nature of the interaction is largely unchanged within this temperature range, 

as suggested by the IH and 31P data. It is clear from Figure 6 why JBCH~ - is not visible 

in the 1-D IH spectrum of 11: it is obscured by the methyl resonance of the non-171Yb 

isotopomers. Use of the lH-195Pt HMQC however, makes use of the large 195Pt-171Yb 

coupling to generate the ECOSY-like pattern? allowing elucidation of lJybcm. - 

/ Lk 
=*JPtCH, 01 --540 

* I  
j JPtYb 

D(  . .  . .. 5 

Q a . '  
+-e 

JYbCH3 -520 1 a 0 c 
Q a . '  

+-e 

JYbCH3 
a 0 0 

3 J i 

CL 0 

11 ppm 
T i -  - -I-- iI 

ppm 1.0 0.8 0.6 0 . 4  

Figure 7. 1H/l95Pt HMQC N M R  spectrum of 11 (300 MHz, toluene-dg, 0 "C), 
showing the methyl-platinum cross peak region. Extra correlations are visible to the 
dippe ligand protons. Annotated with l95Pt and 1H projections in F1 and F2, 
respectively . 
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Based on the 24 Hz value of J y b c ~ 3 ,  - there is clearly an Yb-methyl interaction 

present. A lH/3lP HMQC spectrum of 11 acquired at -70 OC showscoupling of 171Yb 

to the phosphorus nucleus trans to the methyl group, of ca. 3 Hz (this spectrum is given 

in Appendix I). This coupling is not seen in the l-D 31P( lH} spectrum, as it is within 

the linewidth of the major resonance. This coupling is much smaller than the analogous 

coupling to the phosphorus nucleus that is trans to the hydride ligand, 82 Hz. In a similar 

manner, the lH/13C H S Q e O  spectrum shown in Figure 8 (optimized for ~ J C H ~  = 123 

Hz) allows the measurement of J y b c ~ 3 ,  46 1- 4 Hz. As was found for 9, the l J c ~ 3  

coupling constant for the bridging methyl group of 11 is unchanged from that of free 10. 

As the signs of l J p ~ ,  lJp~c, lJpp are known to be positive,* the signs of the rest of the 

coupling constants can be obtained from the 2-D spectra, and are given in Table 7, above. 

Figure 8. lH/13C HSQC NMR spectrum of 11 (300 MHz, tohene-dg, -70 "C), 
showing the methyl region. 171Yb satellites are visible only for the major resonance, and 
not for the lg5Pt satellites, due to insufficient signal/noise. Annotated with 13C and IH 
projections in F1 and F2, respectively. 
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Unfortunately, the NMR data of 11 do not give a clear answer with respect to 

distinguishing between agostic interactions, a direct Yb-C interaction, or a combination of 

both (phenomenologically, a bridging alkyl augmented by an a-agostic interaction). The 

coupling of 171Yb to both the C and H nuclei of the bridging methyl group in 11 is 

consistent with all three of these possibilities, as is the unchanged lJc1-13 value for 11. It 

is known that lJcm values are not significantly perturbed upon formation of M-C-M 
bridging interactionsPl There have also been several reports of agostic complexes in 

which ~JCH is unchanged or decreases only very slightly (see below).42 The observation 

that J y b c ~ 3  - and Jyb(33 for 11 have the same signs does not unequivocally d e  out a 

direct Yb-C interaction. While ~ J M C  and 2 J ~ c ~ 3  generally have opposite signs for 

transition metal complexes containing direct M-C interactions (where M is an NMR-active 

isotope)$3 the small number of these examples requires that the sign criterion be used 

critically. However, the same signs of J y b c ~ 3  - and J y b c ~ 3  for 11 is certainly least 

consistent with just a direct Yb-C interaction. 

While isotopic perturbation of resonance/coupling constant (Il?R/IPC) experiments 

may be informativeY4 given the small perturbations in the methyl-related spectral values 

for 11 relative to those of 10, such experiments will likely give ambiguous results (see 

especially ref. 44a). The success of the IPFVIPC experiment is dependent on a 

perturbation in the C-H bond strength upon formation of the C-H-M interaction. The C- 

H bonds in 11 are not significantly perturbed upon formation of the interaction with 1, as 

evidenced by the unchanged 1Jcm value and lack of low frequency C-H stretches in the 

IR spectrum of 11. Related to this, the J Y ~ C H ~  - value will not change very much upon 

partial deuteration of the methyl group. If it is assumed that two methyl hydrogens 

interact with the Yb center, then the maximum value for J Y ~ C D H ~  - for (dippe)Pt(p- 

CDH2)(p.-H)YbCp*z would be 36 Hz. This maximum value would be observed only if 

the methyl group were not rotating, with both hydrogens interacting with the Yb center, 

an unlikely scenario. 
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Comparison of the J ~ c , H  values measured on 11 to JMCB values of bridging 

hydride and methyl complexes that have been reported in the literature is informative. 
While J ~ H  and Jmc values cannot be measured on [Cp2Yb(p-Me)]2, a compound with 

a yb-C-Yb interaction in the solid state28,45 (Yb(lII) is paramagnetic), both J ~ H  and Jyc 

have been measured for [CpaY(p-Me)]2, which also possesses M-C-M bridges in the 

solid state.45 The 1Jyc value for this complex is 25.0 Hz, while J ~ H  is 3.6 Hz (all of the 

J y c , ~  values discussed in this paragraph are absolute values, as the signs of the coupling 

constants have not been reported), consistent with a direct Y-C interaction and longer- 

range (2-bond) Y-H interactions; this gives a ratio of JYC/JYH of 6.94. The ratio for 

Cp2Y(p.-Me)2Al(Me)2$6 which also has M-C-M type interactions in the solid state,31 is 

JYC/JYH = 12.2 Hzb.0 Hz = 2.44. For 11, the andOgOUS ratio is JybC/JybH = 46 

Hz/24 Hz = 1.92 (the use of reduced coupling constants, K, is not necessary, as the 

nuclei being compared are constant). It is also interesting to compare the J ~ H  value of 

3.6 Hz for [Cp2Y(p-Me)]2 to the JYH values found for (Cp2(thf)Y(p-H)]2 (27.0 
and [Cpe2Y(p-H)]2 (37.5 Hz)$~ giving [ J ~ H  (p-H complex)/JyH(p-Me complex)] ratios 

of 7.50 and 10.4, respectively. The analogous values for the Yb complexes, 11 and 5, 

give a ratio of 180 Hz/24 Hz = 7.50. 

The J p t ~  and Jptc values have been measured for a series of trans-PtClaLX 

complexes (1; = PR3, AsR3, olefin, X = a quinoline/Schiff base derivative, possessing an 

aryl/alkyl donor C-H b0nd(s)).~2b These complexes have been described as "weak" 

agostic complexes. They are square planar Pd, Pt, or Rh complexes containing the 

agostic donor held rigidly in place in the pseudo-axial fifth coordination site, and they 

have an unperturbed ~ J C H  value and a low-field shift of the agostic hydrogen resonance, 

in contrast to the high-field shift that is commonly observed for agostic complexes.42 

The Jp tC/Jp~ values for these complexes are in the range of ca. 2.3-3.2, similar to the 

JybC/JybH value observed for 11. It is interesting that for [trans-Rh(C0)(8- . 

methylq~inoline)(PPh3)2](BF4)$~~ which also contains a weak agostic interaction, JRhC 
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is 1.8 Hz while J R ~  is not observed. To the best of our knowledge, the only example of 

a "true" agostic complex for which JMC and JMH have been measured is 

[(Cp*)Rh(CloH13)J[PFsJ (in which ~ J C H  is 83 Hz, lowered from 152 Hz);49 the 

measured values give a JRhC/JRhH ratio of 3.6 Hd10.2 Hz = 0.35,50 far lower than the 

value observed for l l . 5 l  Based on the coupling constant ratios in this diverse set of 

compounds and the unchanged ~ J c H ~  value in 11, it is reasonable to classify 11 as a 

weak agostic complex in solution.52 

The hydride ligand in 11 holds the Yb center near the methyl group, resulting in 

the observed Yb--methyl interactions. As in 11, all of the weak agostic complexes in the 

literature have the C-H donor held rigidly near the metal center; consequently, the 

interaction in this class of complexes is mainly a result of geometrical constraints. This is 

in contrast to "classical" or "strong" agostic complexes, in which the interaction arises 

mainly from orbital energy considerations. The distinction between "classical" and 

l'weak'l agostic complexes is not unambiguous; the latter class may be characterized by 

unchanged ~ J C H  values and J M C / J ~  ratios intermediate between M-C-M' type 

complexes and agostic complexes in which ~ J C H  is substantially lowered. 

An X-ray structure determination was performed on 11 in order to investigate the 

details of the interaction between 1 and 10 in the solid state. Selected intramolecular 

distances and angles are given in Table 8. Unfortunately, three of the four iso-propyl 

groups are disordered, as are both of the Cp* rings. While this disorder was 

satisfactorily modeled (see the Experimental section for details), the hydrogen atoms on 

the bridging methyl group, as well as the hydride ligand, could not be located in the 

Fourier difference map. Nevertheless, the core of the structure is well-defined (Fig. 9), 

and yields some valuable information. 

While the hydride ligand was not found, its location is clear from the square planar 

coordination about the Pt center. The Pt-Yb separation is 3.388(9) A, compared to 3.264 

A for 5 and 4.039 A for 9. The P-Pt-Yb angles (PI-Pt-Yb = 145.8(1)", PZPt-Yb = 
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127.2(1)') show that the (p-Me)@-€3) bridge is asymmetric, with the Yb center pulled 

towards the hydride. The Pt-P distances are equivalent within experimental error (Pt-P1 

= 2.256(5) A, Pt-P2 = 2.252(5) A), and are identical within experimental error to those 

found for 9. 

Table 8. Selected Intramolecular Distances (A) and Ansles (des) in r(dippe)Pt(u- 
Me)(u.-H)YbQ&l - -  (1 1). 

Pt-Yb 
P t-P 1 
P t-P2 
Pt-C35 

Pl-Pt-P2 
Pt-C35-Yb 
PZPt-Yb 

Bond Distances 
3.3 8 8 (9) Yb-Cpl 
2.256(5) Yb-cp2 
2.252(5) Yb-c35 
2.16(2) 

87.0(2) 
85.4(6) 
127.q 1) 

Bond Angles 
cp 1-Y bCp2 

P 1 -Pt-Y b 

2.43 
2.41 

2.79(2) 

137(1) 
145.8 (1) 

c2 

Figure 9. ORTEP diagram of (dippe)Pt(p-Me)(p-H)YbCp*2 (11), 50% probability 
thermal ellipsoids. For clarity, the disordered iso-propyl groups and Cp* rings are not 
shown (the Cp* ring centroid positions are shown.) 

The normally higher trans influence of the hydride ligand relative to an alkyl group53 is 

absent, likely a result of the stronger Yb-hydride interaction vs. the Yb-methyl 

interaction. The Pt-methyl carbon distance in 11 (2.16(2) A) is identical within 
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experimental error to the analogous distances found for 9 (2.089(9) and 2.099(8) A). 
The Pl-Pt-P2/Cpl-Yb-Cp2 torsional angle (92(2)"), Yb-Cp* distances (2.41 and 2.43 

A), and Cp*-Yb-Cp* angle (137(1)O) are normal. The Pt-C35-Yb angle of 85" contrasts 
with the analogous values for 9 (107" and l08"), and shows the asymmetry of the bridge. 

This angle is within the range normally found for M(p-Me)2M structures possessing M- 

C-M' three-center/two-electron type interactionsF8 in contrast to the situation found for 

9. 

The results presented above show that cis-P2PtH2 and cis-P2Pt(Me)(H) 

complexes form interactions of significant strength with the bent metallocene Cp*2Yb, 

giving stopped-exchange adducts, on the NMR timescale. It is clear that a Pt-bound 

hydride is a better ligand towards 1 than a Pt-bound methyl group. Strictly speaking, the 

exchange behavior observed for 9 indicates that the kinetic barrier for the interaction of 1 

with 8 is small, relative to the barrier for the dihydride (and methyl hydride) complexes. 

Given the bent geometry of 1 and the overall lack of structural changes in general upon 

forming the Lewis acid-base adducts from 1 and the cis-P2PtX2 complexes, it is 
reasonable to assume that this barrier gives a qualitative indication of the strength of the 

interaction (this will be discussed in more detail in Chapter 3). Thus, the higher barriers 

for 5 and 7 (stopped-exchange), relative to the smaller barrier for 9 (fast intermolecular 

exchange), are consistent with Yb-hydride interactions that are thermodynamically 

stronger than Yb-methyl interactions (the unchanged ~ J C H ~  value and lack of any low 

frequency C-H stretches in the solid-state infrared spectrum of 9 are further indications of 

the weakness of the Yb-methyl interactions). 
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CHAPTER 2 

Reversible Formation of (P2PtH)z Pt(I) 
Complexes from cis-P2PtH2 Complexes 

In the course of preparing the cis-(P-P)PtH2 complexes discussed in Chapter 1, it 

was observed that these complexes are not stable in solution (under 1 am. N2), and that 

conversion to dimeric complexes occurs over time (the "P-P" abbreviation will be used to 

signify a bidentate phosphine ligand, R2P( CH2)nPR2, throughout this chapter). 

Replacing the dinitrogen atmosphere over the samples with 1 am. H2 results in clean 

conversion back to the original cis-(P-P)PtH;! monomeric complexes, which are stable 

indefinitely under the dihydrogen atmosphere. While there have been reports in the 

literature concerning the solution-state instability of cis-P2PtH2 complexes, these reports 

are scarce, and the area has not been subjected to detailed investigation. Consequently, it 
was considered worthwhile to investigate these dimeric complexes in more detail. 

In 1976 Moulton and Shaw, in the first report of a cis dihydride complex of Pt,l 

reported that cis dihydride platinum complexes are isolable only when bidentate, sterically 

bulky phosphines are used as ancillary ligands, in order to prevent decomposition via 

loss of dihydrogen.2 Since then, only one paper has been published that investigates 

this decomposition in detail:3 in the course of preparing cis-(P-P)PtH2 complexes with 

various phosphines, Otsuka and co-workers found that only the derivatives containing 

sterically bulky phosphines were stable in solution. Solutions of the derivatives 

containing smaller phosphines gradually darkened in color, and the intensity of the 

hydride resonance in the 1H NMR spectrum as well as the Pt-H stretch in the infrared 

spectrum, diminished over time. Otsuka et. suggested that for the P2PtH2 derivatives 

containing sterically smaller phosphines, reversible loss of dihydrogen was occurring to 

give (P2Pt)2 dimers in solution. This postulate was made based on the above 

observations, and the fact that reduction of (dtbpp)PtC12 in tetrahydrofuran under 1 atm. 
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of N2 yields only the hydride-free compound [Pt(dtbpp)]a. However, this reddish- 

orange Pt(0) dimer is controversial as some of its chemical reactions imply the presence 

of hydride ligands? suggesting that perhaps more than one species is present in solution. 
Several other papers have briefly mentioned the solution-state instability of cis- 

P2PtH2 complexes. Clark and Hampden-Smith have reported that the hydrides in 

(dcypp)PtH;! are fluxional, undergoing mutual exchange on the NMR timescale; they 

posulated that $-hydrogen complexes are involved.4a9C This same paper also reports 

that (P-P)PtH2 complexes, for P2 = dcype or dcypp, lose dihydrogen in solution and 

generate species that were identified as dimers of the formula [(p-P)Pt€€J2, on the basis 

of 1H and 31P NMR spectroscopy. This deduction was questioned by Pidcock and co- 

workersPb as they showed that warming a solution of (dppe)PtH2, formed at low 

temperature, to room temperature yields the dimer [(dppe)PtHJ2, whose 1H and 31P{ 1H) 

NMR spectra are very different from those of the (dcype) and (dcypp) derivatives in ref. 

4a. The latter complexes give NMR spectra that are similar to those that have been 

observed for cationic complexes of the type [(P-P)2Pt2H3][XI (X = an anion);5 the 
proton source in this case is presumably H20, the anion [Om. 

The fluxional cation, [P4Pt2H3]Dc], with either one or two bridging hydrides in the 

solid state, is a pervasive structural feature in platinum hydride chemistry.5 These 

cationic complexes are generally synthesized either by reaction of a P2PtX2 complex (X = 

a leaving group, usually a halide) with an excess of a hydride reagent (e.g., KBQ,  

NaBH4, etc.) in a protic solvent, or by reaction of a P2PtH2 "intermediate" (almost 

always formed in situ>, With a P2PtY2 complex Cy = an anion or a leaving group). The 

use of protic solvents in the first case, and the in situ formation and immediate use of the 

P2PtH2 complexes in the latter case, preclude a detailed study of the hydride-containing 

intermediates, and assures cationic products. Consequently, while the structure and 

reactivity of these [P4Pt2H3][X] complexes have been studied in great detail, the 

mechanism(s) of their formation is largely unknown. 
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In contrast to die detailed structural studies of the cationic complexes, no crystal 

structures of neutral dimeric platinum hydrides of the type (P2PtH)2 have been reported, 

though they are generally written as if they contain symetrically bridging hydride 

ligands,4 in analogy with [(dcypp)Ni(p-H)]2.6@ Recently, the related palladium hydride 

dimer, [(dippp)Pd(p-H)]2, has been described.6c Both the Ni and Pd dimers were 

prepared by reduction of a phosphine dihalide complex with an excess of a hydride 

reagent (NaHBMe3 for the the Ni dimer, KHBEt3 for the Pd dimer); the details of the 

,-eactions were not investigated, though hydride intermediates are presumably involved. 

The present study was undertaken to remedy the lack of knowledge concerning the Pt 

dimer analogues and the solution-state instability of cis-P2PtH2 complexes. 

Syntheses of [P2PtH]2 Complexes. Stirring a thf solution of (dippe)PtCla 

with sodium amalgam under 1 atm. of H2 for one day gives the dimer [(dippe)PtHl2 (1) 
as the sole product, isolated in 62% yield. This result was unexpected as the synthetic 

method is identical (except for the identity of the phosphine) to that used by Otsuka to 

synthesize (dtbpe)PtH2.3 The dimer 1 is light brown in color, soluble in aliphatic 

hydrocarbons, and is volatile enough to give a molecular ion in the mass spectrum. The 

dimeric nature of 1 is clear from the 31P{ lH} NMR spectrum, in which two different 

lg5Pt-31P coupling constants are observed. The solid state infrared spectrum shows two 

strong bands, at 1939 and 1926 cm-1, indicating the presence of terminal hydride ligands. 

Trx 1H-coupled l95Pt INEPT NMR spectrum (given in Appendix I) shows that there are 

two hydrideddimer. The hydride region of the 1H NMR spectrum of 1 shows an 

apparent 'quintet of quintets'>a,5g indicating equivalency on the NMR timescale within 

' 

the sets of four phosphorus, two platinum, and two hydride nuclei, at 25 OC. This results 
from a fast fluxional process (on the NMR timescale), which will be discussed in detail 

below. 

A similar synthetic procedure using (dcype)PtC12 yields the known monomer 

(dcype)PtH2 (5)4a as colorless crystals, in 85% yield after crystallization from thf. 
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Inspection of the 31P ( 1H) NMR spectrum of the crude reaction mixture in c!& showed 

that it contained a ca. 9:l ratio of 5 and a material shown to be the dimer [(dcype)PW2 

(2). This ratio is unchanged indefinitely under nitrogen at room temperature, and is also 

unchanged after prolonged heating at 90 "C in a closed system. However heating a 

sample of 5 in toluene at reflux for 16 hours, under a slow purge of nitrogen (Le, in an 

open system), gives 2 as a yellow powder in 58% isolated yield. Clearly, the removal of 

H2 from the reaction system drives the reaction towards the dimer. The lH and 31P{ 1H) 

NMR data of 2 are similar to those of 1. The solid state infrared spectrum shows two 

features at 1965 and 1937 cm-l, due to terminal Pt-H stretches. 

As mentioned above, conversion of 5 to 2 in solution has been reported in the 

literature.4a In contrast to our findings, these authors reported that room temperature 

solutions of 5 gave complete conversion to 2 within one how. In addition, as mentioned 

above, Pidcock and co-workers have suggested that the species identified by Clark and 

Hampden-Smith as "[(dcype>Pt(p-H)]2" is actually [(dcype)2Pt2H3][0HJ. We have 

found that adding several drops of water to a benzene solution of 5 results in clean 

conversion to [(dcype)2Pt2H3][OHJ. The NMR values of this cationic complex (see later 

discussion) show that this is indeed the complex that Clark and Hampden-Smith 

identified as 2, confirming the suggestion made by Pidcock e t . 4 b  

A benzene solution of (dtbpe)PtH2 (6), prepared using Otsuka's method,3 is stable 

indefinitely at room temperature under nitrogen, as was found for 5. In contrast to 5, no 

evidence of a dimeric complex is seen in the 1H and 31P{ 1H) NMR spectra of the crude 

reaction mixture. Otsuka and co-workers reported that 6 is stable in solution up to 

temperatures of 100 "C. We found that this is indeed true for a toluene solution of 6 in a 
closed system. However, analogous to 5, heating a toluene solution of 6 at 90 "C for 16 

hours under a slow purge of nitrogen gives a reddish-brown solution from which 

[(dtbpe)PtHj2 (3) can be isolated in 73% yield, as dark orange crystals. This dimer also 

shows two terminal Pt-H stretching frequencies in the infrared spectrum, at 1975 and 
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1951 cm-1. The dimer 3 is stable indefinitely in benzene under nitrogen at room 

temperature, and has similar 1H and 31P{ iH} NMR spectr.2 values to those of 1 and 2. 

MonomerlDimer Equilibrium. Benzene solution. of all three of the dimers, 

1-3, are stable at room temperature under a dinitrogen atmosphere. However, when the 

dinitrogen is replaced by dihydrogen gas (1 atm), quantitative conversion to the cis- 

dihydride monomers occurs within 24 hours for all three samples; conversion was 

followed by 31P{ lH} NMR spectroscopy. The (dippe)PtHZ monomer (4) was not 

isolated as it was found to be stable only under an atmosphere of dihydrogen gas; its 

identity was deduced by the similarity of its lH and 3lP{ lH) NMR spectral values to 

those of 5 and 6 (Table 1). 

Table 1. LH a n d a x H 1  NMR Data for the Monomers 4-6 (25 OC. C&& 
6 (pt-IF>, 2JPtransH, 'JPcisH, IJPtH, 6 (P), 'JPP, 

D u r n  Hz Hz Hz DDm Hz 

4a 

5 

6 

0.46 

0.56 

-0.54 

179 

179 

180 

16 

16 

16 

1097 

1100 

1096 

87.9 

78.2 

107.8 

1829 

1822 

1872 

aNot isolated, see text. 

Solutions of 5 and 6 (converted from 2 and 3) are then stable indefinitely when the 

dihydrogen is replaced by 1 am. dinitrogen. In contrast, the sample of 4 slowly reverts 

to 1 when the dihydrogen atmosphere is replaced by dinitrogen; the sample consists of a 

ca. 2:l ratio of 1:4 after 100 hours at room temperature under dinitrogen. 

Interconversion of 1 and 4 was found to be facile, depending upon whether N2 or H2 is 

present over the solution (eq. 1). This interconversion is clean, with no by-products 

observed in the 31P{ 1H} spectrum, indicating that eq. 1 is a reversible chemical 

equilibrium. 
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Solid State Structures of [(dippe)PtH]z and [(dtbpe)PtH]2. The ORTEP 

diagrams of 1 and 3 are shown in Figures 1 and 2, respectively; selected bond lengths 

and angles (Table 2) are also given. The hydride ligands could not be located, but their 

positions are inferred from the square planar geometry about each platinum center. 

Qualitatively, both structures contain two square planar platinum centers, the coordination 

sphere of each consisting of two phosphorus atoms, one hydride, and the other platinum 
atom; the idealized symmetry is C2. Formally, both metal centers are in the +I oxidation 

state and a metal-metal bond is present, accounting for the observed diamagnetism. 

Dimeric platinum hydride complexes possessing an unbridged Pt-Pt bond have not been 

siructurally characterized before. 

Figure 1. ORTEP diagram of [(dippe)PtH]2 (l), 50% probability ellipsoids. 
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Figure 2. ORTEP diagram of pe)PtH]2 (3), 50% probability ellipsoids. For 
clarity, the disordered methyl groups and the toluene solvate are not shown. No 
hydrogen atoms were included in the model (see Experimental chapter for details). 

Table 2, Selected Intramolecular Distances (A) and Angles (de$ in T(dippe)Ptmz(1) - 
and Kdtbpe)PtHla - 

1 3 

Pt( 1)-Pt(2) 2.5777(5) 2.6094( 6) 
Pt( 1)-P( 1) 2.257(3) 2.274( 3) 
Pt( 1)-P(2) 2.242 (3) 2.248 (3) 
Pt(2)-P(3) 2.254(3) 2.281 (3) 
Pt(2)-P(4) 2.244 (3) 2.260(3) 

Pt( l)-Pt(2)-P(3) 102.12(8) 114.71(8) 
Pt( l)-Pt(2)-P(4) 167.43(8) 153.75 (9) 
P t(2)-Pt( 1)-P( 1) 100.53(7) 115.70(8) 
Pt(2)-Pt( 1)-P(2) 16 8.5 9 (9) 152.3 1(9) 
P( 1)-Pt( 1)-P(2) 8 8.5 6( 10) 89.76(12) 
P(3)-Pt(2)-P(4) 88.23(11) 89.58(11) 

Considering first the structure of 1, the Pt-P bond distances are in the expected 

ra11ge.39~ The distances for the pair of phosphorus atoms trans to the hydrides (Pt(1)- 

P(1), 2.257(3) A; Pt(2)-P(3), 2.254(3) A) are identical within experimental error to the 

analogous distances for the pair trans to the other platinum atom (Pt(1)-P(2), 2.242(3) A, 
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Pt(2)-P(4), 2.244(3) A), indicating that the terminal Pt-H bond and the Pt-Pt bond have 

similar trans influences. The Pt(1)-Pt(2) separation of 2.5777(5) a for 1 is consistent 

with a direct, unbridged Pt(1)-Pt(1) bond, and is within the range found in the four Pt(1) 

dimers containing unbridged Pt-Pt bonds that have been crystallographically characterized 

(2.53-2.63 A).8 These distances are shorter than expected, considering that the covalent 

radius of Pt(0) is 1.38 A9 and that of Pt(I1) is 1.31 A.10 Many Pt(I) dimers with 
bridging ligands are known and they have been reviewedll 

The P-Pt-Pt angles, 102.1' (P(3)-Pt(2)-Pt(l)), 100.5' (P(1)-Pt( 1)-Pt(2)), 168.6" 

(P(2)-Pt( 1)-Pt(2)), and 167.4' (P(4)-Pt(2)-Pt( l)), none of which deviate from the 

idealized square planar values (90' for the first pair, 180' for the latter pair) by more than 

13', are also consistent with the presence of two terminal hydrides. The analogous 

values for ([(PCy3)(SiEt3)Pt(p-H)]2 are 123-134O.12 This lack of deviation from 

idealized square planar values indicates that steric interactions between iso-propyl groups 

of the phosphines are negligible, as such interactions would result in an opening of the 

P(3)-Pt(2)-Pt(l) and P(l)-Pt(l)-Pt(2) angles from the idealized value of 90'. 

Examination of the iso-propyl groups on P(l) and P(3) shows that these steric 

interactions are minimized by the orientation of the alkyl groups; the methine hydrogen 

atoms on C(11) and C(30) point towards, while the larger methyl groups point away 

from, each other. 

The dihedral angle between the planes defined by P( 1)-Pt( l)-P(2)/P(3)-Pt(2)-P(4) 

is 93'. The analogous angle in [(dtbpp)Pt]2 is 82O.3 For the latter structure, in which the 

P-Pt-Pt angles are ca. 128', a 90' dihedral angle would minimize steric interactions 

between the large tert-butyl groups on the phosphine ligands, and this is probably the 

reason for the 82' angle. However, since the P(l)-Pt(l)-Pt(2), P(3)-Pt(2)-Pt(l) angles in 

1 are ca. 101", such steric interactions would be minimized if this dihedral angle were 

180" (there are actually two 180' orientations, the orientation being discussed has the 

hydrides trans to each other, relative to the Pt-Pt vector, Fig. 3). 
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Figure 3. (a) Idealized geometry of 1 that would minimize steric interactions between 
the aUcyl groups of the phosphine ligands, (b) Newman projections of both the 180" and 
90" geometries, down the P-Pt-Pt-P vector, showing the increased steric interactions in 
the latter conformation (for clarity, the P nuclei trans to the Pt centers are not shown). 
Note the orientation of the iso-propyl methine Hs, as in the solid state structure of 1, 
minimizing the steric interactions. 

This geometry places all of the alkyl groups of the phosphine ligands near hydrides, as 

opposed to near other alkyl groups, and minimizes the steric interactions discussed in the 

previous paragraph. The dihedral angle in the nickel analogue, [(dcypp)Ni(p-H)]2,6b is 

63O, and this was rationalized based on a steric argument. In the palladium analogue, 
[(dippp)Pd(p-H)]2,6C it is 20°, and this was rationalized by assuming that the larger size 

of Pd results in minimal steric interactions between the iso-propyl groups on opposite 

ends of the dimer. The main difference between the Ni and Pd dimers and 1 is the 

presence of terminal hydrides in the latter complex, resulting in more acute P( 1)-Pt( 1)- 

Pt(2), P(3)-Pt(2)-Pt(l) angles, making the 180" geometry the sterically favored one, 

relative to the 90" geometry (Figure 3). While the 180" geometry is favored on steric 

grounds, the 90" geometry is assumed to be the thermodynamically preferred 

conformation, as it is observed in the solid state structures of both 1 and 3. 

The structure of 3 is qualitatively similar to that of 1, however there are several 

significant differences. The Pt(1)-Pt(2) distance in 3 is 2.609(1) A, 0.03 A longer than 
in 1. This lengthening is most reasonably ascribed to steric interactions between the 

larger tert-butyl groups on the two phosphine ligands, specifically between the C(6) and 
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C(9) tert-butyl groups. In contrast to 1, in which the methine hydrogens on these 

analogous carbon atoms can be oriented so as to minimize steric interactions, such a 

lower energy conformation does not exist for 3. In addition, the P-Pt-Pt angles (1 14.7' 

(P(3)-Pt(2)-Pt(l)), 115.7' (P(1)-Pt(1)-Pt(2)), 152.3' (P(2)-Pt(l)-Pt(2)), and 153.8' 

(P(4)-Pt(2)-Pt(l)), deviate from the ideal square planar values by CQ. 2 6 O ,  compared to 
ca. 13' in 1. This distortion is also consistent with steric interactions between the larger 

ten-butyl groups. 

The P(l)-Pt(l)-Pt(2)-P(3) torsional angle may also be used as evidence that steric 

interactions play a role in the structural distortions in 3. In 3, this angle is 108', in 1 it is 

97'. The steric interactions between the C(6) and C(9) tert-butyl groups (on P(l) and 

P(3)) result in an opening of this angle by 1l0, relative to 1. There are no close 

intramolecular non-bonded interactions between the C(6) and C(9) alkyl groups, 

presumably because the distortions discussed above relieve such interactions. This is 

illustrated clearly by the observation that the C( 17)-C(27) distance (methyl carbons on 

C(6) and C(9), respectively), 3.80 8, decreases to 2.25 A when the P-Pt-Pt angles, Pt-Pt 

distance, and P-Pt-Pt-P dihedral angles are set equal to their analogous values in the 

structure of 1. 

It can be argued that all of these perturbations are also consistent with a distortion 

towards a bridging hydride structure for 3. However, the solid state infrared data show 

that the hydrides are terminal in both 1 and 3. No terminal M-H stretches are present in 

the infrared spectrum of [(dcypp)Ni(p-H)]2;6a unfortunately, infrared data were not 

reported for [(dippp)Pd(p-H)]2.6C Also, if the solid state structure of 3 did contain 

bridging or semi-bridging hydride ligands, the P( 1)-Pt( l)-Pt(2)-P(3) torsional angle 

would be closer to 180',12 as is observed in Fryzuk's palladium analogue76c to satisfy the 

square planar coordination of the platinum centers. The observed angle is 108.1'. It 

seems reasonable to conclude that the distortions observed in the structure of 3 arise as a 

result of the steric interactions discussed above. 
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The geometry of the [(P-P)MH]2 dimers changes on descending the Group 8 

metals; the hydrides in the Ni complex are symmetrically bridging$b those in the Pd 

complex are semi-bridging,6C and those in the Pt complexes described above are strictly 

terminal. These structural differences may be rationalized on the basis of relativistic 

effects.13 In the gas phase the Au-H distance of 1.52 is less than the Ag-H distance of 

1.62 A, even though the M-M distances in the homonuclear diatomic molecules are 

virtually identical (d(Ag-Ag) = 2.48 A, d(Au-Au) = 2.47 A). It is also known that 

protonation of the heterobimetallic complex CpM(CO)(p.-PPh2)Pt(CO)(PPh3) (M = Mo, 

W) results in a terminal hydride ligand for the M = W derivative, but a bridging hydride 

ligand for the M = Mo derivative.13d These differences are a result of the relativistic 

stabilization of the 6s orbitals of third row metals relative to the 5s orbitals of second row 

metals.l3C As Group 10 is descended, the valence s orbital energy is stabilized by 

relativistic effects, favoring the terminal M-H bonding mode over the bridging bonding 

mode, for [l?-P)MH]2 dimers. 

Room Temperature NMR Spectra. The 1H, 31P{ IH}, and 195Pt{ 1H} 

(INEPT) NMR spectra of 1 at 25 "C (Fig. 4) show that all four phosphorus nuclei, both 

platinum nuclei, and the two hydride nuclei, are equivalent on the NMR timescale. 

Qualitatively, the lH and 3IP{ lH} spectra of 2 and 3 are identical with those of 1. The 

'H, 3lP{ IH}, and 195Pt{ 1H) spectra of 1-3 (and all other Pt dimers) consist of the 

superposition of three subspectra, arising from the three different isotopomeric 

combinations of platinum nuclei having different nuclear spins ( P e t ,  43.8%; Pt/195Pt, 

44.8%; 195Pt/195Pt7 11.4%--the percentages arise from the 33.8% natural abundance of 

l95Pt). The splitting in the lH spectrum (Fig. 5) consists of an apparent quintet of 

quintets, arising from the superposition of an A2X4 spin system (PtPt isotopomer, 

central quintet, 43.8% of the total hydride resonance intensity), an A2X4M spin system 

(Pt/lg5Pt isotopomer, doublet of quintets, 44.8% of total intensity), and an A2GMM' 

spin system (lg5Pt/lg5Pt isotopomer, triplet of quintets, 11.4% of total intensity); the 
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superposition of these spin systems, giving the observed apparent quintet of quintets, has 

been discussed in detail in the literature, with respect to cp4pt2H3J+m- complexes.5* 5g 

Figure 4. NMR spectra of 1 (25 OC, C6D6), a) 31P{ lH} spectrum (162 MHz), 
195Pt{ 1H) INEPT spectrum (85.6 MHz). 

Pt/Pt, 43.8% (A2M2M'J 

> pr/19sPt, 44.8% (A2M2M2X) 
'JPW 

t 4  
IJ(PtH) 'J(PtH) 

Figure 5. Splitting diagram for the hydride region of the 25 OC 1H spectrum of 1. 

The pattern observed in the 31P { lH} spectrum (Fig. 4b) arises from a combination 

of an A2A'2 spin system (PtPt isotopomer, a singlet), an A2A12X spin system (P@Pt 

isotopomer, giving rise to all of the observed splitting in the experimental spectrum, see 
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labels on spectrum); and an A2A12XX' spin system (195Pt/195Pt isotopomer, a second 

order pattern), the latter of which is only partially observed in the experimental spectrum 

(the outermost visible lines correspond to half of the total intensity of this 

subspectrum),5a as a result of the 11.4% abundance of this isotopomer and of the 

a 

multiple couplings present for this spin system. Again, the superposition of these spin 

systems has been discussed in the literature, with respect to [P4Pt2H3]+[X]- 

complexes.5a~5g The 195Pt-195Pt coupling constants of the dimers can be directly 

measured from the 195Pt/195Pt subspectrum;5a these values are 1450 Hz and 1750 Hz for 

1 and 3, respectively. These values are within the expected range for Pt-Pt dimers,14 

however lJptpt values for Pt dimers range from ca. 90-10300 Hz,l4 and it has been 

noted that 1Jptpt values for polynuclear Pt complexes show no correlation with solid-state 

Pt-Pt distances.15 

The experimental 195Pt{ 1H} spectrum (Fig. 4b) is also a superposition of 

subspectra: an AzA'2X spin system (Pt/195Pt, triplet of triplets, see labels on spectrum) 

and an A2A'2XX1 spin system (195Pt/195Pt, second order pattern). The latter 

subspectrum is not observed in the experimental spectrum, a result of its low relative 

abundance and multiple couplings. As expected, the 1$2Jpip values .obtained from the 

31P{ lH} spectrum (Table 3) are identical to those measured from the 195Pt{ 1H} 

spectrum. 

The NMR values for 1-3 (Table 3) are similar to the values reported for 

[(dppe)PtH]2 by Pidcock and co-workers (also in Table 3).4b Comparison of these 

values to the values for trihydride cationic complexes of the type [(P-P)2Pt2H3][X] 

(Table 4) shows significant differences; the cationic complexes exhibit several different 

structures,% however all contain at least one bridging hydride in the solid state. 
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Table 3. LH a n d a a l H 1  NMR Data for the Dimers 1-3 (25 OC. C&- 
I(di~pe)PtHl2. 

lJPtH, 
DDm HZ H i  DDm HZ HZ 

1 0.49 40 516 i05.5 2210, 45 
410 

2 

3 

0.49 

0.05 

40 

42 

42 

5 12 

570 

564 

92.8 

119.9 

70.9 

2180, 44 
420 

3112, 47 
362 

2201, 
388 

44 

aThis coupling is expressed only in the Pt/195Pt and 195Pt/195Pt subspectra. 
bValues taken from reference 4b, measured in d8-thf. 

Table 4. IH a n d 3 E . H )  NMR Data for Selected T(P-P)7Pt7H?lrXl - - -  Complexes (25 
OC, C D C l 3 r  

Complex DDm Hz Hz DDm Hz Hz Reference 
6 (Pt-a,  2JPH7 'JptH, 6 (PI, 'Jptp, JPP, 

[(dcype)2Pt2H3][OKJ -2.81 39 480 84.2 2802, 149 

[(dtbpe)2Pt~H3]@3Phd -3.85 40 443 109 2946,161 

8 this work 

8 

500 57.2 2925,171 10 

5a 

5 g  

The neutral dimers 1-3 have a much larger average 3Jpp value than the average long- 

range Jpp value for the cationic complexes. In addition, the average 2Jptp value for the 

neutral dimers 1-3 are much larger than the analogous value for the cationic complexes 

(e.g, 2Jptp = 420 Hz for 2; Jptp = 149 Hz for the analogous cationic complex, 

[ (dcype)2Pt2H3 J [OHI). These differences indicate that there is more spin-spin 

communication between the two halves of the neutral dimers, relative to the cationic 

complexes. The direct, unbridged Pt-Pt bond in the solid state for the complexes 1-3 

transmits spin-spin coupling more efficiently than the bridged Pt-Pt bond in the cationic 

complexes. 
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Comparison of the averaged spectral values for the neutral dimers to those of 

monomeric cis-P2€'tH2 complexes (Table 1) shows that the 'Jpm values are much 

smaller, and the 1Jptp values are larger, for the former complexes. These differences are 

indicative of bridging or semi-bridging hydride ligands in the neutral dimers (on the 

NMR timescale, at room temperature),l4 inconsistent with the terminal hydride 

coordination found in the solid state structures of 1 and 3. Lastly, comparison of the 

values amnng the three dimers shows that 1 and 2 possess very similar values, while the 
values for 3 are slightly different (this difference being most pronounced in the J p p  

values), perhaps indicative of slight structural differences in solution for 3. 

Low Temperature NMR Spectra/Fiuxionality. Clearly, some sort of 

fluxional process is occurring that makes the two hydrides, the four phosphorus nuclei, 

and the two platinum nuclei equivalent on the NMR timescale at 25 "C, as the spectra are 

not consistent with the solid state structures of 1 and 3. Such a process, in which there 

is equivalency within the sets of H, P, and Pt nuclei, has been reportd for several [(P- 

P)2Pt2H3][X] complexes.5a~5g A static planar [(P-P)Pt(p-H)]2 structure of D2h 

symmetry is not consistent with the observed equivalency, although this has been 

suggested in the literature?a*k Both a ~ e r a g e d ~ ~ s g  and stoppd-exchange5c~5e~5j~l6 cases 

have been reported for p4Pt2H3][X] complexes; complexes with chelating phosphines 
~'ield averaged spectra at all temperatures and complexes with monodentate phosphines 

yield stereochemically rigid spectra at all temperatures. The palladium dimer 

[(dippp)Pt€& is fluxional at all temperatures.6c Thus, complexes 1 and 2 represent the 

first cases in which both regimes, fluxional and stereochemically rigid, are accessible. 

An interesting study has yielded an estimate of 17.2 W mol-l for the fluxional process in 

[(dppe)2Pt2H3]pF4], based on proton Ti and T2 measurements.17 

In order to learn more about the fluxional process, NMR samples of 1,2, and 3 in 

dg-toluene were cooled to -90 OC, and the lH and 3lP{ 'H} NMR spectra were recorded. 

The spectra of 3 were virtually identical with the room temperature spectra, with sharp 
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resonances, implying that the fluxional process is still rapid. However, the spectra of 1 

and 2 were significantly different fiom the room temperature spectra, due to stopping of 

the fluxional process(es) that occur(s) at room temperature. The temperature at which the 

fluxional process is stopped is -54 "C for 1 and -36 "C for 2; assuming equal population, 

non-coupled spin systems (roughly true for the PtPt 31P{ lH} subspectrum, as no P-P 

coupling is resolved in this subspectrum, see detailed discussion below), approximate 

AGS values of 9.1(2) kcal mol-' (for 1) and 10.1(2) kcal mol-' (for 2) for the fluxional 

process can be calculated.18 Assuming that AV for 3 (the frequency difference between 

the two 31P resonances in the slow-exchange regime) is slightly larger than the values for 

1 and 2 (i.e.,ca. 1800 Hz, this will give an upper limit estimate on the fluxional barrier), 

and knowing that the coalescence temperature is below 180 K, the barrier for the 

fluxional process for 3 must be S7.4 kcal mol-'. 

The 31P( lH} spectrum of 1 taken at -90 "C is shown in Figure 6. The low 

temperature lH and 3lP( lH} spectra of 2 are qualitatively identical to those of 1. 

I20 115 110 10s 103 95 90 

Figure 6. 3lP{ lH} spectrum of 1 at -90 "C (121 MHz,  d8-toluene). 

While the 90" and 180" geometries (Fig. 3) cannot be distinguished based on the low 

temperature lH, 3lP, and l95Pt NMR data, the data are entirely consistent with the solid 

state structure found for 1, as discussed below, and so it is reasonable to assume that the 

low temperature solution structure is similar to the observed solid state structure. Since 
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the low temperature spectra of 1 and 2 are similar, it is assumed that they have similar 

solid state structures. The assignments shown in Figure 7 will be used to discuss the low 

temperature spectra; unless otherwise stated, only one half of the dimer will be explicitly 

discussed, the other half being related by a C2 axis (e.g, 1 J p a  implies 1Jptbm; while 

the 195PtPt isotopomer of the dimer does not formally possess a true C2 axis, any 

exceptions will be explicitly stated when necessary). The low temperature IH and 

31P{ lH}  spectral values for 1 and 2 are presented in Table 5. 

Ptb- P, 
I 
Hb 

Figure 7. Assignments used to discuss the low temperature NMR values of 1 and 2. 

n b l e  5. Low Temperature LH an&&Hl NMR Data for 1 and 2 (-90 "C. d&-toluene). 

------ ;.Dm Hz Hz DD m Hz Hz Hz Hz Hz 
fi  :%-q, 2JPdHa. 'JPtaHa, 6 (p>, 'JPtaPa, 2JPtaPb, 2JPtaPc, 'Jptapa. 3JpaPb, 

1 

2 

1.04 

d 

163 

170 

996 

d 

109.1, 2030a 
98.5 

96.9, 2000 
90.1 

785 

800 

b 

b 

2320 2OOc 

2320 210 

~~~~~~~ - 

of the Jptp values in this table were measured from the Pt/lg5Pt subspectrum, as the PtPt  
subspectrum has no lg5Pt and the 195Pt/195Pt subspectrum is not visible in the experimental spectrum. 
bunresolved, see text. 
The  3Jp,pb values arise from the Pt/lg5Pt and 195Pt/1g5Pt subspectra, and were measured from the 
f o r w  subspectrum. 
dIb,- io the cyclohexyl resonances obscuring the hydride resonance, these values could not be measured- 
oniy the higher field platinum satellite (a doublet) was visible. 

The hydride region of the low temperature 1H spectrum contains a broad doublet 

with symmetrically-spaced satellites. This pattern arises from coupling to the trans 

phosphorus nucleus and to the nearer 195Pt nucleus (2JpmHa and 'JptaHa, respectively). 

Comparison of these Jpm and Jp~values to the analogous values for the cis-P2PtH2 

complexes (Table 1) shows that, in contrast to the room temperature values for the 

dimers (Table 3, and accompanying discussion), the values are very similar, providing 
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support for a low temperature structure containing terminal hydride ligands located trans 

to a phosphorus nucleus. The couplings between Ha and the three other phosphorus 

nuclei (Pa, Pb, Pc) and the other platinum center (Pb) are presumably too small to be 

resolved. 

The low temperature 31P{lH} spectrum (Fig. 6) is also consistent with the solid 

state structure found for 1. There are now two different phosphorus environments, 

Pflb which are trans to Pt centers, and PJpd which are trans to hydrides. Again, this 

spectrum is a superposition of the three subspectra arising from the three different 

isotopomers present. The PtPt isotopomer gives two singlets, for the two different pairs 

of phosphorus environments (an AA'MM' spin system), which are observed as the two 

major resonances in the experimental spectrum. The 195Pt/195Pt subspectrum (an 

AA'MM'XX' system) is not visible in the experimental spectrum due to its low relative 

abundance, and so the remainder of the spectrum arises from the Pt/195Pt isotopomer (an 

AA'MMX spin system). A splitting diagram for this spin system is shown in Figure 8. 

Figure 8. Proposed coupling scheme for the low temperature 3lP{lH} Pt/195Pt 
subspectrum (AA'MM'X spin system) of 1. 

The higher-field (98.5 ppm) resonance is assigned to P a d .  This assignment was 

confirmed by a 1H/31P HMQC19 spectrum (Fig. 9); this spectrum, optimized for the 

2Jpdfi value of 163 HZ, gives a strong correlation to the 3 1 ~  resonance at 98.5 ppm (the 

less intense resonances correlated to the 3 1 ~  resonance at 109.1 ppm arise from the 
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protons of the dippe ligand, which are also coupled to 31P and therefore also give rise to 

some signal). 

- 90 
0 0  

-100 

-110 

- 120 

2 1 0 -1  

Q Q  

Figure 9. lHp1P HMQC spectrum of 1 at -90 "C (300 MHz, dg-toluene), showing 
that the higher-field 31P resonance arises from P a d .  

The splitting of this resonance is lJptapd; 2Jptbpd is unresolved. It is not very surprising 

that the P-P couplings are unresolved as the cis coupling 2Jpapd is expected to be the 

largest coupling involving Pd, and 2Jpp values in cis-(l?-P)PtX2 complexes (X = H, alkyl 

group; P-P = a C2-bridged chelating phosphine) can be <3 Hz.20 The lower-field 

resonance arises from Pa and Pb, which are trans to platinum centers. The two different 

Jptp values observed are lJptapa and 2Jptapb, the additional coupling observed being 
3Jpapb (Fig. 8). This P-P coupling cannot be 2Jpapd, since it is not seen in the higher- 

field resonance. Again, as for the high field resonance, 2Jpapd and 3Jpapc are unresolved 

(this is partially a result of the relatively broad resonances in this spectrum, w1/2 = 40 
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Hz). Simulation of the experimental spectrum using these assignments gives good 

agreement with the experimental spectrum piawe 1O).21 

Figure 10. Simulated subspectra of the 31P{ 1H) spectrum of 1 at -90 "C (Fig. 6): a) 
simulated Pt/Pt subspectrum, b) simulated Pt/195Pt subspectrum, c) simulated 195Pt/195Pt 
subspectrum, d) sum spectrum, giving the simulated 3lP{ lH} spectrum. 

The low temperature lH/l95Pt HMQC spectrum (given in Appendix I) is also 

consistent with the solid-state structure of 1. The lg5Pt/lg5Pt subspectrum (an 

AA'MMXX' spin system) is not visible in the experimental spectrum, and consequently 

the entire experimental spectrum arises from the Pt/195Pt subspectrum (an AA'MMX 

spin system). Simulation of this second-order subspectrum (also given in Appendix I), 

using the coupling constant values obtained from the 3lP{ 'H} spectrum (Table 3, gives 

good agreement with the experimental spectrum. 
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Any postulate concerning the fluxionality of these dimers must adequately explain 

the equivalence of all four phosphorus nuclei, both hydrides, and both platinum centers 

in the rapid exchange temperature region. In addition, the proposed process must be 

consistent with the lower barrier observed for the derivative with the bulkiest phosphine, 

3. The simplest process that is consistent with these observations (Fig. 11) involves 

rotation of one of the (P2PtH) moieties by 90' around the Pt-R vector (Step A) to give the 

180" geometry discussed above (Fig. 3), followed by hydride exchange between metal 
centers with simultaneous twisting of the phosphine ligands by 90" relative to the plane 

defined by the square planar metal centers (Step B). 

etc. 

Figure 11. Proposed fluxional process for the dimers 1,2, and 3. 
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Such a fluxional process, if fast on the NMR timescale, would result in equivalent 

hydrides and would exchange Pa and Pb with Pd and Pc, respectively, making all four 

phosphorus nuclei equivalent. 

If it is assumed that the first stage of the process depicted above (Step A) has the 

higher barrier, with the hydride exchange/phosphine-twisting process (Step B) 

possessing a relatively small barrier, then stopping the fluxional process is a result of 

freezing out the conformation that is observed in the solid state; i.e, a geometry in which 

the two square planes of the platinum coordination spheres are oriented roughly 90" 

relative to each other. As discussed above, the low temperature NMR data for 1 and 2 

are consistent with the solid state geometry found for 1. If the 180" orientation were 

frozen out, then hydride exchange between the platinum centers would not cease, as the 

barrier to this process (B) is assumed to be small. Consistent with the assumption that 

the 90" orientation is thermodynamically more stable than the 180" orientation is the fact 

that both 1 and 3 crystallize in the former geometry. 

Why, though, does 3 have a lower barrier for the fluxional process (Le., Step A) 

than 1 and 2? As discussed above, there are several distortions in the solid state 

structure of 3, relative to that of 1, that result from increased steric interactions between 

the tert-butyl groups. These distortions destabilize the 90" conformation of 3, relative to 

the analogous conformation for 1. This destabilization results in a lower barrier to 

interconversion between the 90" and 180' orientations for 3 (Fig. 12), as is 
experimentally observed. This argument assumes that the thermodynamic stability of the 

180" orientation for all three dimers is roughly equal, i.e, the destabilization of the 90" 

orientation of 3 is not offset by a corresponding destabilization of the 180' geometry. 

This is reasonable, as this geometry minimizes steric interactions between the alkyl 

groups of the phosphine ligands. The similar barriers for 1 and 2 are consistent with this 

proposal as the phosphine on 2 (dcype), as in the case of 1, also possesses a methine 

hydrogen which can be oriented in such a way as to relieve steric interactions between 
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alkyl groups (Fig. 3). As discussed above, this stabilizes the 90" geometry. The close 

agreement of the room temperature NMR values for 1 and 2, relative to the slightly 

different values for 3 (Table 3), may also be indicative of these differences. 

AG 
(arbitrary 

energy units) 

172 

i I 
90 Dihedral angle (deg) l80 

Figure 12. Illustration of the proposed cause of the differences in the fluxional barriers 
for 1,2 and 3. 

H/D Isotopic Scrambling. A 1:l mixture of 5 and its deuterated analogue, 

(dcype)PtD2 (d2-5), in GD6 reaches the 1:2:1 5:(dcype)Pt(H)@):d2-5 equilibrium ratio 

within one hour. The same result was found for the analogous reaction using 6 and its 

deuterated derivative. In both cases, the reactions were followed by 31P{ 1H) and 1H 

NMR spectroscopy As a control, no evidence of H/D exchange of the protiated 

monomers 5 and 6 with C6D6 at room temperature was observed in the lH and 31P( IH} 

spectra over several days. In contrast, a 1:l sample of 1 and its deuterated analogue, 

{ (dippe)PtD}2 (d2-1), scrambles much more slowly than the monomers; the half-life is 

ca. 90 hours at room temperature (eq. 2). Dimer 1 does not undergo H/D exchange with 

c a 6  at room temperature at any appreciable rate. However, heating a c6D6 solution of 
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1,2, or 3 for 12 hours at 90-100 OC results in complete deuterium incorporation at the 

hydride positions, for all three samples. 

The scrambling process has not been studied in detail, however several qualitative 

experiments were done. No evidence of scrambling was observed for a 1:l sample of 

3:d2-6 after 51 hours at room temperature (eq. 3). A 1:l sample of l:d2-6 in C6D6 

scrambles completely within 48 hours (eq. 4). Also, no evidence of scrambling is 

observed for a 1:l d2-13 sample after 72 hours (eq. 5). 

(dtbpe)PtD2 
d2-6 

(dtbpe)PtD2 

d2-6 

+ 

+ 

+ 

+ 

slow H/D (4) 
C6D6~fl * scrambling 

(tin ca. 90 h) 

Clearly, there are differences in the reactivity of 1, relative to that of 3. The lower rates 

in 3 are likely due to the increased steric protection of the Pt-Pt bond by the tert-butyl 

groups, as discussed in detail in the structural discussion above. 

A small amount of "mixed dimer", [ (R2P(CH2)2PR2) (H)P t -  

Pt(H)(R2P(CH2)2PR12)], was present in all samples for which H/D scrambling was 

observed. The identity of these mixed dimers was conf i ied  by a 1H/31P HMQC 

spectrum (given in Appendix I) on a sample containing a mixture of 1, 2, and 

[(dippe)(H)Pt-Pt(H)(dcype)] (made by heating a ( 3 3 6  sample of 1 and 2), in which 
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three different hydride resonances are correlated with the three different dimeric 

complexes present. While no more than ca. 10-20% of this "mixed dimer" was present 

in the samples, it may be responsible for the H/D scrambling that occurs. The 

mechanism of formation of such "mixed dimers" was not investigated; however, based 

on the low lability of bidentate phosphine ligands bound to platinum, it is not 

unreasonable to postulate that it involves cleavage of the Pt-Pt bond to generate P2Pt and 

P2PtH2 fragments, which can then scramble to give the mixed dimer. This is possibly 

the reverse of the mechanism of formation of the [(P-P)PtH]2 dimers: loss of H2 from a 

(P-P)PtH2 complex, followed' by oxidative addition of the Pt-H bond of another (P- 

P)PtH2 complex to the Pt center of the P2Pt intermediate. 

Theoretical calculations have shown that there is essentially no barrier to reductive 

elimination of dihydrogen from cis-P2PtH2 c0mplexes.~3 Otsuka and co-workers have 

suggested that bulky phosphines kinetically stabilize the cis-dihydride monomers, thus 
allowing their isolation.395a The results described above support this explanation: the 

stabilities of the monomeric cis-dihydxide complexes that have been prepared in this 

study (Le, the tendency not to dimerize in solution) correlate directly with the steric sizes 

of the phosphines (3 > 2 > 1; the cone angles for the monodentate analogues, PR3, are 

182, 170, 160°, for P(t-Bu)s, PCy3, P(i-Pr)3, re~pectively~~) . 
For cis-dihydride complexes containing sterically smaller phosphine ligands (e.g, 

4), the kinetic barrier for loss of H2 is small and occurs in solution at room temperature. 

The resulting product of such a reaction is a neutral [(P-P)PtHl2 dimer, presumably 

arising from reaction of cis-(P-P)PtI-I2 with a (P-P)Pt intermediate, although other 

mechanisms of formation of the dimeric complexes are possible (e.g., such as oxidative 

addition of the Pt-H bond of a P2PtH2 molecule to the Pt center of another P2PtH2 

molecule, followed by reductive elimination of H2). This contrasts with the postulate 

made by Otsuka et a1 3 that loss of dihydrogen from cis-(P-P)PtH2 complexes gives 

solutions of [(P-P)PtJ2 dimers. The Otsuka postulate was based on several lines of 
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evidence: the structure of [(dtbpp)Pt]2, which showed no evidence for hydrides; a 

decrease in the intensity of the hydride resonance in the lH NMR spectra and of the M-H 

stretch in the IR spectrum as solutions of the cis-&hydride monomers were heated, and a 

color change from colorless to reddish-brown as the solutions were heated. The last 

three observations are also consistent with loss of dihydrogen to give [(P-P)Pt€lj2 

dimers, as discussed above. 

In contrast to the reddish-brown solutions formed upon heating solutions of cis-@'- 

P)PtH2 complexes, the [(P-P)Pt]:! dimer was prepared by the sodium amalgam reduction 

of a thf solution of (dtbpp)PtClz under nitrogen. As mentioned by Otsuka et., it is 

possible that a cis-(P-P)PtH2 intermediate is never formed in this reaction, and that the 

[(P-P)Pt]2 dimer results from reduction of the (P-P)PtC12 starting material to a (P-P)Pt 

intermediate, which then dimerizes to give the observed product. Based on the results 

presented above, the formation of [(P-P)Pt]2 dimeric complexes from solutions of cis-(P- 

P)PtH2 complexes is not a general process; it appears that formation of Pt(I) hydride- 

containing dimers such as 1-3 is favored, at least with the chelating phosphines used in 

this study. 

Reactivity with Cp"2Yb. The reactivity of the [(P-P)Pw2 dimers with 

Cp*zYb (7) has also been investigated. The dimer 1 does not interact With 7 in a d8- 

toluene solution, at room temperature or at -90 "C, based on 1H and 31P NMR data (both 

1:1 and 2:1 samples of 7:l were investigated). When a c6H6 sample containing a 2:1 

molar ratio of 7 and 1 is heated for 5 hours at 90 "C, a 1:l ratio of the dihydride and 

phenyl hydride monomers, both complexed to 7, is produced (eq. 6, most of the 

(dippe)Pt(p-H)2YbCp*2 falls out of solution as a dark blue solid). In contrast, heating a 

sample.of 1 in benzene at 90 "C for 5 hours, in the absence of 7, gives no reaction (eq. 

7). Heating a CgHg sample of 3 and 7 (a 1:2 molar ratio) at 90 OC for 12 hours, gives 

only a small amount (ca: 20%) of conversion to the monomeric ((dtbpe)PtH2 and 
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(Btbpe)Pt(Ph)(H)) complexes (eq. 8). Again the lower reactivity of 3 relative to that of 1 

is observed. 

Trdippe)PtH]2 + 
1 

2 eq. Cp*2Yb 
7 

[(dippe)lw 2 
1 

2 eq. Cp*2Yb 
7 

2 eq. Cp*ZYb 
7 

No reaction (7) 
90 OC/5 h 

C6H6 

90 OC/12 h only ca. 20% conversion (8) - to the monomers. C6H6 

*O 0c'32 B NO reaction hexanes (9) 

Interestingly, no reaction occurs upon heating a sample of 1 and 7 ( 1 2  molar 

ratio) in hexanes at 80 OC for 32 hours (eq. 9). A mechanism involving dissociation of 1 

into the corresponding (dippe)Pt and (dippe)PtH2 fragments, followed by activation of 

benzene, does not explain these results, as (dippe)Pt can most likely also activate 

hexane,*2 and so the dimer 1 would not be the expected 'product' of eq. 9. However, a 

mechanism involving a CgHg-assisted fragmentation of the dimer 1, is consistent with 

the observations. In other words a molecule of CgHg has to fest oxidatively add to one 

of the Pt centers of 1 in order for dimer fragmentation to occur. Assuming CgHg is a 

better ligand towards 1 than a molecule of hexane, and can thus cause fragmentation of 1 

while hexane cannot, the lack of reactivity of 1 in hexane is reasonable. Such a 

mechanism also explains the decreased reactivity of 3, relative to that of 1 (eqs. 6 and 8); 

the increased steric bulk of the dtbpe ligands in 3 results in slower association of -6 

and consequently slower fragmentation of 3. However, this mechanism is inconsistent 

with the lack of reaction of 1 in CgHg, in the absence of 7 (eq. 7); if this mechamism 

were operating, conversion to the &hydride and phenyl hydride monomers would be the 
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expected products. However, if it is assumed that the dihydride and phenyl hydride 

complexes convert back to the dimer 1, in the absence of a "trapping" agent such as 7, 

the postulated mechanism is still valid. Consistent with this, (dippe)PtH2 is stable only 

under an atmosphere of H2 (Chapter 1). However, the mechanism of the reaction of 1 

with Q H g ,  in the presence of 7, has not been investigated in detail. 
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CHAPTER 3 

Interactions of Cp*aYb with Phosphines, 
R3PX Complexes (X = 0, NR', CHR"). 

Phosphine complexes of the lanthanides and actinides are relatively rare, a result of 

the hard nature of these metal centers and the soft nature of phosphines.1 Almost no 

solution-state investigations have been reported for lanthanide and actinide complexes in 

general (a result of the paramagnetism of almost all Ln/An complexes2), and for 

phosphine derivative complexes, more specifically. Given the diamagnetism of Cp*2Yb 

and the favorable properties of phosphines and phosphine derivatives for NMR studies, it 

was thought worthwhile to investigate the solution-state interactions formed between 

Cp'2Yb and phosphines, phosphine oxides (R3PO), phosphine imines (R3PNR'), and 
phosphine ylides (R3PCHR"). The strength and nature of the interactions formed 

between Cp*2Yb and phosphines, phosphine oxides and imines, and the isoelectronic (to 

phosphine oxides and imines) ylides, have been found to vary significantly. In addition, 

a novel intramolecular dynamic process of an ylide adduct of 1, has been elucidated. 

Interactions with Phosphines. Addition of 2 eq. of PMe3 to a dark brown 

toluene solution of 1 gives a bright green solution, from which green crystals of 

Cp*zYb(PMe3)2 (2) may be isolated in 88% yield upon cooling to -80 OC. A similar 

synthetic procedure with 2 eq. of PEt3 yields dark blue crystals of the 1:l adduct 

Cph2Yb(PEt3) (3), presumably a result of the larger size of PEt3 relative to PMe3. The 

1H and 31P{ 1H) NMR spectral values of 2 and 3 at 25 "C are very similar to the spectral 

values for the free compounds, showing that the solution-state interaction between 1 and 

these phosphines is relatively weak. The phosphine alkyl group protons and the 
phosphorus nucleus are not coupled to the 171Yb nucleus, indicating fast intermolecular 

exchange occurs on the NMR timescale for both 2 and 3. 
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Cooling a toluene-dg sample of the 1:2 PMe3 adduct 2 to -101 "C results in 

broadened resonances in both the 1H and 31P spectra (the values are given in Table l), 

' 

suggesting that the intermediate exchange region has been reached. Even though the 

width at half height of the 31P{ 'H} resonance (at -49.2 ppm) is 135 Hz, a lJybp value of 

ca. 600 Hz is resolved. 

Table 1. Low TemperaturdLXP NMR Data for Phosphine Adducts of 1 (toluene- 
- d&a 
Samde Temp. ("C) 6 (P) L J m  6(Cp*)b 6 (HI 

PMe3 -93 -62.0 --- --- 0.7 8 
1:l adduct, 2 -101 -49.2 600(20)C 2.28 0.64 
1:2 adduct, 4d -93 -45.4 956 2.20 0.54 

--- 1.02 (Me), 1.18 (CH2) 
1:l adduct, 3 -103 -3.7 950 2.24 0.51 (Me), 1.15 (CH2) 
1 + xs PEt3 -103 -16.3e notresolved 2.24 0.80 (Me), 1.16 (CH2) 

PEt3 -93 -23.0 --- 

b P m  -65 -57.1 --- --- not measured 
5 -65 -35.6 580 2.27 not measured 

1,2-(PMe2)2C6& -20 -52.9 --- --- 1.18 
6f -20 -38.4 656 2.06 1.02 

aFor this and all other Tables in this chapter, chemical shift values are given in ppm, and 
coupling constants are given in Hz. 
bAs mentioned in the text, many of the samples were made with a slight excess of 1, to 
minimize intermolecular exchange; consequently, a free Cp* resonance at ca. 2.00 pprn 
was also present for these low temperature samples. 
CFor this and all other Tables containing NMR data, estimated experimental uncertainties 
are given in parentheses, for values where the uncertainty is relatively large. 
dValues given were measured from a sample containing 0.8 eq. PMe3/1 eq. 1, see text. 
T h e  half height width of this resonance is ca. 900 Hz, see text. 
fIn addition, a 3J(YbPC&) of 2.7 Hz was resolved, see text. 

The 31P{ 'H} spectrum of a sample of 1 with ca. 0.8 eq of PMe3, at -83 "C, contains a 

sharp singlet at -45.4 ppm with 171Yb satellites (Fig. 1, the area of each satellite is 
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approximately 7% of the area of the major resonance, as expected), presumably arising 

from the 1:l adduct Cp*2Yb(PMe3) (4). 

PPD - ,d -30 -40 -50 -60 -70 

Figure 1. 31P( lH} specmm of 2 at -83 OC, showing l7lYb-31P coupling of 956 Hz 
(121.5 MHz, toluene-dg). 

The 171Yb-31P coupling is 956 Hz, roughly 2/3 larger than the analogous value for the 

1:2 PMe3 adduct 2. The IH spectrum of this sample at -83 O C  contains resonances for 
both free and bound 1 (the spectral values are given in Table 1); coupling of 171Yb to the 

alkyl protons of the bound phosphine ( 3 J y b ~ )  is not resolved. The slow exchange 

behavior of this sample at -83 OC, compared to the intermediate exchange observed for 2 

at -101 OC, indicates that the barrier for intermolecular exchange is higher for 4 than for 2; 

this will be discussed below. 

Cooling a tOlUene-dg sample of the 1:l PEt3 adduct, 3, to -103 "C results in slow 

intermolecular exchange on the NMR timescale; the observed 1Jybp value of 950 Hz is 

similar to the analogous value observed for the 1:l PMe3 derivative, 4. Again, 394Jyb~ is 

not resolved (the NMR values for this sample are also given in Table 1). The coalescence 

temperature of the free and bound Cp* resonances is -89 0C.394 A sample of 1 and 2 eq. 

of PEt3 was cooled to -103 "C. The lH and 3lP{ lH} spectra at this temperature contain 

broad resonances (31P resonance, w1/2 CQ. 900 Hz), indicating that the exchange barrier 
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is lower for the 2: 1 PEt3 derivative, relative to the 1: 1 adduct, similar to the situation 

observed for the PMe3 derivatives above. 

At this point, it was of interest to investigate the behavior of chelating phosphines 

with 1. While Cp*2Yb(dmpm) (5) has been reported,lb only the exchange-averaged 

room temperature NMR data were measured. Cooling a sample of 5 to -65 "C results in 

slow exchange, With a lJybp coupling of 580 Hz (values given in Table 1); this value is 

unchanged at -90 "C. As found for the monodentate phosphine.analogues above, 

coupling of 171Yb to the phosphine alkyl protons is not resolved. A sample of 5 

containing a slight excess of dmpm exhibits intermediate exchange behavior at -65 "C; 

although two resonances are visible in the 3lP{ 'H} spectrum, arising from free dmpm 

and 5,  both are broad, with widths at half height of ca. 450 Hz. This contrasts with the 

slow exchange behavior at this temperature for 5,  in the absence of added dmpm; this 

result will be discussed below. 

The dmpe complex, Cp*2Yb(dmpe), is insoluble in toluene and diethyl ether, but 

dissolves in thf to give Cph2Yb(thf)2 and the free phosphine.lb This behavior indicates 

that Cp*2Yb(dmpe) likely has a polymeric structure, with dmpe acting as a bridging rather 

than a chelating ligand. Addition of MezPCH2P(Me)CH2PMe2 to a toluene solution of 1 

results in the instantaneous precipitation of a bright green solid, presumably also with a 

polymeric structure; the IH NMR spectrum of this solid dissolved in thf-d8 indicates the 

presence of Cp*2Yb(thf)2 and the free phosphine, in a 1:1 ratio. A toluene solution of 1 

and 1,2-(PMe2)2C6&, in a ca. 2: 1 molar ratio, is dark green-brown. The IH spectrum 

of this sample at 25 "C contains a broad Cp* resonance (w1/2 = 35 Hz at 400 MHz), 

indicating intermediate intermolecular exchange; however, lJybp of 656 Hz is resolved in 

the 3IP{ IH} spectrum at this temperature (a result of the larger 'Jybp value, relative to 

the frequency difference between the free and bound Cp* resonances5). Cooling this 

sample results in decoalescence of the Cp* resonance into free and bound resonances (Tc 

= 23 'e), the latter arising from the 1:l adduct Cph2Yb(1,2-(PMe2)2C6H4) (6); the 
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1Jybp value is unchanged upon cooling. It is likely that the cis disposition of the Me2P 

groups in lY2-(PMe2)2C6H4, in contrast to dmpe and Me2PCH2P(Me)CH2PMe2, 

enforces bidentate rather than bridging interactions.6 The lH and 31P{ 'H} NMR values 

measured on 6 at -20 "C are given in Table 1. Coupling of the l71Yb nucleus to the 

methyl protons of the phosphine li,oand?Jybpc~3, - is resolved and is 2.7 Hz (measured at 

-30 OC).7 Using this coupling constant, the HMQC pulse sequence8 was utilized to 

acquire a 1W171Yb spectrum, at -30 OC (Fig. 2). The 171Yb (vertical) dimension of this 

spectrum shows that the 171Yb chemical shift of 6 is +782 ppm (this value will be 

discussed below); l71Yb-31P coupling is resolved, and is identical to the value measured 

from the 1-D 31P( 'H} spectrum. 

0 I 

pprn 2.0 1.5 1 .o 

760 

770 

780 

790 

300 

IPm 

Figure 2. lH/l71Yb HMQC spectrum of 6 (300 MHz, toluene-dg, -30 "C). 

From Table 1 it can be seen that a low field shift of the Cp* resonance of 1, of CQ. 

0.20 ppm, occurs upon binding of a phosphine ligand. Such low field shifts of the Cp* 

resonance are common upon coordination of a ligand to 1, as observed in the adducts 

discussed in Chapter 1. The 1H chemical shifts of the phosphine alkyl groups move 
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slightly upfield upon coordination to 1; the shift for the 1:l adduct 4 (A(6) = -0.24 ppm) 

is roughly twice the shift for the 1:2 adduct, 2 (A(6) = -0.14 ppm). While the 8(CH2) 

resonance of PEt3 is shifted upfield by only 0.03 ppm upon coordination to 1, the 6(Me) 

resonance is shifted upfield by a surprisingly large 0.51 ppm. This shift may be 

indicative of a y-agostic interaction; agostic interactions have been observed in the solid 

state for adducts of 1.9 However, the ~ J c H ~  value of 3 at -103 "C is 127(1) Hz, 

unchanged from the analogous value for free PEt3 at this temperature.10 
The 31P resonances for all of the phosphine complexes discussed above are shifted 

downfield ca. 13-21 ppm, consistent with the phosphines acting as Lewis bases towards 

the Yb center of 1. The 1Jybp values for the 1:l adducts 3 and 4 (956 Hz and 950 Hz, 

respectively) are roughly 60% larger than the analogous values for the 1:2 PMe3 adduct 2 

and the dmpm and 1,2-((PMe2)C6&) adducts, 5 and 6, respectively. This indicates that 

each Yb-P interaction in the 1:2 adducts (considering 5 and 6 as 1:2 adducts, as they 

each have two P donorsrYb center) is enthalpically weaker than the single Yb-P 

interaction in the 1:l adducts.11 The similar spectral values for the 1:2 PMe3 and the 

dmpm adducts, 2 and 5 (6 (31P) perturbations, 1 J n p  values), indicate that chelation 

does not have a significant affect on the interactions formed between 1 and phosphines.13 

Interactions with Phosphine Oxides and Imines. The Cp*2Y b( OPMe3) 

adduct (7), isolated in 83% yield as a yellow-orange crystalline solid, undergoes slow 

intermolecular exchange in C6D6 at 25 OC. This contrasts with the fast exchange behavior 

at 25 "C that was observed for all of the phosphine adducts discussed above. While 

171Yb-31P coupling is observed for 7 (2Jnp = 94.6 Hz), long-range 171Yb-lH coupling 

(4Jyb~) is not resolved. The 1H and 31P spectral values for 7 and Me3PO are given in 

Table 2. When a toluene-dg sample of 7 (with 1 eq. of excess 14) is heated in the NMR 

probe, coalescence of the free and bound Cp* resonances occurs at 110 OC.3 The 

31P{ 'H} spectrum of a sample of Cp*2Yb(SPPh3) in C6Dg shows 2Jybp of 87 Hz,14 

similar to the analogous value found for 7. 
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Addition of 2 eq. of Me3PO to a toluene solution of 1 results in the precipitation of 

an orange solid, Cp*2Yb(OPMe3)2 (S), which is insoluble in toluene and aliphatic 

hydrocarbon solvents. The 1:2 adduct 8 dissolves in thf-d8 with a slight darkening in 

color; the 1H and 3lP{ 'H} spectral features (broadened resonances, and slightly shifted 

Me3PO chemical shift values, relative to those of free Me3PO in thf-d8) indicate 

competitive exchange with the solvent. While thf is competitive with Me3PO as a ligand 

towards the Yb center of 1, when thf is removed under reduced pressure, the pure 

complex 8 is re-isolated. When Et20 is added to a sample of the 1:l adduct 7, a green 

solution with an orange precipitate results. Apparently, Et20 can coordinate to an empty 

coordination site on the Yb center, lowering the barrier to disproportionation (similar to 

the phenomenon discussed above for samples of 1 containing excess phosphine). The 

result is precipitation of the orange 1:2 adduct 8 and a solution containing the green 

Cp*2Yb(Et20) adduct, the identity of which was confirmed by 1H NMR spectroscopy.16 

The interaction formed between 1 and the phosphine imine Et3PNH is similar to 

that found for Me3PO. .The 1H NMR spectrum at 25 OC of a toluene-dg sample of the 

light orange Cp*2Yb(HNPEt3) adduct (9) indicates slow intermolecular exchange; a 

2Jybp value of 91.6 Hz can be measured from the 3lP{ lH} spectnun. The values for 

this sample, and for uncomplexed Et3PNH, are given in Table 2. Unfortunately, the IH 

resonance for the N-H proton is not resolved in either of these samples, at 25 OC or at -90 

"C, presumably a result of 14N quadrupolar or exchange broadening.12 When 2 eq. of 

Et3PNH are added to a toluene solution of 1, the orange 1:2 adduct Cp"Yb(HNPEt& 

(10) precipitates from solution. Similar to 8, this solid dissolves in thf-d8, giving IH 

and 3lP{ lH} spectra that indicate competitive exchange with the solvent. A sample of 1 

(2 eq.) and Et3PN(SiMe3)17 undergoes fast exchange at 25 OC, on the NMR timescale. 

However the lH spectrum of this sample at -83 OC contains resonances for both free and 

bound Cp* rings (Tc = -50 OC3), and 171Yb-3lP coupling is resolved in the 3lP{ lH} 

spectrum @Jnp = 7( 1) Hz, values given in Table 2). 



82 
Table 2. LH. 2 P  NMR Values for Phosphine Oxide and Imine Complexes of 1. 
Sample Temp. ("C) 6 (PI Z J m  6(CD*) 6m.l 
Me3PO 25 29.4 --- 0.83a 
7 25 45.6 94.6 2.14 0.65 
Et3PNH 25 44.6 --- --- 1.15 (CH2) 

9 b  25 60.1 91.6 2.12 1.20 (CH2) 

Et3PNSiMe3b -83 18.2 --- --- 1.00 (CH2) 

0.86 (Me) 

0.61 (Me) 

0.79 (Me) 
0.42 (SiMe3) 

1 lb -83 33.6 7U) 2.34 1.22 (CH2) 

0.47 (Me) 
0.18(SiMe3) 

aThe 2 J p ~  values for Me3PO and 7 are identical, 12.8 Hz. 
bThese samples in toluene-dg, the others in C&. 

The fast intermolecular exchange at 25 "C for Cp*2Yb(Et3PNSiMe3) (ll), as well as the 

much smaller 2Jybp value as compared to 9 (2Jybp = 91.6 Hz), likely result from the 

sterically bulky SiMeg group preventing the Yb center from approaching the nitrogen 

nucleus as closely as in the Et3PNH derivative, 9. 

Interactions with Phosphine Ylides. Considering the relatively strong 

interactions formed between 1 and phosphine oxides and imines, it was of interest to 

examine the interaction of 1 with isoelectronic phosphine ylides. Two resonance forms 

can be drawn for phosphine ylides (Fig. 3), and the chemical properties of ylides show 

that both forms are important. 

Figure 3. The two resonance structures for phosphine ylides. 
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It is known that ylides generally have a slightly pyramidal geometry about the ylide 

carbon atom in the solid state,18y19 ~ J C H  coupling constants suggesting sp2 

hybridization,20*21 P-C distances consistent with a P=C double b0nd,~99~0 a low barrier 

to rotation about the P-C bond,18*22 and bind strongly to alkali metals via the carbon 

center? Ylides typically also interact with transition metalsvia the carbon center.1823 
Recent ab initio molecular orbital calculations have found that the dominant resonance 

structure for phosphine ylides is the dipolar one.18 

Adding 1 eq. of Me2PhPCHSiMe324 to a toluene solution of 1 results in a dark 

green solution from which dark green crystals of Cp*2Yb(Me2PhPCHSiMg) (12) can be 

isolated in 55% yield. The lH and 31P{ 'H} spectra of a toluene-dg sample of 12, 

containing an additional equivalent of 1 , indicate fast intermolecular exchange is 

occurring at 25 "C. On cooling, two different fluxional processes can be distinguished, 

as indicated by the variable temperature IH specwa, from -3 "C to -98 "C (Fig. 4). 

I Cp* rcgion 

4 
-3 "C 

-13 "C  

-23 "C 

1. 

A .  

A -33 oc 
-43 "C 

-53 "C 

-63 "C  

-73 "C 

-83 " C - A  

(~ -88 "C  

-93 "C 

A / - . - 9 8  "C 
I 1 -  

ppm 2.5 2.0 i . 2  I .o 0.8 

Figure 4. Variable temperature IH spectra of 12, with 1 eq. excess of 1 (300 MHz, 
toluene-dg, -3 OC to -98 "C). 
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The slower process is intermolecular exchange of free and bound 1; the averaged Cp* 

resonance decoalesces into free and bound resonances upon cooling, with a Tc = -40 "C. 

Further cooling results in inequivalent Cp* rings, as well as two inequivaiznt 

phosphorus-bound methyl groups. The coalescence temperatures (two slightly different 

temperatures for this one process, as a result of the frequency differences between the 

inequivalent Cp* rings and the inequivalent methyl groups5) gives an approximate AGZ 

value of 9.2(2) kcal mol-1 for this fluxional process. The nature of these fluxional 

processes will be discussed in detail below. 

A toluene-dg sample of the Me2PhPCH224 adduct, Cp*2Yb(Me2PhPCH2) (13), 

with an additional equivalent of 1, also undergoes fast intermolecular exchange at 25 "C; 

this exchange is slowed upon cooling (Tc(Cp*) = -68 "C). The two identical groups on 

the ylide carbon necessarily result in equivalent Cp* and PMe2 groups at all temperatures. 

To investigate the details of the interactions between 1 and the ylides in solution, the 'H, 

13C{ 'H} and 31P{ 1H} NMR spectra were measured on samples of 12 and 13 (both 
samples containing a sIight excess of l), at -78 OC and -93 OC, respectively.25 The 

spectral values of the two samples, as well as those of the two ylides at the same 

temperatures, are given in Table 3. 

Examination of the values in Table 3 shows the usual downfield shifts of the Cp* 

rings of 1, and of the 31P chemical shifts (the A(8P) values are slightly less than were 

observed for the phosphine, oxide, and imine derivatives, above), upon adduct 

formation. The 3lP chemical shifts of ylides nearly always shifts downfield upon 

coordination to a metal.23 Interestingly, the ylide proton resonance of 12 is shifted 0.69 

ppm downfield from the value for the free ylide, while the analogous resonance for 13 is 

shifted in the opposite direction, by 0.65 ppm. The methyl and SiMe3 spectral values are 

perturbed only slightly, consistent with a direct Yb-C interaction. The 5ybp value for 12 
is signifkantly smaller than the analogous value for 13. 
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Table 3. Low Temperaturd&a&aP NMR Values for the Phosphine Wide 
Comdexes 12 and 138 

- Vdueb Me7PhPCHSiMe3 12c Me7PhPCH7 1 ac- 
wP*) --- 2.3 1 --- 2.27 
&CB/2JPH 
6(C&)FJPH 1.0Y12.6 0.94/11.9 1.16/12.8 0.65D2.6 

-0.30/8.7 0.39/20.3 0.3715.3 -0.28/12.6 

0.50 
136(1) 
128(1) 
116(1) 

4.6 
--- 2JYbP 

6CHY1Jpc -4.2/94 
6CH3)/lJPC 16.9/63 
6( SiCH3)3)/3 Jpc 4.9/4.2 

0.20 
111(2) 
129(1j 
116(1) 
14.4 

8(1) 
-2.5/53(2) 
18.0/65(2) 

3 S/unresolved 

--- 
150(1) 
128(1) 

5.1 
--- 

--- 
-6.1/92 
15.7/67 

--- 
119(2) 
129(1) 

20.0 

37U) 
- 1.0/42(2) 
15.1/62(2) 

--- 

--- 

aThe values for Me2PWCHSiMe3 and 12 were acquired at -78 OC. The values for 
Me2PhPCH2 and 13 were acquired at -93 OC. 
bAll of these values were obtained from typical 1-D direct-detected spectra, with the 
exceptions of the ~JCH values (obtained from 13C-filtered 1H spectra) and the &C), Jpc 
values for 12 and 13 (obtained from 1W13C HMQC 2-D spectra). 
CThese samples contained 1 eq. excess of 1. 

. 

This may be either a steric or an electronic effect; the sterically bulky S i M g  group is 

known to stabilize (Le., delocalize) the ylidic negative charge.20 The 13C chemical shifts 

of the ylide carbons are shifted downfield slightly for both 12 and 13 upon adduct 

formation, consistent with C+Yb electron donation. The 1Jpc values involving this 

carbon are roughly halved upon formation of the adducts; the values for 12 and 13 are 

similar to the analogous values for phosphonium salts, (R3PCHRtR")+,18 and for 

previously-reported M-ylide complexes.26 Unfortunately, coupling between 171Yb and 

the ylide 1H and 13C nuclei was not resolved, most likely a result of line. broadening from 

the low temperature required to slow intermolecular exchmgeJ7 

To investigate the details of the Yb-ylide interaction in the solid state, 12 was 
characterized by X-ray crystallography and an ORTEP diagram is shown in Figure 5. 
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There are relatively few structurally characterized lanthanide-ylide c0mplexes.~9 Selected 

intramolecular distances and angles are given in Table 4. Although the ylide-H could not 

be located, it is assumed to be oriented roughly downwards in Figure 5, based on the 

positions of the Yb, Si, and P atoms. The quality of the data was not sufficient to allow 

anisotropic refinement on the carbon atoms, see the Experimental section for details. 

C I S  

Figure 5. ORTEP diagram of Cp*2Y b(Me2PhPCHSiMe3) (13), 50% probability 
thermal ellipsoids. 

Table 4. Selected Intramolecular Distances !A) and Angles (deg) in 12,a 

Yb-C21 
. Si-C21 

P-c21 
Yb-c22 

Yb-al-Si 
cpl-Yb-cp2 
C2 1 - Si-C22 
C21-Si-C24 

2.69 (2) 
1.85(2) 
1.69(2) 
3.15(2) 

104.6( 6) 
134.9(6) 
106.2(9) 
111.7(8) 

Bond Distances 
Yb-cpl 
Yb-cp2 
Yb-P 
Yb-Si 

Bond Angles 
Yb-C21-P 
Si- C2 1 -P 

C2 1 -Si-C23 

2.44 
2.43 

3.963(5) 
3.624(6) 

128.4(9) 
120(1) 

116.5(9) 

aAll distances and angles involving Cp"' rings were calculated using the ring centroid 
positions. 
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The Cp*-Yb-Cp* angle, Yb-Cp* distances, and Cp*-Yb-Cp*/Si-C24-P torsional 

angle (84"), are within the expected ranges.30 The Yb-C21 distance, 2.69(2) A, is 

indicative of a direct Yb-C interaction.9a728730b731 The P-C21 distance of 1.69(2) 8, is 

within the range observed for M-ylide complexes.20~34 The Yb-C21-Si angle (105") is 

more acute than the Yb-C21-P angle (128'), resulting in a short Yb-methyl contact 

involving one of the methyl carbons on the Si atom (Yb-C22 = 3.15(2) A). This likely 

results from a secondary Yb-methyl interaction, as the sum of the Van der Waals radii35 

for a methyl group (2.00 A) and Yb(I1) is 3.70 A.9b734 Consistent with this, the 

C(ylide)-Si-C(methy1) angle involving this methyl carbon center is slightly smaller than 

the other two C-Si-C angles (C21-Si-C22, 106'; C21-Si-C23, 116'; C21-Si-C24,112'). 

As the hydrogen atoms were not located in the structure of 12, further discussion on this 

point is not warranted. The Yb-C21-P angle, 128', is within the expected range for M- 

ylide  structure^.^^^,^^ Thus, interaction of 1 with Me2PhPCHSiMeg involves a direct 

Yb-C interaction, supplemented by a secondary yCH3 interaction, and adduct formation 

does not result in any unexpected perturbations of the ylide structure. The solid-state 

structure of 12, with C1 symmetry, is consistent with the low temperature NMR data for 

this complex. 

Two different fluxional processes can be slowed upon cooling a sample of 12 from 

25 "C to -98 'C. The first process involves intermolecular exchange of free and bound 1, 

and slowing of the second process results in inequivalent PMe2 groups and inequivalent 

Cp* rings. Since the Yb center is bound via the ylide carbon center, this carbon becomes 

c k a l  once interrnolecular exchange is stopped, resulting in diastereotopic methyl groups. 

However, the methyl groups do not become inequivalent until the Cp* rings become 

inequivalent, and this occurs at a much lower temperature. Fast inversion of the chirality 

at the ylide carbon would make the PMe2 groups equivalent. This fluxional process has 

an identical barrier as the process that results in equivalency of the bound Cp* rings of 12 

between -40 'C and -84 OC, and is most likely the same physical process. It is important 



88 
to note that while fast rotation about the Yb-ylide carbon "bond" would average the Cp* 

environments, this would not average the P-bound methyl group environments. 

Certain metal-ylide complexes are known to undergo phosphine exchangevia metal 

carbene intermediates.18~20 Addition of PMe3 to a sample of 12 shows no evidence for 

phosphine exchange after several hours at 25 OC, ruling out such a process. 
Consequently, the only way for fast inversion to occur at the ylide carbon is via fast 

interchange of the bound ylide enantioface (Figure 6; the term enantioface is used with the 

P=C planar resonance form in mind). Since intermolecular exchange is slow below -40 

OC, this process must occur without exchange of free and bound molecules of 1. 

enantioface "A" 
Ph 

enantioface 
Me 

"B" 

.H ,YbCp*2 Ph 
\ p-c& SiMe3 

Ph 
fast 

___t 

\ #I 

c--- Me'*'? '\,. p-c1 I t  I, I... 

Me*.''/ SiMe3 k H  
Me YbCp*2 Me 

Figure 6. Fast inversion of the bound ylide enantioface results in inversion of the 
chirality at the ylide carbon, as required for P-bound methyl and Cp* group equivalency. 

It is reasonable to assume that inversion at the ylide carbon involves the Yb center, 

as this is the only "labile" ligand. One possible mechanism for this inversion involves 

movement of 1 to the opposite ylide enantioface (the planar ylide resonance form is used 

for this discussion, for purposes of c1arity)via a o-complex involving the ylide C-H bond 

in the transition state (Fig. 7)?6 
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1 

SiMe3 Ph\ 
..SI\ P= H M e  / I I 

nCp*2 Me 
J 

o-complex intermediate 

Figure 7. Proposed mechanism of the fluxional process that results in equivalent PMe2 
groups and equivalent Cp* rings, without intermolecular exchange. 

This process, if fast on the NMR timescale, results in identical averaged environments for 

the two PMe2 groups and for the two Cp* rings. A similar process with enantioface 

migration via a o-complex, involving an olefinic C-H bond, has recently been invoked 

by Peng and Gladysz to explain the observation of intramolecular equilibration of the 

diastereomeric chiral Re complex [CpRe(NO)PPh3)(H2C=CHR)] [BF4].37*3* As Peng 

and Gladysz have noted, o-complex interactions have been estimated at ca. 10 kcal mol-1 

and consequently, can stabilize the transition state with respect to dissociation (i.e., 

intermolecular exchange).37 Interaction of the electron-rich C-H bond of the ylide with 

the electrophilic Yb center is likely a favorable interaction. 

Another possible mechanism for this fluxional process involves complete cleavage 

of the Yb-ylide interaction with rapid exchange of 1 between the ylide enantiofaces, 

without intermolecular dissociation; this possibility assumes the presence of a solvent- 

caged species, to account for the lack of intermolecular exchange. Considering the Yb- 

methyl interaction that is present in the solid state structure of 12 (Fig. 5 and 
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accompanying discussion), it is also possible that inversion at the ylide carbon center 

occurs via an Yb-methyl interaction; this possibility is very similar to the o-complex 

mechanism discussed above. The barrier for this fluxional process has been found to be 

identical in both toluene and methylcyclohexane. However this result, or any of the 

xsults discussed above, does not rigorously rule out any of these three possible 
mechanisms (as both toluene and methylcyclohexane are relatively viscous at ca. -90 OC, 

it is not unreasonable that the barrier to dissociation (i.e., breaking up a solvent-caged 

species) is relatively similar in both these solvents). 

The ~ J C H  value of the ylide C-H bond of 12 decreases by 25 Hz upon formation of 

an interaction with 1, consistent with a direct Yb-C interaction. Protonation of Me3PCH2 

results in a decrease in ~ J C H  from 149 Hz to 133 Hz,39 while ~ J C H  for 

Me3PCH2(Ni(C0)3) (in which the Ni interacts with the carbon, based on the solid-state 

structure of a related complex)21 is 123 Hz. If there were a C-H-Yb interaction present in 

the ground state structure of 12, the ~JCH value would probably be significantly smaller 

than the observed value of 11 1 Hz. Analogous ~ J C H  values for transition metal agostic 

complexes are reduced by as much as 50%, relative to the "free" values50 It is clear that 

the ground state Yb-ylide interaction involves a direct Yb-C interaction in solution; this 

does not rule out the presence of a o-complex in the transition state of the fluxional 

process, as discussed above. 

Strengths of the Yb-L Interactions. As mentioned above, the barrier to 

intermolecular exchange for the dmpm adduct 5 is lowered when excess dmpm is 

present. A similar phenomenon, with a faster exchange rate in the presence of excess 

phosphine, was found for many of the phosphine adducts, and is likely a result of 

associative exchange, as was observed for the P2PtXflbCp*2 adducts in the presence of 

excess P2PtX2 (Chapter 1). In the absence of excess ligand (i.e., in the presence of 

excess l), the exchange barrier is .higher; in these cases, the exchange mechanism is 

likely dissociative. Given the sterically bulky Cp* rings of 1, and the intermediate 
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required for an associative process (two molecules of 1 interacting with one ligand 

molecule), a dissociative mechanism is likely. Indeed, the barrier to exchange is identical 

for the phosphine adduct 6, regardless of the number of excess equivalents of 1 present, 

indicating a dissociative exhange process. Given this and the presumed low kinetic 

barrier for ligand binding to 1 (see Introduction), it is expected that the kinetic barrier to 

exchange will be small relative to the strength of the Yb-ligand interaction (Fig. 8). 

Therefore, the kinetic exchange barriers for Cp*2Yb& adducts can be directly correlated 

with the thermodynamic strengths of the Yb-ligand interactions. Again, this correlation is 

only valid for adducts that undergo dissociative intermolecular exchange. 

AG 
(arbitrary units) 

Reaction coordinate 

Figure 8. Energy diagram showing how the kinetic barriers to intermolecular exchange 
for Cp*2YbLn systems can be correlated to the thermodynamic strengths of the Yb-L 
interactions. This diagram assumes a dissociative exchange mechanism, as mentioned in 
the text. 

Assuming this, the ligands studied above can be roughly ordered in decreasing 

strength of interaction towards 1. For the 1:l adducts, Me3P0, Et3PNH > ylides, PMe3, 

PEt3. This is easily rationalized by noting that the best ligands have hard heteroatom 

donors with lone pairs. Ylides and monodentate phosphines are roughly similar with 

respect to binding strength to 1. For the 1:2 adducts (including the bidentate phosphine 

derivatives in this class), dmpm and 1,2-(FMe2)2C& form stronger interactions with 1 
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than (PMe3)2 and (PEt3)2, the chelate effect resulting in a slightly better interaction 

relative to the monodentate analogues.13 The five membered chelate ring present in the 

1,2-(PMe2)- derivative results in a slightly stronger overall interaction than the four 

membered chelate ring present in the dmpm derivative, as expected from ring strain 

considerations. The 1:2 phosphine adducts have a lower kinetic banier to intermolecular 

exchange than the analogous 1:l adducts, indicating weaker Yb-P interactions in the 

former adducts; this result is consistent with the smaller 171Yb-31P coupling constants for 

the 1:2 adducts (Le., an enthalpically weaker Yb-P interaction).ll 

Comparison of the Jybp values found for the complexes studied in this work to Jm 

values that have been reported in the literature is infonnative. There have been four lJybp 

values  reported,41 the most applicable being the values for 

(Me2~C(SiMe3)PMe2)2~CLiI)2(th~3 (497 Hz)>lb and $bpT(SiMe2CH2l!R2)fJ2 (R = 

Me, 665 Hz; R = Ph, 522 Hz) ;~~C the ligands in these complexes all bear a negative 

charge, in contrast to the neutral phosphine ligands used in the present study. The 

reported values are similar to the 1Jybp values found for the 1:2 phosphine adducts in this 
study. There have been several 2 J ~ p  values reported for transition metal-ylide 

complexes. The values reported (reduced coupling constants, K, in parentheses)P2 cis- 

(Me3PCH2)2PtMe2,92 Hz (8.77);43 [(Me3PCH2)Rh(PMe3)2(Cp) 112, 4.5 Hz (-2.92);44 

trans-[Pt(CH2PR3)(PR3)2X][Y] (X, Y = halides), ca. 100 Hz (9.53);35b andcis- 

[Pt(CH2PR3)(PR3)2XJ[YJ (X, Y = halides), ca. 50 Hz (4.76);35b are similar to the 

values found for 12 (2Jybp = 8 Hz, K = 0.933) and 13 (2Jybp = 37 Hz, K = 4.32). In 

addition, the slight increase in the ylide 2 J p c ~  - value, as observed in 12 and 13, is a 

common result of coordination of ylides to metal centers.26 

171Yb Chemical Shifts of Cp#YbL, Complexes (Cp# = a Cp 

derivative). Examination of Figure 2 shows that, in addition to the l7lYb correlations 

from the PMe2 protons, correlations to the bound Cp* methyl protons are also present. 
This shows that spin-spin coupling between 17% and these protons is present in 6. We 
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have measured the analogous value for 1, and it is 2.5 Hz; this coupling will not vary 

much with the ligand, L, in Cp*2YbLn complexes. A 1H/171Yb HMQC spectrum of 7 at 

-7 OC,4 optimized for this J ~ H  value, gives a l7lYb resonance at +139 ppm, correlated 

to the Cp* protons. A similar experiment gives a l7lYb resonance at +140 ppm for 12 
(at -73 "C); this resonance is correlated with the SiMe3 protons, indicating that long-range 

(4-bond) Yb-H communication is present. The method of indirectly detecting l71Yb 

resonances, via long-range J ~ H  coupling (involving either the Cp* protons or protons 

on the ligand, L), will be discussed in more detail in Chapter 4. 

Table 5 lists the 171Yb chemical shifts of Cp'2YbLn complexes (Cp# = any Cp 

derivative) that have been reported to-date.46 A rough correlation of the l7lYb chemical 

shift with coordination number can be made. Specifically, the base-free adducts Cp*2Yb 

(1) and (173-(SiMe3)2C5H3)2Yb have chemical shifts of -30 and -16 pprn, respectively. 

The 1:l adducts resonate slightly downfield, from 0 to +140 ppm (with the value for 

( l73-(SiMe3)2C5H3)2Yb(0Et2) being an exception), and the 1:2 adducts have chemical 

shifts from +340 to +950 ppm (with the value for Cp*2Yb(thf)2 being an exception). 

Several of the values were measured under fast-exchange conditions (including the values 

for ( 173-(SiMe3)2C5H3)2Yb(OEt2) and Cp*2Yb(thf)2), as noted in the Table, and so 

these chemical shift values are averaged values. 

While a dependence on coordination number is a common feature for metal chemical 

shifts, correlation of metal chemical shifts with specific chemical properties (as is 

frequently done for 1H and 13C chemical shifts) is often ambiguous.12 The paramagnetic 

shielding contribution to the chemical shift, the dominant factor for metal chemical shifts, 

includes terms that are dependent on low-lying magnetic dipole-allowed transitions to 

excited states of the complex, the inverse cube of the distance of the valence p and d 

electrons from the metal nucleus, and the imbalance of electron distribution on the metal 

center. 12 
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f#7YbL, - - CompIexes (CP# = a Cp 

Solvenflemu. (OCP- 
wd25 
toluene-dd24 
toluene-dfl 
Et20/35 
thfD3 
NCsH5/65 
toluene-d&5 

Reference 
this work 
46a 
46a 
46b 
46b 
46b 
Chapter 1 

472 toluene-dfl5 Chapter 1 
340 
782 
139 
140 
242 
316 
457 
544 
595 
85 1 

toluene-dfl5 
toluene-dg/-30 
toluene-dg/-7 
toluene-dg/-73 
thf/-30 
thf/-30 
C&,thf/3 1 
thf/3 1 
CsDgNI31 . 
wd31 

Chapter 1 
this work 
this work 
this work 
46c 
46c 
46d 
46d 
46d 
46d 

aIt has been reported that 171Yb chemical shifts have a significant temperature 
dependen~e.~6b 
bWe have found some evidence for a weak interaction of 1 with aromatic solvents such as 
COG; consequently, these m y  be averaged vdues. 
CCp+ = 1,3-(SiMe3)2C5H3. 
dThe 17lYb chemical shifts of th!.se complexes are likely averaged values, as fast 
intermolecular exchange (with solvent) is likely present for these cases. 
eCp' = C5Me4P; Cp" = CgMeqAs. 
fThese Cp derivatives contain a pendant pyridyl arm: CpPY = C5H&(Me)2CH2C5QN- 
21; CpPY = C5H3(SiMe3)[ { C(Me)2CH2Cs%N-2}-3]; CpPY(S) = C5Q[C(Me)2C5&N- 
21; Cp'PY(S) = C5H3[(SiMe3){ C(Me)2C5&N-2}-3]; see ref. 46d for details. 

In addition, relativistic effects on 171Yb chemical shifts will be significant.47 These 

factors are not well-understood for many metals$8 and certainly not for Cp*2YbLn 

complexes; consequently, information contained within 171Yb chemical shifts remains a 

mystery. 
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CHAPTER 4 

Weak Interactions of Cp*2Yb with Various 
Small Molecules (Hz9 Xe, CH4, CO, toluene, etc.) 

Indirect Detection of the 171Yb NMR Spectra of Cp*zYbL, 

Complexes. Throughout this work, 171Yb spectra have been indirectly detected by 

utilizing a J f i ~  coupling and the HMQC pulse sequence.' The Yb-H coupling has, in all 

cases, been to a proton on the ligand, L, of a slow-exchange Cp*2YbLn adduct. It is 

possible that a similar method can be used to indirectly detect 171Yb nuclei using the long- 

range coupling of 171Yb to the Cp* ring protons (3Jyb~,  taking the Yb-ring carbon 

interaction as a one-bond interaction). Clearly, as the Yb-H coupling is intramolecular, 

intermolecular exchange will not be a problem (with respect to "washing out" of the 

171Yb-1H coupling), as it was for several of the cases discussed above. One potential 

difficulty is the size of the 3 J y b ~  coupling in Cp*2YbL, complexes; the smaller the JXH 

value for an H/x HMQC experiment, the longer the relevant delays. If these delays are 

too long, sensitivity is reduced by transverse (T2) relaxation during the experiment 

evolution period.23d The technique of using long range M-H coupling to indirectly detect 

M spectra (for M = 187Os, 183W, 57Fe, 119Sn) with increased sensitivity has been 

reported previousIy.3 

A saturated solution of Cp*2Yb (1) in C6D6 was used to test the viability of this 

technique. At 300 M E ,  a resolution-enhanced4 1H spectrum (the T1 value for the Cp* 

protons of this sample is 3.6 seconds) shows I71Yb satellites on the Cp* resonance (Fig. 

1). The 3Jyb~value  is 3.5 Hz. A 1H/17lYb HMQC experiment on this sample, 

optimized for a 3 J y b ~  value of 8 Hz (to avoid the long delays discussed above), gives a 

171Yb signal at -30 ppm (w1/2 = 275 Hz, Fig. 2). This confims the presence of 3Jyb~3, 

as no 171Yb signal would be observed in the absence of such spin-spin. communication. 
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Figure 1. Resolution-enhanced lH spectrum of 1 in C a g y  showing 171Yb satellites 
on the Cp* resonance. The non-Gaussian lineshapes result from the resolution 
enhancement, which is necessary to resolve the 171Yb satellites. 

Figure 2. A slice of the l71Yb dimension of the 1W171Yb HMQC spectrum of 1 (300 
my 25 OC, C6D6). 

The signal:noise (S/N) ratio of the 171Yb resonance in Fig. 2 is CQ. 5:l. Using 

direct detection on a sample of similar concentration (with a 3 second total delay time 

between scans--the I7lYb T1 was not measured) gives an S:N ratio of ca. 3:l after 3 

hours; the total experiment time for the 1H/171Yb HMQC experiment was 2.5 hours. In 

this case, indirect detection does not give a very large improvement in experiment time; 

this is a result of the relatively long T1 value of the Cp* protons, and of the unoptimized 

%yb~-dependent delays, as discussed above. A more dramatic measure of the power of 

indirect detection of 171Yb is shown in Chapter 3, Fig. 2; the total acquisition time for 

this experiment was 40 minutes, and the 171Yb resonance was visible after only ca. 3 
minutes. The experiment was optimized for a 3JybH value of 7 H q  the most intense 
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signal arises from the P-CH3 protons, for which 3 J y b ~  is 2.7 Hz (signal arising from the 

Cp* protons is also visible). This shows the sensitivity of the HMQC technique, 

considering that the resonance is coupled to two phosphorus nuclei, and that the 

concentration of the sample was 0.028 M in Cp*2Yb(l,2-(PMe2)QI&). 

The HMQC experiment has several advantages over direct detection, for optimized 

experiments. There is a ca. 100-fold theoretical sensitivity enhancement over direct 

detection for 171Yb ((y~/=)5/2 sensitivity enhancement for an H/X HMQC spectrum); 

this translates to a ca. 1000-fold enhancement in terms of experiment.time. The HMQC 

experiment allows optimization based on easily-measured lH pulse widths and Ti 

relaxation times, in contrast to direct detection, for which measurement of the analogous 

171Yb values is more difficult. Also, the signs of any Jybx coupling constants (and any 

Jm coupling constants present) can be obtained from the 2-D 1W171Yb experiment, but 

not from a 1-D direct-detected spectrum. Lastly, the large sweep width of l7lYb (ca. 

1300 ppm) makes quicker experiments valuable, as the approximate 171Yb chemical shift 

can be quickly located using indirect detection, followed by acquisition using a smaller 

sweep width, for improved resolution. 

Based on these advantages, indirect detection using the HMQC pulse sequence is a 

better method for acquiring 171Yb spectra than direct detection. Theoretically, the 171Yb 

spectrum of any Cp*2YbL complex can be obtained using this method, as the J y b ~  value 

involving the Cp* methyl protons will not vary much with the ligand, L (of course, only 

fluxional-averaged 171Yb chemical shifts will be obtained for fast exchange adducts). 

The exact JYbH value is not needed, as the 171Yb signal is obtained even if the J- 

dependent delays are slightly unoptimized, as mentioned above. More generally, M-H 

spin-spin coupling should be present for any Cp#ML, complex (Cp# = a variety of Cp 

derivatives, including Cp and Cp*) that contains an NMR-active metal isotope. 

Consequently, this technique should be applicable for many such complexes, as a means 

of obtaining the metal NMR spectra with relatively high sensitivity.3J 
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Synthetic Attempts Towards a P2Pt-Y bCp*2 Bimetallic Complex. As  

mentioned in Chapter 1, the energies of the frontier orbitals of a P2Pt fragment change 

dramatically as a function of the P-Pt-P angle? Specifically, the HOMO (comprised 

mainly of the metal-based d(x2-y2) orbital) rises sharply in energy as this angle becomes 

more acute; thus, as the P-Pt-P angle is decreased, the P2Pt fragment becomes highly 

nucleophilic. Given this it is not surprising that bent P2Pt species, formed in situ? have 

been found to react with a variety of electrophilic reagents, including oxidative addition of 

both aromatic and aliphatic C-H bonds7a-c to yield square planar P2Pt(R)(H) complexes 

(R = an aryl or alkyl group). The related (P2M)2 dimers (M = Pd, P2 = dcype; M = Pt, 

P2 = dtbpp) have also been reported to be sources of reactive P2M species.* Given the 

highly nucleophilic nature of these P2Pt intermediates, it was thought that they might act 

as Lewis basic ligands towards 1; if the direct Pt-Yb interaction were strong enough, the 

solution state properties and reactivity of this novel bimetallic complex could be studied. 

There has been only one report of a direct Yb-transition metal interaction, in the "ladder 

polymer" complex { [(CH3CN)3YbFe(CO)4]2(CH3CN)]}oo (Fig. 3, the close Fe-Yb 

contact may result merely from geometric constraints).g There have been no reports of a 

direct Yb-transition metal interaction in the absence of bridging ligands, as would be 

present in a P ~ P ~ - Y ~ c P * ~  complex. 

Initial attempts at synthesizing a P2Pt-YbCp*2 complex involved the use of 

monodentate phosphine derivatives, (PR3)2Pt; for R = Et, Ph, these have also been 

reported to be highly reactive, nucleophilic species.lO As mentioned in Chapter 1, a 

toluene-dg solution of (PCy&Pt and 1 shows no perturbations in the NMR spectral 

values at 25 OC, relative to the values of the starting materials; the spectra are also 

unchanged at -90 "C (the PCy3 derivative was initially used, as it is an isolable 

compoundll) . This may be a result of steric interactions between the sterically bulky 

PCy3 akyl groups and the Cp* rings of 1 (the cone angle of PCy3 is 170'6). Related to 

this, the energy needed to bend the large PCy3 ligands towards each other (as is 
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necessary upon binding of a third ligand to the Linear (PCy3)zPt complex) may partially or 

totally offset the enthalpy gained from the Pt-Yb interaction. 

r. 

Figure 3. ORTEP drawing of a portion of { [(CH3CN)3YbFe(CO)&(CH3CN)]},,=., 
50% probability ellipsoids (d(Yb-Fe) = 3.010(1) A). Taken from reference 9. 

Smaller (PR3)2Pt derivates were therefore investigated. Such species are not 

isolable, and have been generated in situ by a variety of methods, including 

photochemical,lOa electrochemical,lOb*c and thermal7d methods. The photochemical and 

electrochemical preparations require the use of polar solvents that react with 1; 

consequently, the thermal method of preparing a P2Pt derivative was investigated. It has 

been reported that (PPh3)2Pt(Me)(H), formed at low temperature from 

(PPh3)2Pt(Me)(CI) and MeMgBr, reductively eliminates methane upon warming to 

-25OC, giving a reactive (PPh3)2Pt species7d (eq. 1; the cone angle of PPh3 is 145'6). In 
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the absence of a trapping agent, decomposition to Pt(PPh3)3 and Pt metal occurs (eq. 2). 

When a trapping agent, L, is present (L = PPh3, PhCCPh), a (PPh3)2PtL complex is 

formed (eq. 3). 

Ph3P 
ww to -25 OC \ ,Me 

-80°C ph3p H 
m MeMgBr 
/ \  -MeH ___t 

-MgBCl 

no L - 
+L 
d 

+ m 

[. ph3;] 

Ph3P 

(3) 

It was found that forming (PPhg)2Pt(Me)(H) in situ at -80 OC, adding it to a -80 O C  

toluene solution of 1 (after letting the MgBrC1 by-product settle out), and then allowing 

the resulting solution to warm slowly to room temperature, resulted in a cloudy orange- 

brown solution. Upon workup, the only product isolated from this reaction was 

identified as (PPh3)3Pt,12 on the basis of 1H and 31P{ 1H) NMR spectroscopy. The 

reaction was done several times with identical results. Apparently the Pt-Yb interaction is 

not thermodynamically strong enough to prevent disproportionation of the (PPh3)2Pt 

intermediate into (PPh3)3Pt and Pt metal (eq. Z).l3 

Use of a chelating phosphine should be beneficial with respect to stabilizing the 

P2Pt-YbCp*2 complex. The more acute P-Pt-P angle results in a more nucleophilic P2Pt 

fragment, decreased steric interactions between the Cp* groups of 1 and the alkyl groups 

of the phosphine ligand, and less "reorganization energy" needed upon binding of 1 to 

the P2Pt fragment. Whitesides and co-workers have reported that (dcype)Pt(Np)(H) (2; 

Np = CH2CMe3) reductively eliminates neopentane upon warming above 45 OC, and that 

the resulting (dcype)Pt intermediate reacts with olefins, alkynes, and aliphatic/aromatic C- 
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H bonds.7a-c A toluene-dg solution of 1 (slight excess) and 2 undergoes fast 

intermolecular exchange at 25 "C. Cooling this sample to -110 OC results in slight 

decoalescence of the averaged Cp* resonance, into free and bound resonances, indicating 

that the intermediate exchange region has been reached. Apparently, the barrier to 

intermolecular exchange is relatively low in this system, much lower than for 

(dippe)Pt(p.-Me)(j~-H)YbCp*2 (Chapter 1). Most likely, the larger steric size of the Pt- 

bound alkyl group (neopentyl vs. methyl) results in a decreased Yb-hydride interaction, 

with a co:isequent decreased exchange barrier.13 

With respect to obtaining a (dcype)Pt-YbCp*2 complex, it was found that heating a 

cyclohexane solution of 1 and 2 (cyclohexane is the least reactive solvent with respect to 

reaction with the (dcype)Pt intermediate7C) to 70 OC results in the formation of a white 

precipitate within 30 minutes, and a color change from dark orange to a bright red- 

'mge. The IH spectrum of the crude product (the white precipitate is only slightly 

soluble in aromatic and aliphatic hydrocarbon solvents) contains several multiplets in the 

aliphatic region and the 31P{ 'H} spectrum contains several resonances. Whitesides et al 

have reported similar results upon heating 2 in neat alkane solvents, stating that such 

experiments give "poorly characterized white precipitates ...( that are) virtually insoluble in 

hydrocarbon solvents"2c presumably products of reaction of the (dcype)Pt intermediate 

with the hydrocarbon solvents or itself. We also found that heating a sample of 2 in 

:yclohexane, in the absence of 1, gives a bright red-orange solution with a white 

precipitate; the IH and 31P{ 'H} spectra of this mixture a e  very similar to the spectra 

obtained from the sample containing both 1 and 2, above. Apparently, the kinetic banier 

of this interaction (i.e., the strength of the interactionl3) is relatively small, resulting in 

preferential reaction of the (dcype)Pt intermediate with the hydrocarbon solvent. 

Heating a cyclohexane-dl2 solution of 1 and 2 for 55 hours at a lower temperature, 

45 OC, yields a dark brown solution with no precipitate. The hydride region of the lH 

spectrum of this sample indicates the presence of a hydride ligand, coupled to cis and 
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tram phosphorus nuclei, to l95Pt, and also to 17lYb. The 31P{ lH} spectrum indicates 

the presence of two inequivalent phosphorus nuclei, coupled to 195Pt (Jptp = 2579,1534 

Hz). In addition, one of the resonances also shows coupling to 171Yb (Jybp = 154 Hz). 

These spectral data are consistent with (dcype)Pt(pH)(p.-CH2QMe4)YbCp* (3), a 

compound resulting from activation of a Cp* ring of 1 by the (dcype)Pt intermediate (eq. 

4). The lH spectrum of 3 contains a pseudo-triplet with lg5Pt satellites at 6 2.85 ppm, 

consistent with a Pt-bound methylene group. In addition, several sharp singlets of 

roughly equal intensity are present in the aliphatic region of the spectrum (due to 

overlapping cyclohexyl resonances, this region could not be integrated), consistent with 

inequivalent Cp* methyl groups, as would be present in 3. 

45 OC/55h 

1 2 3 

Apparently, the lower reaction temperature favors this reaction, over activation of the 

hydrocarbon solvent, as was observed at 70 OC. 

When the synthesis of 3 is attempted using pentane as the solvent, production of an 

insoluble white precipitate occurs (see above), with little conversion to the desired 

product, 3; apparently, the (dcype)Pt intermediate activates the C-H bonds of pentane 

more easily than those of cyclohexane.7c~14 In contrast to the reactivity of (dcype)Pt 

towards 1 at 45 OC, when Cp*2Sn and Cp*2Cr are reacted with 2 in cyclohexane (46h/45 

OC), production of a white precipitate occurs (with many weak resonances in the 31P{ 1H) 

spectrum); the Sn and Cr starting materials remain in solution, unperturbed (1H NMR). 
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Apparently, the Cp* methyl C-H bonds of 1 are more easily activated by 2 than the 

analogous bonds of Cp*2Sn or Cp*2Cr. 

Using the J p t ~  and JybH values measured from the spectrum of 3, the lH/lg5Pt 

and lH/171Yb HMQC spectra were obtained, and are shown in Figs. 4 and 5,  

respectively. 
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Figure 4. 1H/195Pt spectrum of 3, hydride region (25 OC, 300 MHz, cyclohexane-dl2). 
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Figure 5. lH/I7lYb spectrum of 3, hydride region (25 OC, 300 MHz,  cyclohexane- 
d12). 
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Figures 4 and 5 show that 195Pt-171Yb coupling is present, and is 1050 Hz. The lH, 

31P, 195Pt, and 171Yb NMR spectral values for 3 are given in Table 1, along with the 

spectral data for 2. Comparison of the spectral values of 3 to the analogous values found 

for (dcype)Pt(p-H)2YbCp*2 and (dippe)Pt(p-Me)(p-H)YbCp*2 (see Chapter 1, Tables 1 

and 7, respectively), shows that the Yb-hydride interaction in 3 is roughly equivalent (or 
perhaps slightly stronger) to that found in (dcype)Pt(p-H)2YbCp*2, and stronger than the 

Yb-hydride interaction in (dippe)Pt(p-Me)(p-H)YbCp*2. The perturbations in the ~JPH, 

lJptH, lJptp (P trans to the hydride) values are larger for 3 (relative to the analogous 

values for 2) than the analogous perturbations that occur for (dcype)PtH2 upon formation 

of the interaction with 1. The Jybp value for 3 (154 E) is larger than the analogous 

value for (dcype)Pt(p-H)2YbCp*2 (93 Hz), while the JybH value for 3 (147 Hz) is 

smaller (JybH for (dcype)Pt(pH)aYbCp*2, 180 Hz). The Jybpt value of 3 is very 

similar to the analogous value that was found for (dippe)Pt@-Me)@-H)YbCp*2,960 Hz. 

Table 1, &I,&P--mPt. and U Y b  NMR Data for 2 and 3 (cvclohexane-dl?. 25 OC). - 

- 2 
-0.56 

199,19 
+1197 

75.7, 62.2 
+1641, +1768 

--- 
--- 
-394 
--- 
--- 

3 
-2.80 

148,18 
+lo55 

65.5, 58.7 
+1534, +2579 

+147 
+154 

+223 
+lo50 

-382 

aListed as P trans to neopentyl, P trans to hydride, respectively. 
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Based on the above results, it appears that formation of a P2Pt-YbCp*2 complex 

will not be trivial, given the apparent weakness of the Pt-Yb interaction and the reactive 

nature of the bent P2Pt fragment. 

Interactions with Small Molecules (Xe, H2, CH4, CO, benzene, 

toluene). As mentioned in the Introduction, indirect evidence for weak interactions 

between 1 and various small molecules (Xe, H2, C Q ,  CO, benzene, toluene) has been 

reported.15 Several experiments have been done to investigate this possibility in more 

detail. When a C6D6 sample of 1 is exposed to a CH4/D2 mixture (ca. 0.5 atm of each 

gas), no JWD isotopic scrambling between the gases is observed (lH NMR), even after 

hpating the sample to 80 OC for 250 hours. It is known that exposing a solution of 1 to 

3 am. D2 for several weeks causes no color change, and no deuterium incorporation 

into the methyl groups of the cp* rings.15 

Several experiments have been done in which the perturbations of the lH  and l3C 

chemical shifts of 1 were monitered as various gases were placed over a solution of 1 in 

cyclohexane-dl2 (1 atm. pressure; gases used: Xe, N2, H2, C h ,  and CF3H; 
cyclohexane-dl2 was used as it is expected to form the weakest interaction with 1, of all 

the common NMR solvents). It was hoped that the exchange-averaged values of the 1H 

and 13C resonances of 1 would be perturbed as a result of a weak interaction with the gas 

present over (and dissolved in) the solution. Clearly, the success of these experiments 

depends on the Yb-gas interaction being SignificantIy stronger than the Yb-cyclohexane 

interaction. The basicity of neutral gas molecules is related to the extent to which they can 

p01arized.l~ As the polarizability of a species is inversely proportional to its first 

ration potential,l6 a qualitative ordering of the following neutral gas molecules can be 

:ained:17 Xe > H2 > CO > C& > N2. 

Placing 1 atm. of Xe gas over a 25 "C cyclohexane-dl2 solution of 1 did not perturb 

the 'H (Cp* methyl protons, 1.871 ppm) and l3C (Cp* ring (114.32 ppm), methyl 

carbon (10.60 ppm)) chemical shifts arising from 1, relative to the values for the sample 
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under N2 (lH values measured to 0.001 ppm, 1% values to 0.01 ppm) Given this, it is 

not very surprising that exposure of the sample to H2, CQ, and CF3H also does not 

result in perturbed NIvlR values. While there may be an interaction present between 1 

and these gases, the lack of perturbation in the NMR values indicates that the Cp*2Yb + L 

= Cp*2YbLn equilibrium lies far to the left, at 25 O C  (this also assumes that the slow- 

exchange Cp*2YbLn complexes (L = the various gases) have significantly different 1H 

and 13C chemical shift values from those of 1). The solubility of the gases in 

cyclohexane may also be a factor in these results; however, resonances for CQ, H2, and 

CF3H were visible in the relevant IH spectra, indicating at least slight solubility of these 

gases in cyclohexane. As mentioned in the Introduction, a hydrocarbon solution of 1 

under 7 am. of ethylene results in the production of polyethylene.15 It has also been 

found that a cyclohexane-dl2 solution of 1 produces polyethylene within minutes, when 

only 1 am. of ethylene is placed over the solution. 

Another possible method of showing that an interaction exists between 1 and H2 is 

by use of the "T1 criterion".l8 This approach is based on the assumption that the spin- 

lattice relaxation time, TI, of the coordinated protons in an MLn(H2) complex is 

dominated by a dipole-dipole interaction between the H2/(H)2 protons; the short H-H 
distance in an q2-H2 complex will then give rise to short Ti times, relative to the Ti times 

for "classical" hydride ligands. This method for distinguishing between classical hydride 

complexes and q2-H~ complexes has been called into question, as the H-H dipolar term 

may, in certain cases, not be the dominant relaxation rnechanism-lg It is possible, 

however, that the Ti(H2) value of 1 atm. of H2 over a cyclohexane-dl2 sample of 1 will 

be different than the Ti(H2) value for an analogous sample that does not contain 1, as a 

result of a weak interaction of H2 with the Yb center of 1. However, the Ti values of the 

two samples are identical, 220 ms; the lH chemical shifts of H2 are also identical for the 

two samples, 4.54 ppm. The excess H2 that is present in the system may result in 

(averaged) values that are largely unperturbed, or the interaction of 1 with the 
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cyclohexane solvent (present in large excess) may be stronger than or competitive with 

the interaction of 1 with H2- 

It has been reported that exposure of a pentane solution of 1 to 2-3 atm. CO results 

in a color change to dark green; an IR spectrum of this solution shows a uco band at 

21 17 m-1-15 While CO is insufficiently soluble in hydrocarbon solvents to measure uco 

for free CO (indicating that the Yb-CO interaction helps to "solubilize" the gas), 

comparison to uco values for CO in a C b  matrix (2137 cm-1)20a and Nujol mull (2130 

cm-1)20b shows that the Yb-CO interaction results in a decrease of uco by ca. 15 cm-1. 

To further investigate the details of this interaction, 1 am. of 13CO was placed over a 

methylcyclohexane-d~4 solution of 1, producing an immediate color change from orange 

to dark brown. While the perturbations of the lH and l3C chemical shifts of 1 (relative to 

a sample under N2) are negligible, the 13CO chemical shift is significantly perturbed. In 

the presence of 1, this resonance is observed at 203 ppm with a half height width of 425 
Hz; the analogous 6(CO) value, in the absence of 1, is 185.0 ppm ( ~ 1 1 2  = 4 Hz). 

Clearly, the CO is interacting with 1; the broadness of the CO resonance indicates that a 

fluxional process is occurring, with a rate that is on the order of the NMR timescale, at 25 

"C. 

To further investigate the nature of the Yb-CO interaction, the sample was cooled in 

the NMR probe. The only change in the lH and l3C{ lH} spectra, upon cooling to -60 

"C (500 MHz 1H frequency), is a downfield shift and broadening of the CO resonance (at 

-30 OC, S(C0) = 215 ppm, wl/z = 2200 Hz). At ca. -70 "C, the Cp* resonance in the 1H 

spectrum begins to shift upfield and broaden considerably (Fig. 6a; at -73 "Cy 6(Cp*) = 

1.64 ppm, w1/2 = 50 Hz). Unfortunately, this resonance shifts into the resonances that 

arise from the residual C7D13H that is present in the "C7D14" solvent. At -88 "C, just 

before this occurs, two broad but distinct Cp* resonances are present in the IH spectrum, 

at 1.68 and 1.75 ppm (Fig. 6b). Below -88 "C, the l H  spectra are relatively 

uninformative, due to the resonances arising from C7D13H7 however, the significant 
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upfield shift of the Cp* resonance can be clearly seen in the lH spectrum taken at -97 "C 

(Fig. 6c). 

Over this same temperature range (-70 OC to -88 "C), the CO resonance in the 
13C{ 1H) spectra also decoalesces into two resonances: at -73 "Cy 6(CO) = 225 ppm, 

w1p = 650 Hz; at -88 OC, S(C0) = 239 ppm and 198 ppm, both with WID = 580 Hz 

(Fig. 6d). As the sample is cooled further, the lower-field CO resonance broadens 

considerably, while the higher-field CO resonance sharpens; in addition, the Cp* ring 

methyl resonance decoalesces into two resonances (the ring carbon resonance may also 

decoalesce, however the S / N  is insufficient to state this unequivocally, Fig. 6e). The 

result is that, at -107 OC (Fig. 6e), the 13C{ 'H} spectrum contains two sets of resonances 

for the CO and Cp* methyl groups: 6 243 ppm (w1/2 = 2800 Hz), 6 199 ppm (WID = 

100 Hz); 6 11.2 ppm (~112 =90 Hz), 6 9.0 ppm (~112 = 50 Hz); and also a Cp* ring 

resonance at 6 113 ppm (w1/2 = 50 E). These changes in the lH and l3C{ lH} spectra 

are fully reversible, and do not occur for a sample of 1 under 1 am. N2. 

These changes in the 1H and 13C{ 1H) spectra as a function of temperature show 

that 1 is interacting with the 13CO, and that at least one (and perhaps several) fluxional 

process(es) is slowed as the temperature is lowered. The lH data is relatively 

uninformative except to indicate that a significant upfield shift of the Cp* resonance 

OCCLUS, and that two inequivalent Cp* resonances result, from the interaction. The 13C 

data is more informative: the decoalescence of the fluxional-averaged CO resonance into 

two resonances, neither at the chemical shift of "free" CO (185 ppm at 180 K, in c7D14), 

is consistent with either: 1) the formation of two different adducts of 1 with COY or 2) 

the formation of one adduct, with magnetically inequivalent I3C nuclei. The 1H data 

(two Cp* resonances at -88 "C) is also consistent with either of these possibilities, as is 

the decoalescence of the Cp* methyl carbon resonance. 
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Figure 6. 'H and l3C{ 'HI NMR spectra of a sample of 1 in C7D14, under 1 am.  
13CO; a) 1H spectrum at -73 OC, the Cp* resonance is marked with an arrow, the 
remainder of the resonances arise from residual C7D13H in the solvent; b) 'H spectrum at 
-88 OC, showing two distinct Cp* resonances (marked with an arrow); c) 1H spectrum at 
-97 OC, showing the large upfield shift, and broadness, of the Cp* resonance (marked 
with an arrow); d) 13C(IH} spectrum at -88 OC, showing the two resonances that arise 
from 13C0, both with w1/2 of ca. 580 Hz; e) 13C{ IH} spectrum at -107 O C ,  showing the 
increased broadness of the lower-field 13CO resonance (marked with an arrow), and also 
the two separate Cp* methyl resonances (at ca. 10 ppm). The possible second Cp* ring 
resonance (see text) is marked with an asterisk (the FID was treated with an LB of 30 
Hz). 
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The formation of two discrete adducts of 1 with CO is considered to be the more 

likely possibility. The broadening of the lower-field CO resonance at very low 

temperature apparently results from slowing of a second (or additional) fluxional process. 

The lack of broadening of the higher-field CO resonance indicates that this fluxional 

process does not affect the adduct that gives rise to this resonance. In addition, the 

results of high pressure lR studies on 1 with CO are consistent with the formation of two 

different adducts (interestingly, the value for the two adducts has been found to be 

pressure-dependent).21 The structures of the adducts cannot be determined from the 

NMR (or IR) data; many structures (including mono- and bis-CO adducts of 1; bi- and 

poly-metallic adducts containing p-CO and/or isocarbonyl interactions; etc) are possible. 

Unfortunately, 1 7 1 ~ b - 1 3 ~  coupling involving the co resonances is not resolved in any of 

the 13C{ 1H) NMR spectra, likely a result of the broadness of the resonances. 

The downfield shifts of the CO resonances that result from interaction with 1 are 

consistent with the decreased CO stretching frequency that is observed in the IR spectrum 

of a sample of 1 + CO (above): there appears to be a general trend for an upfield shift in 
S(C0) for complexes in which uco is increased relative to uco(free), and vice 

versa.22723 Recently, the results of high pressure IR and NMR experiments on the 

Cp*2Ca/CO system have been reported.23 For this system, 'uco is increased by 15 cm-1 

and S(C0) is shifted slightly upfield, to 180.4 ppm. This contrasts with the lowered uco 
stretch and downfield shifts of 6(CO) for the 1 + CO system, above. Also, no evidence 

for two different Cp*2Ca/CO adducts was observed (only one 13C signal was observed 

for the Cp* ring, methyl, and CO carbon nuclei, from +30 OC to -70 OC), in contrast to the 

above results on the 1 + CO system. 

The X-H bonds of silanes and stannanes are more nucleophilic than the C-H bonds 

of alkanes,% a result of the larger electronegativity difference between the X and H nuclei 

of the former complexes. As a result, q2-X-H complexes of silanes and stannanes are 

isolable, in contrast to the hydrocarbon analogues.225 Consequently, the interactions of 
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1 with silanes and stannanes are expected to be stronger than the analogous interactions 

with alkanes. The NMR values for samples of 1 (in slight excess) with (Mes2SiH)2 (4) 

and Me3SnH (5) are given in Table 2. Addition of 0.5 eq. of the silane 4 to a tohene-dg 

solution of 1 results in no color change, and no perturbations in any of the NMR values 

from the analogous values for free 1 and 4 (Table 2). Cooling this sample to -90 "C 

results in no significant changes in the NMR values, and a sharp, exchange-averaged Cp* 

resonance is still present. Similar behavior was observed for the silane 

(SiMe3)3SiSiMe2H. Addition of 0.5 eq. of the stannane 5 to a toluene-dg solution of 1 

results in a color change to dark red. Minor perturbations in the Sn-E chemical shift and 

coupling constant values, relative to the analogous values for free 5, occur (Table 2); 

however intermolecular exchange is fast at -95 O C  on the NMR timescale (one averaged 
Cp* resonance). Apparently, interaction with 1 perturbs the X-H bond of the stannane 5 

more than those of the silanes; however, the barrier to intermolecular exchange (i.e., the 

strength of the interaction'3) is still too small to allow a detailed study of this system. 

Table 2, IH NMR Data for Samples of 1 with (Mes7SiW7 - - (4) and MeqSnH (5). at 25 
"c). 

6 (X-B, ppm 5.88 5.88 4.73 4.66 
'JXH, Hzc 185 185 1739 1714 
6 (CEE317 ppm 2.37, 2.06 2.37, 2.06 0.06 0.06 
6 ( C p * > 7  PPm --- 1.93 --- 1.94 
6 (C6m ppm 6.66 6.66 

- 4a I d b  5 Mb 

--- --- 

aThe values for the silane samples were measured in C6D6; those for the stannane 
samples were measured in tohene-dg. 
bThese samples contain a slight excess of 1. 
CX = 29Si or 119Sn (the coupling constant to l17Sn can be easily calculated from the 
119sn value). 

As mentioned in the Introduction, indirect evidence for weak interactions of 1 with 

benzene and toluene has also been reported.15 To further investigate these interactions, a 
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sample of 1 in cyclohexane-dl;! was reported. Small amounts of CgHg were then added 
(in increments of 1, 3, 5, and 10 total equivalents), and the lH  chemical shifts (of the 

C6H6 and Cp* ring protons) and half height widths of the resonances were monitered 

(any exchange broadening would indicate the presence of a weak interaction of 1 with the 

C6H6). The half height widths were compared to the half height width of the residual 

C@11H in the cyclohexane-dl2 solvent, to correct for variable shimming effects. It was 

found that the Cp* and C6H6 IH chemical shifts and resonance half heights did not 

change over the course of the C6H6 addition, indicating that if an interaction does exist 

between 1 and benzene, it does not perturb the chemical shifts and half height widths. 

For comparison, the 'reverse' experiment was also done: thelH spectrum of a 

cyclohexane-dl2 sample with 1 eq. of C& was measured, followed by addition of 1 eq. 
of 1, then incremental addition of more C6H6 (in identical amounts to the first 

experiment). Again, no evidence of an interaction was observed (see the Experimental 

section for details). Apparently, the Yb-benzene interaction is too weak to perturb the 1H 

NMR values of 1 and benzene. While the interaction of 1 with cyclohexane-dl2 is 

expected to be much weaker than the interaction with C6%, the former is present in large 

excess and consequently, may be competing with benzene for the Yb center. 

Crystallization of 1 from toluene or pentane gives green crystals which turn light 

brown upon exposure to vacuum; this has been rationalized as resulting from loss of 

occluded solvent that has been trapped in the crystal lattice.15 The solid-state structure of 

1 in crystals isolated from pentane has been determined; these crystals contain two 

molecules of 1 in the asymmetric unit, with intermolecular contacts between the Yb 

centers and a Cp* methyl group on a neighboring molecule resulting in a "linear 
coordination polymer" (Fig. 7a).15 This contrasts with the structures of Cp*2M 

complexes (M = Sm; Eu; Yb, where the crystals are obtained by sublimation) in which 

such intermolecular interactions result in "coordination dimers" (Fig. 7b).15 
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(b) 

Figure 7. a) Illustration of the (polymeric) packing mode of 1, for crystals isolated from 
pentane; b) Illustration of the (dimeric) packing mode of Cp*2M compounds (M = Sm, 
Eu), and for crystals of 1 isolated via sublimation. Taken from ref. 15. 

It was noticed that not only crystals of 1, but toluene and pentane solutions of 1 at low 

temperature (-80 "C), are also dark green. The dark green solution of 1 in toluene is 

particularly interesting, given the indirect evidence of an interaction between 1 and 

toluene discussed in the Introduction. Lanthanide compounds involving neutral aromatic 

donors as ligands are relatively rare.26 

Crystals of 1 obtained from toluene have never been examined in detail. It is 

possible that a weak, direct Yb-toluene interaction is present in these crystals, consistent 

with the dark green color of a -80 "C toluene solution of 1. Given this possibility, 

crystals of 1 obtained from toluene were subjected to an X-ray diffraction study. The 

crystals were not exposed to reduced pressure; the -80 "C mother liquor was removed 

from cannula from the dark green crystals, which were immediately placed in Paratone oil 
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and mounted on the diffractometer. An ORTEP diagram of the presumed l(to1uene) 

adduct, 6, is shown in Fig. Sa and a packing diagram is shown in Fig. Sb. It can be seen 

from Fig. 8 that, while toluene is present in the crystal lattice of 6 ,  the molecules of 

toluene and of 1 are entirely non-interacting. 

(b) 

Figure 8. a) ORTEP diagram of 6,  50% probability ellipsoids; b) Packing diagram of 
6 .  
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As observed in both the "polymeric" and "dimeric" crystallographic forms of 1, 

r'ermolecular contacts between the Yb centers and Cp* methyl groups on adjacent 

molecules of 1 (Fig. 7), are also present in 6. In contrast to the "solvent-free" 

crystallographic forms of 1, each Yb center in 6 has such intermolecular interactions 

(Fig. 7a); the result is a crystalline lattice containing layers of polymeric "chains" of 1, 

sandwiched between layers of toluene molecules. The Yb-methyl intermolecular contacts 

(Yb-C6,3.10(2); Yb-C19,2.97(1) A, respectively) are similar to the analogous distances 

found in the polymeric form of 1-15 The C6-Yb-C19 angle is 76.8'. The Yb-ring 

centroid distances (both 2.38 A) and (ring centroid)-Yb-(ring centroid) angle (141') are 

within the expected ranges.15327 

The solid-state packing mode of 6 (Fig. 8b) is very similar to the crystal lattice of 

Cp*2Yb[H2C2B loHlo] , in which layers of carborane molecules sandwich polymeric 

chains of l.l5 This carborane compound has been classified as an inclusion, or clathrate, 

compound; given the similar crystalline lattice of 6, it is also best classified as a clathrate. 

Evidently, in both the carborane compound as well as in 6, the Yb-ligand interactions are 

weaker than the Yb-methyl interactions that are observed in the solid state structures (of 

course, the observed Yb-methyl interactions may also result itom crystal packing effects). 

For 6, this is reasonable: a methyl group of a negatively-charged Cp* ring would be 

expected to be a better ligand towards 1 than the methyl group of toluene (interaction of 

the Yb center with the n-electron aromatic system of toluene is likely disfavored for steric 

reasons). 
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EXPERIMENTAL DETAILS 

General 
All reactions and product manipulations were carried out under dry nitrogen using 

standard Schlenk and dry box techniques. Pentane, hexane, diethyl ether and 

tetrahydrofuran were distilled from sodium benzophenone-ketyl under nitrogen 

immediately prior to use. Toluene was distilled from sodium under nitrogen immediately 

prior to use. Dichloromethane was distilled from calcium hydride under nitrogen 

immediately prior to use. Deuterated solvents for NMR measurements were distilled 

from either sodium or potassium under nitrogen and stored over sodium. Other 

chemicals were of reagent grade, and purified according to standard procedures as 

necessary.1 Cp*2Yb(OEt2)2 and Cp*2Y b3 were prepared according to reported 

procedures. 

Infrared spectra were recorded on a Nicolet 5DX FTIR spectrometer as Nujol 

mulls between CsI plates. Melting points were measured on a Thomas-Hoover melting 

point apparatus in capillaries sealed under nitrogen and are uncorrected. Elemental 

analyses were performed by the microanalytical laboratories at the University of 

California, Berkeley. Mass spectrometry analyses were obtained at the UCB mass 

spectrometry facility on a Kratos MS-50 mass spectrometer, and the isotopic cluster of 

the molecular ion is reported as follows: ion amu (observed intensity, calculated 

in tensity). 

All IH, 31P{ IH}, 195Pt{ IH}, 171Yb{ IH}, and 2-D NMR spectra were recorded 

on Bruker AMX spectrometers operating at 400, 162, 85.6, or 70.0 MHZ,  respectively; 

or at 300, 121.5, 64.2, or 52.5 MHz, respectively. 1H NMR shifts are relative to 

tetramethylsilane, the residual protio-resonance was used as an internal reference; 31P 

shifts are relative to 85% H3P04 at 6 0.0, with shifts downfield of the reference 

considered positive; 195Pt shifts are referenced to an absolute frequency scale relative to 

the proton signal of tetramethylsilane at 100.0000 MHz with E defined to be exactly 21.4 
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MHz,4 and scaled according to the lH frequency of the particular'machine used. A 

similar method was used for the 17lYb referencing, with the standard being the reported 

frequency for Cp*2Yb(thf)2> and again scaled according to the IH frequency of the 

particular machine used. 

The HMQC or HSQC pulse sequences were used to acquire all of the 2-D spectra;6 

all of the 2-D spectra were acquired on either a Bruker AMX4OO or an AMX300 

spectrometer. In all cases where metal chemical shifts were being investigated, first a 

large sweep width in the X dimension was used, and then the sweep width was 

narrowed, to assure that the resonances were not folded. In Chapter 3, the ~ J C H  values 

for 12, 13, and the free ylides were obtained from 13C-filtered lH spectra, using the 

standard Bruker pulse sequence, with optimized 90' pulses and delays. In Chapter 4, the 

13C{ 1H) spectra involving the 1/CO experiments were acquired at 125.7 MHz 

frequency, using a 90' pulse width and a ca. 0.8 sec delay between scans (the 13C T1 

values were not measured). 
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Chapter 1. 

(NOTE: The compound number designations are taken from the text, and pertain to the 
particular chapters--i.e., the numbering restarts with each chapter, see p. viii for a 
summary of the compound designations, by chapter.) 

(dcype)Pt(~~-H)2YbCp*2 (5). 

To a solution of 47 (0.15 g, 0.24 mmol) in toluene (10 mL) was added a solution of 

1 (0.11 g, 0.25 mmol) in toluene (10 A). The resulting dark blue solution was stirred 
at room temperature for 1 h and then filtered. Slow cooling of the filtrate to -40 "C gave 5 

as dark maroon crystals. Concentration of the mother liquor, followed by cooling to -80 

"C gave a second crop of crystals, for a total yield of 0.19 g (75%), mp 308-310 "C 

(dec.). The NMR data were measured on a sample made by adding C& to a mixture of 

1 (slight excess) and 4. 1H NMR (QD6): 6 2.42 (s, 30H), 2.10-1.00 (m, 48H), -1.98 

(m, 2H, 1Jpm = 1031 Hz, 1 J n ~  = 180 Hz, 2 J p ~  = 152, 14 Hz) ppm. 31P{ 1H) NMR 

(C6D6): 6 75.4 (s, lJpp = 2077 &, Jybp = 93 &). IR: 2718 W, 1889 s(br), 1416 W, 

1379 m, 1345 w, 1293 m, 1271 m, 1195 w, 1173 m, 1119 m, 1109 s, 1043 m, 1004 s, 

913 m, 888 m, 851 s, 822 m, 797 s, 751 s, 738 m, 724 w, 672 m, 650 m, 527 s, 510 

w, 483 w, 393 w, 361 m cm-l. Anal. Calcd for C46H80P2PtYb: C, 52.0; H, 7.58. 

Found: C, 51.6; H, 7.28. 

(dippe)PtMe2 (8). 

To a solution of dimethyl(l,5-cyclooctadiene)platinum@)8 (0.33 g, 1.0 mmol) in 

CH2C12 (20 mL) a solution of dippe (0.26 g, 1.0 mmol) in CH2C12 (10 mL) was added 

dropwise. The resulting light yellow solution was s h e d  at room temperature for 12 h. 

The solvent was removed under reduced pressure, and the residue was dissolved in a 2: 1 

pentane:toluene solution (20 mL), and the resulting solution was filtered. Slow cooling 

of the filtrate to -40 "C yielded 8 as white crystals (0.38 g, 78%), mp 134-136 "C. lH 
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NMR (CgDg): 6 2.05 (m, 4H), 1.23 (t, 6H, 1Jpm = 68 Hz, 2 J p ~  = 7 Hz), 0.92 (m, 

28H) ppm. 31P{lH} NMR (C6Dg): 6 70.4 (s, IJptp = 1816 Hz). m: 3594 S, 1409 w, 

1379 s, 1362 s, 1297 w, 1252 m, 1239 s, 1193 m, 1176 m, 1161 m, 1106 m, 1091 m, 

1079 m, 1028 s, 964 w, 926 m, 884 s, 861 m, 791 s, 695 s, 679 s, 651 s, 634 m, 617 

s, 522 s, 509 s, 488 m, 467 my 424 w, 386 m, 378 m, 278 m cm-1. Anal. Calcd for 

(dip pe)Pt ( p-Me) 2Y b C p * 2 (9). 

To a solution of 8 (0.43 g, 0.88 mmol) in toluene (20 mL) was added a solution of 

1 (0.39 g, 0.88 m o l )  in toluene (10 mL). Upon addition, the mixture immediately 
turned deep green and a green precipitate appeared. After stirring at room temperature for 

1 h, the mixture was w m e d  to 50 "C to dissolve all of the solid. The solution was 

filtered at 50 "C and the filtrate was allowed to cool slowly to room temperature. Further 

slow cooling to -40 "C produced 9 as dark green crystals (0.70 g, 86%). Subsequent 

recrystallization from a 2: 1 to1uene:pentane solution (slow cooling to -40 "C) yielded X- 

ray quality crystals, mp 264-266 OC. 1H NMR (C6D6): 6 2.28 (s, 30H), 1.92 (m, 4H, 

-CH(CH3)2), 0.85 (m, 28H), 0.68 (t, 6H, 2 J p t c ~ 3  = 66 Hz, 3 J p c ~ 3  = 7 Hz) ppm. 

31P{lH} NMR (C&j): 6 70.0 (s, l Jpp  = 1968 Hz) IR: 2725 m, 2285 w, 1382 s, 

1366m, 1296w, 1285w, 1253 m,1239 w, 1172w, 1161w,1134w, 1105 w, 1091 

w, 1080 w, 1029 s, 927 w, 884 m, 859 m, 797 m, 762 w, 725 w, 703 w, 684 s, 652 s, 

620 m, 587 w, 520 m, 504 w, 490 m, 466 m, 425 w, 388 w, 369 m, 269 s cm-1. Anal. 

Calcd for C36H68P2PtYb: c, 46.4; H, 7.36. Found: c, 46.2; H, 7.42. 

(dip pe)P t (Me) (0 C OPh). 

To a Schlenk tube containing 8 (0.66 g, 1.4 m o l )  and benzoic acid (0.33 g, 2.7 

mmol) was added diethyl ether (40 mL). [It was found that using 1 eq. of benzoic acid 

results in only partial substitution, giving a mixture of 8 and the desired product.] The 
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resulting pale yellow solution was stirred at room temperature for 60 h, during which 

time the crude product precipitated out of solution as a microcrystalline white solid. The 

solution was concentrated to 15 mL under reduced pressure, the solid was allowed to 

settle, and the solvent was removed via cannula. The white solid residue was washed 

with diethyl ether (2 x 15 mL, to remove the excess benzoic acid), dissolved in toluene 

(20 mL), and the resulting solution was slowly cooled to -80 "C. Removal of the solvent 

from the crystals by cannula and drying under reduced pressure resulted in isolation of 
beige crystals. The mother liquor was concentrated and again cooled to -80 OC to yield a 

second crop of crystals. A third crop was obtained in a similar manner, giving a total 

yield of 0.41 g (51%), mp 148-155 "C. NMR (C6D6): 6 8.70 (m, 2H, meta-H), 7.21 

(m, 3H, ortho/para-H), 2.20 (m, 2H, PCH(CH&), 1.81 (m, 2H, PCH(CH3)2), 1.27 

(m, 6H), 0.92 (m, 24H) ppm. 3lP{ lH} NMR (CgD6): 6 74.5 (s, lJpp = 1843 Hz, 

trans to methyl), 70.1 (s, 1Jpp = 4025 &,trans to benzoate) R: 1623 s(br), 1575 s, 

1560 m, 1534 w, 1507 w, 1419 m, 1410 s, 1386 s, 1366 s, 1347 s; 1320 m, 1298 m, 

1280 w, 1258 m, 1246 s, 1183 m, 1172 m, 1161 m, 1129 m, 1107 w, 1097 w, 1080 w, 

1065 m, 1033 s, 1022 m, 994 w, 965 w, 940 m, 925 m, 884 s, 860 m, 831 m, 793 m, 

719 s, 707 s, 690 s, 682 s, 669 s, 651 s, 644 m, 614 m, 580 w, 528 m, 489 m, 469 w, 

456 m, 426 m cm-1. Anal. Calcd for C22J&oP202Pt: C, 44.5; H, 6.79. Found: C, 

44.8; H, 6.82. 

(dippe)Pt(Me)(H) (10). 

To a stirred thf solution (50 mL) of (dippe)Pt(CH3)(OCOPh) (2.00 g, 3.40 mmol) a 

thf solution (50 mL) of NaHB(OMe)3 (1.30 g, 10.2 mmol) was added dropwise. A fine 

off-white precipitate immediately formed. The suspension was stirred for 12 h, the 

solvent was removed under reduced pressure, and the residue extracted into toluene (2 x 

15 mL). The solution was filtered and the filtrated was concentrated to 15 rnL under 

reduced pressure, then 50 mL pentane was added. Slow cooling of the filtrate to -80 "C 
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yielded crude 10 as a beige solid. Recrystallization from to1uene:pentane (1:2) yielded 

pure 10 as a pale yellow solid (1.26 g, 79%), mp 63-66 "C. lH NMR (tohne-dg): 6 

2.04 (m, 4H), 1.82 (m, 4H), 1.44 (virtual t, 3H, 2 J p t c ~ 3  = 71 Hz), 1.08 (m, 12H), 

0.82 (m, 12H), 0.48 (dd, lH, l J p ~  = 1158 Hz, 2Jpuans~ = 201 Hz, 2 J ~ c ~ ~  = 17.5 Hz) 

ppm. 3lP( lH} N M R  (toluene-dg): 6 85.5 (s, 1Jpp = 1822 Hz, trans to methyl), 70.1 

(s, 1Jpp = 1747 Hz, trans to hydride) IR: 1965 s(br), 1408 m, 1382 s, 1361 s, 1296 

w, 1256 m, 1237 m, 1 1 8 3 , ~ ~  1161 w, 1142 w, 1103 m, 1088 m, 1078 m, 1031 s, 930 

m, 925 m, 885 s, 858 m, 805 m, 795 s, 768 m, 722 w, 697 s, 685 s, 670 s, 649 s, 639 

s, 608 m cm-I. And. Calcd for C15H36P2Pt: C, 38.0; H, 7.66. Found: C, 38.3; H, 

7.62. 

(dip pe)P t (p- Me) ( p- H) Y b C p *2 (11). 

To a toluene solution (15 mL) of 1 (0.18 g ,  0.41 m o l )  was added dropwise a 

toluene solution (15 mL) of 10 (0.18 g, 0.39 m o l ) .  The resulting dark brown solution 

was filtered. Slow cooling of the filtrate to -40 "C yielded 11 as gold crystals. 

Concentration of the mother liquor followed by slow cooling to -80 "C gave a second 

crop of crystals, for a total yield of 0.26 g (70%), mp 220 "C (dec. without melting). The 

N M R  spectra were measured on a sample containing a slight excess of 1. 1H NMR 

(tohene-dg): 6 2.29 (s, 30H), 1.85 (m, 4H), 1.1-0.85 (m, 16H), 0.80-0.60 (m, 15H), 

-2.65 (dd, lH, l J p ~  = 1034 Hz, 2Jptrans~ = 163 Hz, 2 J p c ~ ~  = 15 Hz, l J n ~  = 114 Hz) 

ppm. 31P(lH} NMR (toluene-dg): 6 81.3 (s, 1Jpp = 1978 Hz, trans to methyl), 69.2 

(s, 1Jpp = 2186 Hz, trans to hydride) IR. 2720 m, 1895 s(br), 1404 w, 1382 s, 1366 

s, 1252 m, 1240 w, 1190 w, 1162 w, 1137 w, 1106 m, 1091 m, 1081 m, 1029 s, 965 

w, 926 w, 885 m, 859 w, 797 m 706 m, 687 s, 654 s, 619 w cm-l. Anal. Calcd for 

CyjH66P2PtYb: C, 45.8; H, 7.26. Found: C, 45.6; H, 7.25. 
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Chapter 2. 

(dip p e )  P t CI2. 

Neat (dippe) (0.26 g, 1.0 mmol) was added dropwise to a room temperature 

CH2C12 solution (30 d) of (cod)PtC12 (0.35 g, 0.94 mmol). The product began to 

precipitate from the pale yellow solution after a few minutes, as a microcrystalline 

colorless solid. The mixture was stirred for 15 h at room temperature, and then 

concentrated to ca. 15 mL under reduced pressure. Addition of hexane (40 mL) resulted 

in further precipitation of the product. Removal of the solvents via cannulation, 

followed by washing of the residue with hexane (2 x 15 mL), and drying under reduced 

pressure, yielded the product as a fine colorless powder (0.40 g, 81%), which does not 

melt to 330 OC. lH NMR (CDC13): 6 2.62 (m, 4H, Cipso-H), 1.73 (m, 4H, P-CH2), 

1.39 (dd, 12H, 3JHH = 17.2 Hz, 3 J p ~  = 7.1 Hz, -CH3), 1.20 (dd, 12H, 3JHH = 15.7 

Hz, 3 J p ~  = 7.1 Hi, -CH3) ppm. 31P{ lH} NMR (CDC13): 6 70.7 ppm (s, lJpp = 

3574 Hz). IR: 1413 m, 1386 s, 1377 m, 1368 m, 1293 m, 1267 m, 1256 m, 1249 m, 

1166 w, 11 17 w, 1101 w, 1084 w, 1036 s, 966 w, 932 m, 893 m, 886 m, 874 m, 803 

s, 713 s, 697 s, 662 s, 629 s, 490 m, 476 m, 428 w cm-1. Anal. Calcd for 

C14H32C12P2Pt: C, 31.8; H, 6.10. Found: C, 31.9; H, 5.95. 

( dc y p e )  P t C 12. 

To a Schlenk tube containing (dcype) (0.20 g, 0.47 m o l )  and (cod)PtC12 (0.18 g, 

0.47 mmol) was added CH2C12 (30 mL). The resulting clear pale yellow solution was 

stirred for 15 h at room temperature. The solution was concentrated to ca. 5 mL under 

reduced pressure, and pentane (40 mL) was added, resulting in precipitation of a fine 

colorless solid. The solvents were removed via cannulation, and the residue was washed 

with pentane (2 x 15 mL) and dried under reduced pressure, yielding the crude product as 

a white powder. This solid was dissolved in CH2C12 (5 mL) and the solution was slowly 

cooled to -80 OC, yielding the product as colorless crystals (0.29 g, 88%), mp 220 "C 
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(decomp. to a gray powder). 1H NMR (CDCl3): 6 2.5-1.1 (m, 48H) ppm. 31P{ 1H) 

NMR (CDCl3): 6 63.6 ppm (s, 1Jpp = 3577 Hz). IR: 1406 m, 1377 s, 1366 m, 1343 

m, 1327 m, 1303 m, 1294 m, 1272 m, 1208 m, 1180 m, 1173 m, 1117 m, 1080 w, 

1049 w, 1043 w, 1028 w, 1007 s, 917 m, 889 s, 869 m, 852 s, 823 m, 803 my 796 w, 

755 s, 748 s, 740 m, 730 w, 677 s, 658 m, 542 s, 533 m, 515 m, 488 m, 475 m, 466 

m, 438 w, 411 m cm-1. Anal. Calcd for C26&8C12P2Pt: C, 45.4; H, 7.03. Found C, 

45.0; H, 7.05. 

[(dippe)PtHIz (1). 

A mixture of (dippe)PtCl2 (1.2 g, 2.3 mmol) and Na/Hg (0.8%, 50 g) in thf (150 

mL) was stirred under H2 (1 atm) at room temperature for 15 h. The mixture was 

allowed to settle for 4 h, filtered, and the solvent was removed from the filtrate under 

reduced pressure. The dark brown solid was extracted with hexane (3 x 50 mL), the 

solution was filtered, and the filtrate was concentrated to ca. 40 mL. Slow cooling of this 

solution to -40 OC yielded 1 as light brown crystals (0.65 g, 62%), mp 118-131 OC 

(decomp.) 1H NMR (CgDg): 6 2.06 (m, 8H), 1.40-1.00 (m, 56H), 0.50 (‘9 of q’, 2H, 

1 J p ~  = 516 Hz, 2 J p ~  = 40 Hz) ppm. 31P( 1H) NMR, see Table 3, Ch. 2. 195Pt{ 1H) 

NMR (dg-toluene): 6 +190 (1Jptp = 2210 Hz, 2Jpp = 410 E) ppm. E: 1939 s, 1926 

s, 1406 m, 1378 s, 1358 s 1298 w, 1241 s, 1234 s, 1159 w, 1104 m, 1086 m, 1076 m, 

1027 s, 1021 s, 923 m 887 s, 882 s, 856 m, 853 m, 776 s, 680 s, 672 s, 660 s, 652 s, 

634 s, 577 m, 514 s, 481 m, 465 m, 4-40 m cm-1. MS (EI, 50 ev) 914.3 (43,32), 915.3 

(77, 72), 916.3 (100, loo), 917.3 (69, 76), 918.3 (48, 51), 919.3 (24, 26), 920.4 (17, 

16), 921.3 (5, 4), 922.3 (2, 2). Anal. Calcd for C28H66P4Pt2: c, 36.7; H, 7.26. 

Found C, 36.9; H, 7.23. 



132 

[(dcype)PtH12 (2). 

A toluene solution (50 mL) of 5 (0.90 g, 1.5 m o l )  was heated at 110 "C for 16 h 

in a Schlenk tube which was kept under a slow flow of N2. The flask was allowed to 

cool to room temperature and the solvent was removed under reduced pressure, yielding 

a yellow solid. The 3lP{ lH} spectrum of the crude product showed the material was a 

3:l mixture of 2 5 .  This residue was extracted with pentane (3 x 30 mL), the solvent 

was removed from the extract under reduced pressure, and the resulting solid was 

redissolved in thf (15 mL). Slow cooling of this solution to -80 OC yielded 2 as yellow 

crystals (0.53 g, 58%), mp 224-231 O c  (decomp). lH NMR (C6D6): 6 2.38-0.82 (m, 

96H), 0.49 ('9 of q', 2H, l J p ~  = 512 Hz, 2 J p ~  = 40 Hz) ppm. 31P{ lH} NMR, see 

Table 3, Ch. 2. IR: 1965 s, 1937 s, 1445 s, 1409 w, 1378 s, 1343 m, 1301 w, 1290 

w, 1262m, 1237 w, 1187 w, 1178m, 1169m, 1048m, 1 0 0 4 ~ ~ 9 1 3  m, 887 m, 853 

m, 851 s, 818 m, 780 m, 739 s, 648 m, 638 m, 537 m, 523 m, 501 m, 458 m cm-1. 

Anal. Calcd for c52Hg8P4Pt2: C, 50.5; H, 7.98. Found: C, 50.6; H, 8.04. 

[(dtbpe)PtHJ2 (3). 

A 4:l hexane:toluene solution (60 mL, total) of 6 (0.52 g, 1.0 mmol) was heated 

at 90 OC for 16 h in a Schlenk tube under a slow purge of N2. After cooling to room 

temperature, the solvent was removed under reduced pressure from the reddish-brown 

solution, and the residue was extracted with hexane (3 x 30 mL). The solvent was 

removed from the extract under reduced pressure, and the solid residue was redissolved 

in toluene (20 mL). Slow cooling of this solution to -40 "C yielded 3 as dark orange 

prisms (0.38 g, 73%), mp 220-236 "C (decomp). lH NMR (CgDg): 6 1.50 (m, 8H), 

1.35 (m, 72H), 0.05 ('q of q', 2H, l J p t ~  = 570 Hz, 2 J p ~  = 42 Hz) ppm. 3lP{ lH} 

NMR, see Table 3, Ch.2. IR: 1975 bm, 1951 bm, 1479 s, 1385 s, 1363 s, 1356 s, 

1261 w, 1239 w, 1182 s, 1094 m, 1019 m, 937 m, 851 m, 812 s, 775 s, 664 s, 651 s, 



133 

644 s, 602 s, 570 m, 495 s, 458 m, 423 m cm-l. Anal. Calcd for C36H82P4Pt2: C, 

42.0; H, 8.03. Found: C, 41.7; H, 7.96. 

( di P p e 1 P tD J 2 (d2-1) 

A mixture of (dippe)PtC12 (1.1 g, 2.1 mmol) and Na/Hg (0.8%, 50 g) in thf (150 

mL) was stined under D2 (1 atm) at room temperature for 15 h. The mixture was 

allowed to settle for 4 h, fiitered, and the solvent was removed &om the filtrate under 

reduced pressure to yield a dark brown solid. A 1H NMR spectrum at this point showed 

that the crude product was an isotopic mixture of the dideuteride, hydridodeuteride, and 

dihydride complexes. The solid was dissolved in toluene (80 mL) and stirred at room 
temperature under D2 (1 am.) for 30 h. The head space over the solution was evacuated 

and refilled with 1 atm. of N2 gas, and the sample was stirred at room temperature for 

70 h. This process was repeated (D2/30 h, then NflO h), and the solvent was then 

removed under reduced pressure. The dark brown solid was extracted with pentane (3 x 

50 mL), filtered, and the filtrate was concentrated to ca. 40 mL. Slow cooling of this 

solution to -80 OC yielded the product as a dark brown solid (0.57 g, 60%), shown to be 

fully deuterated d2-1 by 1H and 31P{ 1H) NMR spectroscopy. 

(dtbpe)PtD2 (d2-61.9 

A mixture of (dtbpe)PtC12 (0.50 g, 0.86 mmol) and Na/Hg (0.8%, 50 g) in thf 

(150 mL) was stirred under D2 (1 am) at room temperature fur 15 h. The mixture was 
allowed to settle for 4 h, filtered, and the solvent was removed from the filtrate under 

reduced pressure. A 1H NMR spectrum at this point showed that the crude product was 

an isotopic mixture of the dideuteride, hydridodeutende, and dihydride complexes. The 

dark brown solid was dissolved in toluene (40 mL) and stirred at room temperature 

under D2 (1 am) for 90 h. The head space above the solution was then evacuated and 

refilled with D2 to a pressure of 1 atm, and the solution was stirred for an additional 48 
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h. The solution was filtered and the filtrate was concentrated to ca. 20 mL. Slow 

cooling of this sdution to -80 OC yielded the product, shown to be fully deuterated by 

lH and 3lP{ lH} i\lMR spectroscopy, as a beige solid (0.33 g, 74%). 

[ (dcype)2Pt2H?’ TOHI. 

To a benzene solution (0.5 d) of 1 (15 mg), 2 drops of water were added, and 

the mixture was stirred for several minutes. The solvent was removed under reduced 

pressure and the pale yellow solid residue was extracted into CDC13 and placed in an 
NMR tube. 1H NMR (CDC13): 6 1.60 (a, 96H), -2.81 (‘9 of q’, 3H, l J p ~  = 480 Hz, 

2 J p ~  = 39 Hi) ppm. 31P{ 1H) NMR, see Table 4, Chapter 2. 
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Chapter 3. 

Cp"2Yb(PMe3)2 (2). 

Trimethylphosphine (0.086 mL, 0.84 mmol) was added dropwise to a solution of 1 

(0.18 g, 0.41 mmol) in toluene (15 mL). The solution turned bright s een  and a dark 

green crystalline solid precipitated from solution within minutes. The mixture was slowly 

cooled to -80 OC, yielding the product as dark green crystals (0.22 g, 88%), mp 110 "C 

(decomp. to a black solid). lH NMR (c6D6): 6 2.05 (s, 30H), 0.76 (s, 18H). 31P{lH} 

NMR (C6D6): 6 -55.8 (S) ppm. IR: 2718 m, 1377 S, 1367 m, 1326 W, 1304 S, 1281 

m, 1017 m, 960 s, 939 s, 839 w, 801 w, 722 m, 710 m, 668 w, 663 w, 624 w, 591 m 

cm-l. Anal. Calcd for C26&8P2Yb: C, 52.4; H, 8.12. Found C, 52.3; H, 8.30. 

C p "2Y b (PE t 3) (3). 

Triethylphosphine (0.060 mL, 0.40 mmol) was added dropwise to a toluene 

solution (15 mL) of 1 (0.12 g, 0.27 mmol). The resulting dark blue solution was 

concentrated to ca. 10 mL. Slow cooling to -80 "C yielded the product as dark blue 

crystals (0.10 g, 66%), mp 128 OC (decomp. to a dark brown oil). lH NMR (QD6): 6 

2.04 (s, 30H), 1.27 (6H, qd, 3 J ~ H  = 7.6 Hz, 2 J p ~  = 1.6 Hz), 0.77 (9H, dt, 3 J p ~  = 

14.4 Hz, 3 J m  = 7.6 E). 3lP{ lH} NMR (C6D6): 6 -12.6 (s) ppm. IR: 2721 m, 1417 
m, 1377 s, 1262 s, 1098 s, 1036 s, 1023 s, 865 w, 803 s, 766 m, 756 m, 702 m, 672 

w, 622 w, 590 w cm-l. And. Calcd for C26&8P2Yb: C, 55.6; H, 8.08. Found: C, 

55.5; H, 8.13. 

c P "2Yb (I& (Me2PhC 6H 4) (6). 
To a toluene solution (15 mL) of 1 (0.15 g, 0.34 mmol), 1,2-(M@)&ja (0.056 

d) was added dropwise. The resulting dark green-brown solution was concentrated to 

ca. 10 d, and then filtered. Slow cooling to -40 OC yielded the product as maroon 

crystals (0.10 g, 46%), which did not melt sharply but darkened to a brown oil over the 
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temperature range 260-290 OC. 1H N M R  (C6Dg): 6 7.11 (m, 2H), 7.04 (m, 2H), 2.06 

(s, 30H), 1.03 (s, 12H). 31P{ 'H} NMR (C6D6): 6 -42.5 (s, ~ 1 / 2  = 40 HZ (see text), 

lJybp = 650 Hz) ppm. IR: 2720 m, 1426 s, 1376 s, 1299 s, 1283 w, 1277 w, 1134 w, 

1119 m, 1018 w, 942 s, 907 s, 874m, 827 w,799 w, 753 s, 730m, 718 m, 686 w, 

677 w, 589 w, 463 m, 452 w cm-l. Anal. Calcd for C3oH46P2Yb: C, 56.2; H, 7.23. 

Found: C, 56.3; H, 7.39. 

Cp*2Yb(OPMe3) (7). 

A toluene solution (10 d) of Me3PO (0.040 g, 0.44 mmol) was added dropwise 

to a stirred solution of 1 (0.19 g, 0.43 mmol) in toluene (10 mL). The solution turned 

orange near the end of the addition. The solvent was removed under reduced pressure, 

giving the crude product as a yellow-orange solid. This solid was washed with pentane 

(2 x 20 mL) and dried under reduced pressure, giving the product as a fine yellow 

powder (0.19 g, 83%), mp 303-307 "C (decomp.). NMR (CgDg): 6 2.14 (s, 30H), 
0.65 (d, 9H, 2 J p ~  = 12.8 Hz) ppm. 3lP{ 1H) NMR (QDg): 6 45.6 (s, 2Jybp = 95 Hz) 

ppm. IR: 2720 m, 1417 m, 1377 m, 1344 w, 1309 s, 1296 s, 1154 s, 1108 w, 1022 w, 

945 s, 857 s, 799 w, 747 m cm-1. Anal. Calcd for C23H3gOPYb: C, 51.6; H, 7.34. 

Found: C, 51.7; H, 7.08. 

Cp*2Yb(OPMe& (8). 

A toluene solution (10 mL) of MqPO (0.070 g ,  0.76 m o l )  was added dropwise 

to a toluene solution (10 mL) of 1 (0.15 g, 0.34 mmol). An orange solid precipitated 

from the solution during the addition. The solid was allowed to settle, the solvent was 

removed via cannula, and the solid was washed with toluene (2 x 10 mL). Drying under 

reduced pressure yielded the product as a pumpkin-colored solid (0.080 g, 38%), mp 290 

OC (decomp. to a red-brown oil). lH NMR (thf-ds): 6 1.85 (s, 15H, w1/2 = 1 Hz), 1.53 

(broad s, 9H, w112 = 38 Hz, see text). 31P{ lH} NMR (thf-dg): 6 39.3 (broad s, w112 = 
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480 Hz, see text) ppm. Free Me3PO in thf-dg has the following values, IH NMR: 1.34 

(d, 2 J p ~  = 12.8 Hz) pprn; 31P(lH} NMR: 30.5 (s) ppm. Ilt 2717 w, 1377 m, 1344 w, 
1308 s, 1295 s, 1182 s, 1166 s, 1021 w, 944 s, 861 m, 798 w, 750 my 721 w cm-I. A 

satisfactory elemental analysis was not obtained on this sample, since it was difficult to 

find a suitable crystallization solvent, see text (the procedure used above gave a product 

that was consistently ca. 1% low in carbon). 

Cp"aYb(HNPEt3) (9). 

A toluene solution (10 mL) of Et3PNHIO (0.045 g, 0.34 mmol) was added 

dropwise to a toluene solution (10 mL) of 1 (0.15 g, 0.34 m o l ) .  The resulting orange 

solution was stirred for 30 min and filtered. Slow cooling of the solution to -80 "C gave 

the product as a fine light orange powder (0.10 g, 51 %), mp 240 OC (decomp. to a dark 

brown oil). 1H NMR (toluene-d8): 6 2.12 (s, 30H), 1.20 (dq, 6H, 2 J p ~  = 12.1 Hz, 

3 J m  = 7.8 E), 0.61 (dt, 9H, 3 J p ~  = 16.8 Hz, 3Jm = 7.8 Hz) ppm (the N-E resonance 

is not observed, see text). 3IP{ IH} NMR (toluene-dg): 6 60.1 (s, 2Jybp = 92 Hz) ppm. 

E: 2721 my 1412 my 1379 s, 1283 my 1264 m, 1139 s, 1046 m, 1027 my 1012 my 983 

w, 783 s, 769 s, 741 w, 724 m cm-l. Anal. Calcd for C26&@JPYb: Cy 54.2; H,8.04. 

Found C, 54.4; H, 7.76. 

C p *2Y b (MezP hPCHSiMe3) (12). 

To a stirred solution of 1 (0.12 g, 0.34 mmol) in toluene (10 mL), 

Me2PhPCHSiMe311(0.061 mL) was added dropwise. The resulting dark green solution 

was filtered, and sIowIy cooled to -40 "Cy yielding the product as dark green crystals 

(0.10 g, 55%) , mp 103 "C (decomp). lH NMR (toluene-dg): 6 7.4-7.0 (my 5H), 2.14 

(s, 30H), 1.22 (d, 6H, 2 J p ~  = 12.5 Hz), 0.24 (d, lH, 2 J p ~  = 20.5 Hz), 0.16 (s, 9H) 

ppm. 3lP{IH} NMR (toluene-dg): 8 10.8 (s) ppm. IR: 1420 m, 1378 m, 1329 w, 

1310 w, 1301 m, 1288 m, 1254 m, 1244 rn, 1163 w, 1123 s, 1105 m, 1076 w, 1016 w, 
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958 s, 922 s, 917 s, 856 s, 832 s, 767 my 747 s, 723 w, 697 m, 681 my 639 m, 590 m, 

491 m, 421 m cm-1. Anal. Calcd 1 3  - 232H51PSiYb: C, 57.6; H, 7.70. Found C, 

57.6; H, 8.0. 

Cp*2Y b(MezPhPCH2) (13). 

To a stirred solution of 1 (0.15 g ,  0.34 mmol) in toluene (10 mL), Me2PhPCH211 

(0.047 mL) was added dropwise. The resulting dark maroon solution was slowly cooled 

to -80 OC, yielding the product as reddish-brown crystals (0.16 g, 79%), mp 166-178 OC. 

1H NMR (tohene-dg): 6 7.2-6.95 (m, 5H), 2.06 (s, 30H), 1.05 (d, 6H, 2 J p ~  = 12.8 

Hz), -0.20 (d, 2H, 2 J p ~  = 13.4 Hz) ppm. 3lP{ 'H} NMR (toluene-dg): 6 18.7 (s) ppm. 

IR: 2721m, 1437 s, 1420m, 1378 m, 1367 m, 1304m, 1289 w, 1262w, 1182 w, 

1159 m, 1113 m, 1018 m, 1000 w, 977 m, 953 s, 925 s, 844 my 819 w, 799 w, 760 m, 

744 s, 725 s, 692 s, 667 m, 494 m, 419 m cm-l. Anal. Calcd for C2gH73PYb: C, 58.5; 

H, 7.29. Found: C, 58.2; H, 7.36. 
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Chapter 4. 

Formation of (PPh3)zPt in situ, and Reaction with Cp*2Yb, 1. 

To a -80 OC toluene solution (30 mL) of (PPh3)2Pt(H)(CI) (0.13 g, 0.17 mmol), a 

diethyl ether solution of dimethylmagnesium (0.34 M, 0.25 mL, 0.086 m o l )  was added 
dropwise. The resulting yellow solution was allowed to warm to -55 OC, and stirred at 

this temperature for 3 h. A dynamic vacuum was applied to the solution for 1 h (to 

remove the Et2O), the solution was re-cooled to -80 OC, and the MgC12 by-product was 

allowed to settle for 4 h. The solution was then transferred via a filter stick to a -80 OC 

toluene solution (25 mt) of 1 (0.080 g, 0.18 rnmol), giving an orange-brown solution. 

The solution was allowed to slowly warm to room temperature over several hours, and 

then was stirred at room temperature for 8 h. The resulting cloudy orange-brown 

solution was filtered and the solvent was removed under reduced pressure, giving an 

orange-brown solid. The lH and 3lP{ lH} NMR spectra of this crude product indicated 

that the ody C6Dg-soluble Pt-containing product from this reaction is (PPh3)3Pt. 

(dcype)Pt(y-H)(~r-CH2C4Me4)YbCp* (3). 

An NMR sample in a J. Young tube containing 1 (6.0 mg, 0.014 mmol) and 2 (9.0 

mg, 0.013 mmol) in 0.5 mL cyclohexane-dl2 (an orange solution) was heated to 45 O C  

for 12 h, giving an orange-brown solution. The 1H and 31P{ 1H) NMR data at this point 

indicated ca. 50% conversion to 3. Further heating at 45 OC for a total of 55 h resulted in 

quantitative, clean conversion to 3. The 'H, 31P{ 1H}, 195Pt, and 171Yb NMR data for 3 

are given in Table 1, Chapter 4. 

Interaction of 1 with Various Gases-General Procedure. 

The experiments described in the text were done by making up an NMR sample of 

1 in the desired solvent in the dry box, in a J. Young NMR tube. The top of the J. 

Young tube was attached to a Schlenk line with use of a hose clamp, and the hose was 
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evacuated and refilled with N2 three times. The solution was frozen by placing the 

bottom of the NMR tube in liquid nitrogen, and the sample was opened to dynamic 

vacuum for ca. 1 minute. The J. Young top was closed, and the sample was thawed; this 

freeze-pump-thaw degassing cycle was repeated twice. The vacuum manifold of the 

Schlenk line was filled with 1 atm. of the desired gas, and the J. Young tube (sample 

under vacuum from the last fieeze-pump-thaw cycle) was opened to this manifold for ca. 

20 sec, closed, and removed from the Schlenk line. For the experiment involving 0.5 

atm. of D2 and 0.5 am. of C&, the Schlenk line vacuum manifold was filled with 0.5 

a m  of each gas, and then this manifold was opened to the NMR sample. 

Interaction of 1 with C6H6. 

These experiments involved two NMR samples made up in the dry box, one 

containing 1 (6 mg, 0.014 mmol) and one containing C6H6 (1 pL, -01 1 mmol), both in 

ca. 0.5 mL of cyclohexane-dl2. Both Mwc tubes were capped with septa. In addition, a 

vial containing 6 mg of 1 in ca. 0.2 mL cyclohexane-dl2, and a vial containing ca. 1 mL 

C&, both capped with septa, were prepared. The two NMR samples and the two vials 

were removed from the box and taken to the NMR machine (300 M H z  lH frequency). 

For the sample containing 1: the sample was placed in the NMR probe, and the 

magnet was shimmed. Then, 1 pL C& was added via syringe (from the vial containing 

the Gag), a 1 scan lH spectrum (1 scan for integration purposes) was taken (the magnet 

was not shimmed again, for this and subsequent spectra), and then 2 pL more C6& were 

added, etc. For the sample containing Cg&: the sample was placed in the probe, the 

magnet was shimmed, and a 1 scan 1H spectrum was taken. The solution of 1 in the 

other vial was syringed into this sample, the sample was replaced into the NMR probe, 

the magnet was re-shimmed, and another lH spectrum was acquired. Then, 2 pL Cg& 

were added, etc. (the magnet was not re-shimmed for this spectrum, or subsequent 

spectra). 
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The spectra were all processed with a line broadening factor of 0.3 Hz, and the 

resonance half height widths were adjusted with respect to the half height width of the 

residual C6D11H in the sample. As mentioned in the text, no perturbations in the lH 

chemical shifts or resonance half height widths, for the resonances arising from 1 and 

C&, were observed in any of the spectra. 
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X-RAY CRYSTALLOGRAPHIC STUDIES 
General 

The following information is common to all of the crystal structure determinations. 

Several crystals were placed in Paratone N oil,l2 a suitable crystal was cut (if too large) 

or used as is, and was mounted on the end of a cut quartz capillary tube and placed under 

a flow of cold nitrogen on an Enraf-Nonius CAD4 diffractometer.13 The solidified oil 

held the crystal in place and protected it from decomposition. The temperature was 
stabilized at the temperature indicated in the individual Tables, with an automated cold 

flow apparatus. 

After centering the crystal in the X-ray beam, the cell dimensions and an orientation 

matrix were determined by a least-squares fit to the setting angles.of the unresolved 

MoKa components of 24 symmetry-related reflections. Details of the unit cell, collection 

parameters, and structure refinement are listed in the Tables. A set of three standard 

reflections, given in the Tables, was chosen to monitor intensity and crystal orientation. 

The intensity was checked after every hour of X-ray exposure time and the maximum 

correction for intensity loss is given in the Tables; this is discussed in the text, if 

necessary. The orientation of the crystal was checked after every 200 reflections and it 

was reoriented if any of the standard reflections were offset from the predicted position 

by more than 0.1'. The number of reorientations required over the course of the data 

collection is given in the Tables. 

The raw intensity data were converted to structure factor amplitudes and their esds 

by correction for scan speed, background, and Lorentz-polarization effects.14-16 The 

least-squares program minimized the expression, Zw( I Fo I - I Fc I )2, where w is the 

weight of a given observation. Where an empirical absorption correction is applied, the 

correction was based on averaged azimuthal psi scans for three reflections with x > 8Oo;l7 

the variation of ImiIJrma for the average relative intensity curve is given in the text. The 

p-factor value used for each data set is given in the Tables; this factor was used to reduce 
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the weight of intense reflections in the refinements.18 The analytical forms of the 

scattering factor tables for the neutral atoms were used19 and all non-hydrogen scattering 

factors were corrected for both real and imaginary components of anomalous 

dispersion.20 
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(dcype)Pt (p-H)2Y bCp*2. 

Dark maroon X-ray quality crystals were grown from slow cooling of a toluene 

solution of Cp*2Yb and (dcype)PtH:! (1:l molar ratio) to -40 "C. No correction for 

crystal decomposition was necessary (the crystal showed only a 2.1% loss of intensity 

ove total exposure time of 15.4 hours). An empirical absorption correction was 

app1ie.i to the data; examination of the azimuthal scans showed a variation of ImiJImZ = 

0.84 for the average relative intensity curve.. Details of the unit cell, collection 

parameters, and structure refinement are listed in Table 1. 

The Pt and Yb atoms were located from a Patterson map, following which the two 

P atoms were located as the two largest peaks in the Fourier difference map (>2X) larger 

than the 3rd difference peak). Many difference peaks were located in the expected 

vicinity of the cyclohexyl groups of the dcype ligand, as well as in the expected location 

for the two Cp* rings. However, the crystal suffered from extensive disorder, and 

unequivocal assignment of these atoms could not be made. Consequently, none of these 

difference peaks were included in the model. The thermal parameters for all four of the 

heavy atoms were left isotropic. Attempts at solving the structure using SHELXS-86;21 

using Patterson methods prior to performing an absorption correction on the data; and 

inputting the top 30 peaks from the difference map resulting from the model with the four 

heavy atoms, as carbon atoms; were made and all of these attempts were also 

unsuccessful. 



145 

Table 1, Crystal Data for (dcype)Pt(u-H)?YbC&Z - - 

them formula 
mol wt. 
crystal size (mm) 
T, OC 
space group 
a, A 
b, A 
c, A 
v, A3 
Z 
F(000) 
d (calc.), g cm-3 
p (talc.), cm-1 
octants measd 
28 range 

intensity/orientation refns 
# reorientations 
no. r f lns  collected 
max cor for cryst decay 
absn corn (EAC) 
no. atoms in least squares 
no. unique rflns 
no. rflns with Fo2 >3o(Fo2) 
p factor 
no. params 
R 
Rw 
Rdl 
GOF 
largest A b  in final LS cycle 
diff Fourier (e- A-3) 

C46H80p2ptYb 
1063.22 
0.61 x 0.47 x 0.37 
-99 
p212121 
11.955(2) 
19.420(6) 
19.926(3) 
4626(2) 
4 
534 
1.526 
51.5 
+h, +k, +1 
3-45" 

(6,2,7), (-2,3, 111, (6, -5, 1) 
0 
3459 
not done 
T m Z  = 0.998, Tmin =0.690 
4 
3383 
2042 
0.03 
17 
0.2283 
0.2639 
0.3366 
8.216 
0.01 
+17.2, -1.06 
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(di p p e )  P t (I L - Me) 2Y b C p * 2. 

Dark =en blocks of the complex were grown from slow cooling of a ca. 2:l 

to1uene:pentane solution to -40 OC. A suitable block was cut from one of the crystals. 

The dimensions and volume of the unit cell suggested triclinic symmetry with four 

molecules in the unit cell. Details of the unit cell, collection parameters, and smcture 

refinement are listed in Table 2. 

Analysis of the data revealed that a C-centered monoclinic cell was also consistent 

with the dimensions and volume of the unit cell, and the data were treated accordingly. 

The following systematic absences: hkl, h + k odd; h 0 1,l odd; were present, consistent 

with the space group C2/c. The symmetry-related data were averaged, resulting in 4687 

unique data 

The coordinates of the Pt and Yb atoms were then determined by Patterson 

methods. The locations of dl non-hydrogen atoms were determined through the use of 

standard Fourier techniques and refined by least-squares methods. A difference Fourier 

map indicated that the placement of the hydrogen atoms based on idealized bonding 

geometry was justified by the quality of the data (excluding the hydrogens on the bridging 

methyl groups). These atoms were placed in the idealized positions and included in the 

smcture factor calculations but not refined. All hydrogen atoms were given isotropic 

thermal parameters 1.2 times the Bise of the atom to which they were bonded. 

After final refinement of the structure using isotropic thermal parameters on all 

atoms a @-independent differential absorption correction (a "DIFABS" correction22) was 

qplied to the raw data, using the isotropic model as a basis. The "difabs-corrected" data 

were then refined, first on the heavy atoms, then the hydrogen atoms were added (again, 

they were included in the structure factor calculation but not refined by least squares), and 

then the non-hydrogen atoms were allowed to go anisotropic. 

Examination of a difference Fourier map at this point showed 5 peaks of intensity 

0.832-0.477 e/8,3 near the two bridging methyl carbon atoms, at ca. 1 8, from the carbon 
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atoms, and oriented roughly tetrahedrally around the carbons. These peaks were 

assigned as the hydrogen atoms bonded to these carbon atoms, and were included in the 

structure factor calculation but not refined (they were given isotropic thermal parameters 

equal to 1.2(BiSo) of the carbon atoms to which they are bonded). The sixth hydrogen 

atom on these two carbon atoms (H2C) was added assuming idealized bonding geometry 

(Le, tetrahedral geometry, d(C-H) = 0.95 A). Further refinement of the model showed 

that the inclusion of these atoms was justified (R, Rw prior to the inclusion of these six 

hydrogen atoms was 0.03 1 , 0.037, respectively; after inclusion, 0.029, 0.034, 

respectively). 

Many close intermolecular contacts (c3.5A) were found, indicating a relatively 

crowded mode of packing for this complex in the solid state. Several of these close 

contacts involve the hydrogen atoms of the bridging methyl groups. Inspection of the 

residuals ordered in the ranges of sin(eA), IF& and parity and value of the individual 

indexes showed no unusual trends. Most of the positive difference peaks in the final 

Fourier difference map are located near the Pt and Yb atoms. 
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TabIe 2. Crystal Data for (dippe)Pt(u-Me),YbC$z - - 

them formula 
mol wt. 
crystal size (m) 
T, OC 
space group 
a, A 
b, A 
c, A 
P 7  (de@ 
v, A3 

z 
F(000) 
d (calc.), g cm-3 
p (talc.), cm-1 
octants mead 
28 range 
intensity, orientation refns 
## reorientations 
no. r f l n s  collected 
max cor for cryst decay 
absn corm (DIFABS) 
no. atoms in least squares 
no. unique rflns 
no. d n s  with Fo2 >30(F02) 
p factor 

no. params 

Rw 
Rall 
GOF 
largest 40 in final LS cycle 
diff Fourier (e- A-3) 

R 

C3&$2P ty b 
93 1.02 
0.56 x 0.20 x 0.17 
- 125 
c2lc 
33.90(2) 
11.255(6) 
20.535(6) 
98.41 (4) 
7750(7) 
8 
462 
1.596 
61.4 
fi, kk, +1 
3 4 O  

(-8, 6,2), (-17, 3,4), (7, -5, -7) 
14 
8420 
2.7% on F 
Tmm = 1.23, Tmin = 0.825 
40 
3300 
6159 
0.03 

361 
0.0288 
0.0338 
0.0288 
1.168 
0.00 
+1.0, -0.23 
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(dippe)Pt(p-Me)@.-H)Y bCp*2. 

Dark green-brown blocks of the complex were grown from layering a pentane 

solution of YbCp*2 on top of a toluene solution of (dippe)Pt(Me)(H), and allowing the 

resulting solution to stand overnight at room temperature. A suitable block was cut from 

one of the crystals. The dimensions and volume of the unit cell suggested monoclinic 

symmetry with four molecules in the unit cell. Details of the unit cell, collection 

parameters, and structure refinement are listed in Table 3. 

The crystal showed a 0.6% loss in intensity over the course of the data collection 

(total exposure time, 27.0 hours); consequently a linear decay correction was not 

necessary. Analysis of the data revealed the following systematic absences: OkO, k odd; 

h 0 1, 1 odd; consistent with the space group P21/c (#14). These reflections were 

rejected from the data set. 

The coordinates of the Pt and Yb atoms were determined using direct methods 

(SHELXS). The locations of all non-hydrogen atoms were determined through the use 

of standard Fourier techniques and refined by least-squares methods. After final 

refinement of the structure using isotropic thermal parameters on all atoms a 8- 

independent differential absorption correction (a "DIFABS" correction22) was applied to 

the raw data, using the isotropic model as a basis. The "difabs-corrected" data were then 

refiied isotropically. 

The Fourier difference map from the resulting model revealed several cases of 

disorder in the structure, which were modelled as follows: one Cp* ring consists of 6 
carbon atoms, two of which were assigned multiplicity of 0.5; the other Cp* ring also 

consists of 6 carbon atoms, with three adjacent atoms assigned a multiplicity of 0.67; 

there are 10 methyl carbon atoms on each Cp* ring, each of multiplicity 0.5 (a result of 

two major orientations of the ring, about the ring centroid axis); the (CH2)2 bridge of the 

phosphine was modelled as four carbon atoms, each of multiplicity 0.5 (arising from the 

two possible geometries of this bridge); two of the iso-propyl groups of the phosphine 
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were found to be rotationally disordered about the ipso carbon atom, and were modelled 

by adding a third methyl carbon, and assigning two of the methyl carbons a multiplicity 

of 0.5 (the third methyl kept at multiplicity 1.0); another of the iso-propyl groups of the 

phosphine was found to be disordered about the P-Cipso bond (basically a result of two 

different orientations of this group), and two separate iso-propyl groups were used to 

model this disorder, one of the iso-propyl groups assigned a muliplicity of 0.67 and the 

other a multiplicity of 0.33 (amazingly, the fourth iso-propyl group was not disordered!) 

A DIFABS absorption correction22 @independent) was then applied to the raw 

data, using this improved model as a basis. The model was then refined isotropically and 

then anisotropically (only the heavy atoms, and the carbon atoms of multiplicity 1.0 (14 

of the 35 total carbon atoms) were refined anisotropically). At this point, 16 reflections 

were rejected on the basis of large w(A)2 values, as well as a trend in'hkl: they were all 

of the form h, 0, 0; 2h, h, 0; 3h, h, 0; etc. or very nearly so (e.g, 3h, h, 1). Not 

surprisingly, analysis of the model at this point indicated that inclusion of the hydrogen 

atoms at idealized locations was not justified by the quality of the data, and so no 

hydrogens were included in the model. Also, no difference peaks near the bridging 

methyl carbon or near the expected hydride location could be located. 

Inspection of the residuals ordered in the ranges of sin(eA), IFoI, and parity and 

value of the individual indexes showed no unusual trends. The rial difference Fourier 

map showed one large peak of 6.5 e/@, associated with the Pt atom. The next-largest 

peak was 2.3 e/A3, with the largest negative peak being -0.47 e/A3. Most of the positive 

difference peaks were located near the Pt and Y b  atoms. 
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Table3. Cry stal Data for (dippe)Pt(p.-Me)Iu-H)YbC$L - 

chem formula 
mol wt. 
crystal size (mm) 
T, OC 
space group 
a, A 
b, A 
c, A 
P 7  (deg) 
v, A3 
z 
F(000) 
d (calc.), g cm-3 

rflns measd 
20 range 
intensity, orientation refns 
# reorientations 
no. r f lns  collected 
max cor for cryst decay 
absn corm (DIFABS) 
no. atoms in least squares 
no. unique rflns 
no. rflns with Fo2 >30(Fo2) 
p factor 
no. params 
R 

p (calc.), cm-1 

RW 

Rd1 
GOF 
largest 40 in final LS cycle 
diff Fourier (e- A-3) 

C35H66P2PtYb 
916.99 
0.40 x 0.35 x 0.26 
-100 
P21/c 
18.778(5) 
10.903 (4) 
20.255(5) 
114.74(2) 
3766(2) 
4 
454 
1.617 

63.1 
&hy kk, +1 
3-55" 
(2, -5, -8), (-10, 2, 9), (47 5 7  -8) 
1 
7390 
not done 
T m a  = 2.00, Tmin 4.696 
59 
6669 
4710 
0.05 
327 
0.0689 
0.0815 

0.103 
2.179 
0.01 
+6.6, -0.47 



152 
[(dippe)PtH12. 

Brown opaque plates of the complex were grown from slow cooling of a hexane 

solution to -40 OC. A suitable square plate was cut from one of the crystals and placed in 

Paratone N oil. The dimensions and volume of the unit cell suggested orthorhombic 

symmetry with four molecules in the unit cell. Details of the unit cell, collection 

parameters, and structure refinement are listed in Table 4. 

The crystal showed no appreciable decay over the course of the data collection 

(2.8% loss in intensity over a total exposure time of 18.3 hours), and so no decay 
correction was done. An empirical absorption correction was applied to the data; 

examination of the azimuthal scans showed a variation of ImiD/Imax = 0.75 for the average 

relative intensity curve. Analysis of the data revealed the following systematic absences: 

h 0 0, h odd; 0 k 0, k odd, ; 0 0 1,l odd; consistent with the space group P212121. 

The coordinates of the two independent platinum atoms were determined by 

Patterson methods. The locations of all non-hydrogen atoms were determined through 

the use of standard Fourier techniques and refined by least-squares methods. A 

difference Fourier map indicated that the placement of the hydrogen atoms based on 

idealized bonding geometry was justified by the quality of the data (excluding the 

hydrides). These atoms were placed in the idealized positions and included in the 

structure factor calculations but not refined. All hydrogen atoms were given isotropic 

thermal parameters 1.3 times the B(iso) of the atom to which they were bonded. 
Refinement was attempted on both possible enantiomers of the complex. The "incorrect" 

enantiomer resulted in slightly higher R factors (ARw = 0.006); the enantiomer that gave 

lower R factors was used for the remainder of the refinements. 

After final refinement of the structure using isotropic thermal parameters on all 

atoms (R = 0.108, Rw = 0.113 at this point), a &independent differential absorption 

correction22 was applied to the raw data, using the isotropic model as a basis (this was 

deemed necessary as the value of p(ca1c.) was 81.4 and the azimuthal scans showed a 
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large variation in intensity, for a given value of phi). The data were then refined, first on 

the heavy atoms, then the hydrogen atoms were added (again, they were included in the 

structure factor calculation but not refined by least squares), and then the non-hydrogen 

atoms were allowed to go anisotropic. Towards the end of the refinement, examination 

of the extinction test listing indicated that secondary extinction was occuring; refinement 

of this parameter resulted in a final value of 4.28~10-8. Also, one reflection was found to 

have an anomalously high value of w(A)2 (120, for the (3,0, 1) reflection, next highest 

w(A)2 value = 30), and was consequently rejected. 
No close intermolecular contacts (<3.5A) were found. Inspection of the residuals 

ordered in the ranges of sin(B/h), IF& and parity and value of the individual indexes 

showed no trend other than the one previously mentioned in connection with secondary 

extinction. 

The highest and lowest peaks in the final difference Fourier map had electron 

densities of 1.368 and -0.372 e/A3, respectively. Due to the presence of a large number 

of positive peaks with fairly high electron density values (18 peaks with electron densities 

greater than 0.800 e/A3), many of which are likely associated with the platinum atom 

peaks, an unambiguous assignment of these peaks to hydride atoms could not be made. 

Refinement upon all of the atoms (including the ideally-placed hydrogen atoms) was then 

attempted, in the hopes of improving the model to a point at which the hydride positions 

could be located. It was found that many of the isotropic thermal parameters of the 

hydrogen atoms became artificially large and/or artificially negative, indicating that 

inclusion of the hydrogen atoms in the refinement process was not justified by the quality 

of the data. Consequently, it was determined that the positions of the hydrides could not 

be unambiguously determined. 
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chem formula 
mol wt. 
crystal size (mm) 
space group 

b, 8, 
c, A 
a, (de@ 
P 7  (deg) 
Y, (deg) 
v, A3 
Z 
F(000) 
d (calc.), g cm-3 
p (calc.), cm-1 
T, "C 
octants measd 
28 range 
intensity, orientation refns 
# reorientations 
no r f lns  collected 
max cor for cryst decay 
absn corm (DIFABS) 
no atoms in least squares 
no. unique rflns 
no. rflns with Fo2 >3o(F,2) 
p factor 
no params 
R 
Rw 
RalI 
GOF 
largest A/G in final LS cycle 
diff Fourier (e- A-3) 

C28H66Pi2P4 
9 16.92 
0.48 x 0.45 x 0.18 
P2 12121 
9.245 (2) 
16.966 (2) 
22.690 (6) 
90 
90 
90 

3559 (1) 
4 
450 
1.713 
81.4 
-95 
+h, +ky +1 
3-55O 

(5Y4Y -11, (-27 9,.1), (2, 5, 10) 
1 
4630 
1.4% on F 
T m S  = 1.31, Tmin 9 .759 
34 
4567 
3646 
0.04 
308 
0.0344 
0.037 1 
0.0529 
1.070 
0.00 
+1.4, -0.37 
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[ (dt bpe)PtH]z. 

Clear dark orange needles of the complex were grown from slow cooling of a 

toluene solution to -40 OC; the crystals were solvent-loss sensitive, and were handled 

accordingly. A suitable plate was cut from one of the crystals. The dimensions and 

volume of the unit cell suggested triclinic symmetry with two molecules in the unit cell. 

Details of the unit cell, collection parameters, and structure refinement are listed in Table 

5. 
The crystal showed a linear 4.1% loss in intensity over a totaI exposure time of 40.2 

hours; consequently, a linear isotropic decay correction was applied to the data. An 

empirical absorption correction was applied to the data; examination of the azimuthal 

scans showed a variation of ImiJma = 0.67 for the average relative intensity curve. 

Analysis of the data revealed no systematic absences, consistent with the space group PI. 
The coordinates of the two independent platinum atoms were determined by 

Patterson methods. The locations of all non-hydrogen atoms were determined through 

the use of standard Fourier techniques and refined by least-squares methods. Based on a 

difference Fourier map of the heavy atom isotropic model, five of the eight tert-butyl 

groups of the two phosphine ligands were found to be rotationally disordered (i.e, 

positive difference peaks were located in between the methyl groups of the disordered 

tert-butyl groups). 
This disorder was modelled by assigning two different carbon atoms to each 

disordered methyl group, with the multiplicity of each atom assigned on the basis of the 

intensity ratio of difference peaks (the total multiplicity of the two atoms summing to 

one). The methyl group of the toluene molecule was also found to be disordered; again 

a similar modelling technique was used--two methyl carbons were assigned (on adjacent 

ring carbons), with the total multiplicity summing to one. 

As a result of these disorders, no hydrogen atoms were placed into the model. 

Clearly, the quality of the data is not sufficient to unambiguously locate the hydride 
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ligands. All of the heavy atoms were then refined anisotropically, except for the 

disordered methyl groups of the tert-butyls and also the carbon atoms of the entire toluene 

molecule (giving a total of 33 anisotropic heavy atoms and 26 isotropic heavy atoms in 

the final model). 
Towards the end of the refinement, examination of the extinction test listing 

indicated that secondary extinction was occuring; refinement of this parameter resulted in 

a final value of 2.01~10-7. Two close intermolecular contacts (<3.5& were found, both 

involving pairs of methyl carbons of the tert-butyl groups. Inspection of the residuals 

ordered in the ranges of sin(0/h), IFoI, and parity and value of the individual indexes 

showed no trend other than the one previously mentioned in connection with secondary 

extinction. 

The highest and lowest peaks in the final difference Fourier map had electron 

densities of 3.24 and -0.287 e/A3, respectively. Almost all of the positive peaks are ’ 

associated with the platinum atom peaks. 
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Table 5, Cry stal Data for T(dtb~e)PtHh. - 
chem formula 
mol wt. 
crystal size (mm) 
space group 
a, A 
b, A 
CY A 
a, (deg) 
p 7  (deg) 
Y, (deg) 
v, A3 
z 
F(000) 
d (calc.), g ~ r n - ~  
p (cdc.), cm-1 
T, OC 
octants mead 
28 range 
intensity, orientation refns 
# reorientations 
no r f lns collected 
max cor for cryst decay 
absn corn (EAC) 
no atoms in least squares 
no. unique rflns 
no. f i n s  with Fo2 >30(Fo2) 
p factor 
no params 
R 
R W  

Rdl 
GOF 
largest 40 in final LS cycle 
diff Fourier (e- 

c3 6H82pt2p4 
1029.13 

0.50 x 0.38 x 0.23 
PT 
11.552(3) 
13.123(3) 
17.694(4) 
81.20(2) 
89.20(2) 
66.55(2) 
243 1 (1) 
2 
514 
1.407 
59.6 

+h, e, kl 
-88 

3-50' 
(-2, -7, 3), (1, 0, lo>, (-37 4, -4) 
1 
8658 
2.1% on F 
T m a  = 0.998, Tmin = 0.677 
59 
8529 
6398 
0.04 
403 
0.0533 
0.0675 
0.0753 
2.212 
0.00 

+3.2, -0.29 
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CpX2Y b(Me2PhPCHSiMes). 

Green blocks of the complex were grown from slow cooling of a toluene solution to 

-80 OC. A suitable crystal cut from a larger crystal. The dimensions and volume of the 

unit cell suggested triclinic symmetry with two molecules in the unit cell. Details of the 

unit cell, collection parameters, and structure refinement are listed in Table 6. 

Analysis of the data, collected in triclinic primitive symmetry, suggested C- 

centered monoclinic symmetry. A &independent differential absorption (DIFABS) 

correction37 was applied to the raw data, using an isotropic model in triclinic symmetry as 

a basis for the correction (the Yb atoms were found using Patterson techniques and the 

non-hydrogen atoms were located using standard least-squares and Fourier 

tec hniques61962). 

The absorption-corrected data and atomic positions were then transformed to C- 

centered monoclinic symmetry. The systematic absences were rejected, and the 

redundant data were averaged. The model was refined isotropically, and then the heavy 
atoms were refined anisotropically. As a result of the low quality of the data, the carbon 

atoms were refmed isotropically, and no hydrogen atoms were included in the model. 

Attempts to refine the carbon atoms anisotropically resulted in irrational thermal parameter 

values (non-positve definite tensors), for many of these atoms. Attempts to improve this 

situation (by not performing an absorption correction on the data; by weighting up to 300 

reflections to zero in the least squares cycle, on the basis of significant disagreement 

between Fobs and Fcdc values, the former being smaller than expected) did not result in 

any significant improvements. 

One close intramolecular contact was found, involving Yb and C22 (3.12(2) A), 
possibly indicative of a weak interaction between these two atoms (perhaps also involving 

the hydrogens on C22). Many close intermolecular contacts (ca. 3.0 A) were found, 

involving the Cp* rings, the phenyl ring, and many of the P- and Si-bound methyl 

groups; crystal packing effects are clearly significant for this structure. Inspection of the 
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residuals ordered in the ranges of sin(0/k), IFoI, and parity and value of the individual 

indexes showed no unusual trends. 

The highest and lowest peaks in the final difference Fourier map had electron 

densities of 1.03 and -0.173 e/A3, respectively. Almost all of the positive peaks were 

located within 2 A of the YII center. 
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Table6. Crv . stal Data for Q&Yb(Me7PhPCHSiMe&. - - 

chem formula 
mol wt. 
crystal size (mm) 
T, "C 
space group 
a, A 
b, A 
c, 8, 
P I  (de& 
v, A3 
z 
F(000) 
d (calc.), g cm-3 
p (talc.), cm-1 
octants mead 
20 range 

intensity, orientation refns 
# orientations 
no. r f l ns  collected 
absn corm (DIFABS) 
no. atoms in least squares 
no. unique rflns 
no. r f l n s  with Fo2 >30(FO2) 
p factor 
no. params 
R 
Rw 
Rdl 
GOF 
largest 40 in final J3 cycle 
diff Fourier (e- A-3) 

C32H51PSiYb 
667.86 
0.54 x 0.43 x 0.22 
-100 
c c  
14.776(8) 
14.8 52( 8) 
15.186(9) 
104.80(4) 
3222(3) 
4 
342 

1.377 
30.0 
kh, &Is, +1 
3-45" 

(-3, -7, 51, (-1, 7, -51, (1, 9, -1) 
14 
4428 
T m a  = 1.38, Tmin = 0.58 
35 
2305 
1874 
0.05 
154 
0.05 14 
0.0633 
0.0579 
1.430 
0.10 
+1.0, -0.17 
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Cp"2Y betoluene. 

Green needles of the complex were grown from slow cooling of a ca. 5:l 

pentane:toluene solution to -40 "C. A suitable square plate was cut from one of the 

crystals. The dimensions and volume of the unit cell suggested triclinic symrnetry with 

two molecules in the unit cell. Details of the unit cell, collection parameters, and structure 

refinement are listed in Table 7. The peak profiles at this point indicated that the 'crystal' 

was twinned, consisting of roughly equal amounts of two single crystals. 

The crystal showed no appreciable decay over the course of the data collection. An 

empirical absorption correction was applied to the data; examination of the azimuthal 

scans showed a variation of Imin/Imm = 0.67 for the average relative intensity curve. 

Analysis of the data revealed no systematic absences, consistent with the space group PT. 

The coordinates of the one independent ytterbium atom were determined by 

Patterson methods. The locations of all non-hydrogen atoms were determined through 

the use of standard Fourier techniques and refined by least-squares methods. At this 

point 149 reflections were rejected from the data set, based on large w(A)2 values as well 

as asymmetric peak profiles (indicating that for these reflections, the lattice of the other 

crystal was giving rise to reflections that overlapped with the reflections &om the desired 

crystal lattice). A difference Fourier map indicated that the placement of the hydrogen 

atoms based on idealized bonding geometry was justified by the quality of the data. 

These atoms were placed in the idealized positions and included in the structure factor 

calculations but not refined. All hydrogen atoms were given isotropic thermal parameters 

1.2 times the Bbo of the atom to which they were bonded. 

After final refinement of the structure using isotropic thermal parameters on all 

was applied to the raw data atoms, a €)-independent DIFABS absorption 

containing the 149 reflections mentioned above, using coefficients generated by applying 

a DIFABS correction to the isotropic model. The corrected data were then refined 

isotropically (the 149 reflections mentioned above were again rejected from the 
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refinement), and the above process was repeated. In total, 327 reflections were rejected 

on the basis mentioned above. 

Inspection of the residuals ordered in the ranges of sin(0/h>, IF& and parity and 

value of the individual indexes showed no unusual trends. The highest and lowest peaks 

in the final difference Fourier map had electron densities of 2.685 and -0.294 eh3, 

respectively. The former peak is likely a result of the twinning of the crystal; the next 

highest peak in the positive difference map was 0.635 e/A3. 
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Table 7. Crvstal Data for C&Yb*toluene. - 

them formula 
mol wt. 
crystal size (mm) 
T, OC 
space group 
a, 
b, A 
c, A 
a7 ( d e )  
P I  (deg) 
' y 7  (deg) 
v, A3 
z 
F(000) 
d (calc.), g cm-3 
p (talc.), cm-1 
octants mead 
20 range 
intensity, orientation refns 
# orientations 
no. r f lns collected 
absn corm @Ems) 
no. atoms in least squares 
no. unique rflns 
no. rflns with Fo2 >3o(Fo2) 
p factor 
no. params 
R 
RW 
Rdl 
GOF 
largest A b  in final LS cycle 

diff Fourie r (e- k3) 

C27H38Yb 
535.64 
0.52 x 0.36 x 0.20 
-112 
PI 
10.086(6) 
10.510(6) 
11.813(6) 
76.3 l(4) 
87 -63 (5) 
80.69(6) 
1200(2) 
2 
270 
1.482 
38.9 

kh, kk, +I 
34s0 
(-4, 0, -3, (1, -6, - 2 1 7  (27 07 7) 
9 
3301 

28 
3301 
3054 
0.03 
253 
0.0360 
0.0448 
0.0360 
2.128 
0.00 
2.68, -0.29 

Tma = 1.16, Tmin = 0.86 
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02(F0> 
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lower the weight of intense reflections. 

(19) Cromer, D. T.; Waber, J. T. In International Tables for X-ray Crystallography, 
Vol. IVY The Kynoch Press: Birmingham, England, 1974, Table 2.2B. 

(20) Cromer, D. T., ibid., Table 2.3.1. 

(21) Sheldrick, G. M. Acta Crystallogr. 1990, A46,467. 

(22) Walker, N.; Stuart, D. Acta Crystallogr. 1983, A39, 158. 



1 67 

Chaeter 1; 
p. 168. tou: 
C6D6). 

APPENDIX I. 

Supplementary NMR Spectra 

1H/195Pt HMQC spectrum of 7, hydride region (300 MHz,  25 OC, 

p. 168. bottom: 1H/17lYb HMQC spectnun of 7, hydride region (300 MHz, 25 OC, 
c6D6). 

p. 169. tou: 
toluene-dg) . 

1H/195Pt HMQC spectrum of 11, hydride region (300 MHz, -70 OC, 

p. 169. bottom: l W 1 P  HMQC spectrum of 11 (300 MHz, -70 OC, tohene-dg). The 

plotted region shows the major hydride resonance and the 3lP resonance that arises from 
the phosphorus nucleus that is trans to the methyl group; the 1H dimension is 31P 
decoupled, and so this resonance is a singlet with 17% satellites. The offset of these 
satellites in the 3lP (vertical) dimension is Jybp (ca. 3 Hz). 

Chanter 2; 
p. 170. top: l95pt INEPT spectrum of 1 (85.6 MHz, 25 OC, dg-toluene). 

p. 170. bottom: 1H/195Pt{ lH} spectrum of 1 (300 MHz, -90 OC, dg-toluene). 

p. 171. tOD: 

given in the text. 
Simulated 195Pt{ 1H} spectrum of 1 at -90 OC, using the spectral values 

p.171. bottom: 

-90 ". 
Simulated 195Pt{ IH} subspectrum for the Pt/195Pt isotopomer of 1 at 

p. 172, tou: 
at -90 "C. 

Simulated 195Pt{ 1H) subspectrum for the 195Pt/195Pt isotopomer of 1 

p. 172. bottom: 1€@lP( 1H) HMQC spectrum of the "mixed dimer sample", containing 
1,2, and [(dcype)Pt(H)Pt(H)(dippe)] (400 MHz, 25 "C, dg-thf). 
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APPENDIX IT. 

Tables of Positional and Thermal Parameters. 

atom X v Z B (%.2p 

Pt 0.1214(4) -0.0001(3) 0.201 l(2) 3.21(8) 
Yb -0.0492(4) 0.0148(3) 0.0741(3) 3.1(1) 
PI 0.207(3) -0.077(2) 0.266(2) 4.1(9) 

aAll atoms were included with isotropic thermal parameters. 

P2 0.213(6) 0.072(4) 0.271(4) 14(2) 
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Atom - -_ -  
PT 
YB 
P1 
P2 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
C2O 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C3 0 
C3 1 
C32 
c33 
c34 
c3 5 
C36 
H1 C 
HlA 
H1B 
H2C 
H2A 
H2B 

X Y 2 

-0.13023(1) 0.38494(1) -0.00293(1) 
-0.11989(1) 0.14505(1) -0.14594(1) 
-0.18026(7) 0.4589(2) 0.04&4(1) 
-0.08983(7) 0.5173(2) 0.0571(1) 
-0.0843(3) 0.3200(7) -0.0507(5) 
-0.1671 (3) 0.2610(7) -0.0589(5 1 
-0.1593(3) 0.5658(8) 0.1099(5) 
-0.1209(3) 0.6231 (8) 0.0962(5 1 
-0.2195(3) 0.5434(8) -0.0043(5) 
-0.2452(3) 0.4687(9) -0.0558(5 1 
-0.2013(3) 0.6443(9) -0.0385(7) 
-0.2082(3) 0.3525(8) 0.0903(51 
-0.2356(3) 0.409(1) 0.1346(6) - 0.1800( 3 ) 0.2615 (9) 0 - 1290(5 1 
-0.0547(3) 0.4607(8) 0.1250(5 1 
-0.0749(3) 0.388(1) 0.1728(5) 
-0.0212(3) 0.38% 1) 0.1027(6) 
-0.0594( 3) 0.61 lO(7) 0.0108(5 ) 
-0.0361 (3) 0.7071 (8) 0.0493(5) 
-0.0842(3) 0.6603(8) -0.0515(5) 
-0.1384(3) -0.0885(7) -0.1322(5) 
-0.1352(3) -0.0424( 7) -0.0683(5 ) 
-0.0959(3) -0.0104(7) -0.0474(5) 
-0.0732(3) -0.0347(7) -0.0981(5) 
-0.0981 (3) -0.0843(7) -0.1506(5 1 
-0.1732(3) -0.144(1) -0.1738(6) 
-0.1685(3) -0.0471(8) -0.0278(6) 
-0.0806(3) 0.0308(9) 0.0211(6) 
-0.0285(3) -0.0179(9) -0.0944(6) 
-0.0864(3) -0.1446(8) -0.2107(5 1 - 0.136 1 (3 ) 0.1645 (8) - 0 - 2776 (5 ) 
-0.1596(3) 0.2536(8) -0.2528(5) 
-0.1322(3) 0.3412(7) -0.2237(5) - 0.0936(3 ) 0 -3065 (8) -0.2292(5 
-0.0963(3) 0.1938(8) -0.2634(5) 
-0.1539(4) 0.064(1) -0.3214(6) 
-0.2045(3) 0.259(1) -0.2631(61 
-0.1454(3) 0.4600(8) -0.1970(5) 
-0.0552(3) 0.3711(9) -0.2073(51 
-0.0611(3) 0.1302(.9) -0.2848(5) 
-0.08450(1) 0.33806(1) -0.09808(1) 
-0.05382( 1 ) 0.33927( 1 ) -0.02860( 1 ) 
-0.07?'3(1) 0.22858(1) -0.05304(1) 
-0.15:-3(1) 0.18718(1) -0.05765(1) 
-0.19496(1) 0.25005(1) -0.03780(1) 
-0.17414(1) 0.28522(1) -0.10737(1) 

B(A2) 

1.267(7) 
1.576(9) 
1.65(5) 
1.57(5) 
1.8(2) 
2.0(2) 
2.4(2) 
2.6(2) 
2.4(2) 
3.1(3) 
4.7(3) 
2.0(2) 
3.7(3) 
3.1(3) 
2.1(2) 
3.5(3) 
3.8(3) 
1.8(2) 
2.7(2) 
2.6(2) 
2.3(2) 
1.8(2) 
2.0(2) 
1.8(2) 
2.3(2) 
4.0(3) 
3.6(3) 
3.3(3) 
3.5(3) 
3.3(3) 
2.7(2) 
2.1(2) 
2.0(2) 
2.4(2) 
2.1(2) 
4.2(3) 
3.7(3) 
2.9(2) 
3.3(3) 
3.6(3) 
2.3* 
2.3* 
2.3* 
2.3* 
2.3* 
2.3* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Starred atoms Were included with isotropic thermal parameters. 
The thermal parameter given for anisotropically refined a t o m  is 
the isotropic equivalent thermal parameter defined as: 
(4/3) * [a2*6(1,1) + b2*8(2,2) + c2*8(3,3) + ab(cos gamna)*B(l,2) 
+ ac(cos beta)*B(1,3) + bcccos alpha)*B(2,3)1 
where a,b,c are real cell parameters, and B(i,j) are anisotropic betas 
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Name ---- 
PT 
YB 
P1 
P2 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 
C28 
C29 
C30 
C3 1 
C32 
c33 
c34 
c3 5 
C36 

B(1,2) _-- - - -  
-0.04(1) 
0.07(1) 
-0.18(7) 
-0.23(7) 
0.6(3) 
-0.2(3) 
-0.7(3) 
0.0(3) 
0.7(3) 
0.5(4) 
-1.3(4) 
-0.7(3) 
-1.lC4) 
-0.3(4) 
-0.5(3) 
-0.8(4) 
0.6(4) 
-0.6(3) 
-1.0(3) 
-0.9(3) 
0.4(3) 
0.0(3) 
0.9(3) 
0.6(3) 
0.1(3) 
-0.8(4) 
0.5(4) 
0.6(4) 
0.1(4) 
0.4(4) 
0.4(4) 
-0.1(3) 
0.5(3) 
-0.4 (3 
0.4(3) 
-0.9(5) 
-0.5(4) 
0.0(3) 
-1.4(4) 
1.3(4) 

B(2,3) ___- - -  
-0.08(1) 
0.05(2) 
-O.l(l) 
-0.3(1) 
-0.7(4) 
-0.7(4) 
-1.1(4) 
-1.5(4) 
-0.2(4) 
0.2(5) 
2.5(5) 
-0.0(4) 
-0.3(5) 
1.2(4) 
-0.3(4) 
0.7(5) 
1.0(5) 
0.2(4) 
0.1(4) 
0.2(4) 
1.0(41 
0.4(4) 
-0.0(4) 
-0.4(4) 
-0.6(4) 
0.0(5) 
0.4(4) 

0.3(5) 
0.2(4) 
0.9(4) 
0.2(4) 
0.9(4) 
1.0(4) 
0.8(4) 
0.1(5) 
1.3(5) 
0.1(4) 
1.3(5) 
1.2(5) 

-0.1(5) 

B e q v  __-_  

1.267(7) 
1.576(9) 
1.65(5) 
1.57(5) 
1.8(2) 
2.0(2) 
2.4(2) 
2.6(2) 
2.4(2) 
3.1(3) 
4.7(3) 
2.0(2) 
3.7(3) 
3.1(3) 
2.1(2) 
3.5(3) 
3.8(3) 
1.8(2) 
2.7(2) 
2.6(2) 
2.3(2) 
1.8(2) 
2.0(2) 
1.8(2) 
2.3(2) 
4.0(3) 
3.6(3) 
3.3(3) 
3.5(3) 
3.3(3) 
2.7(2) 
2.1(2) 
2.0(2) 
2.4(2) 
2.1(2) 
4.2(3) 
3.7(3) 
2.9(2) 
3.3(3) 
3.6(3) 

The form of the anisotropic temperature factor is: 
exp[-0.25(h2a2B(l,l) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3) 
+ 2klbcB(2,3))1 where arb, and c are reciprocal lattice constants. 
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Table of Positional Parameters and Their Estimated Standard Deviations - - - - - - - - - - - - - -______-- - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - - -  

A t o m  - - _ -  
Pt 
Yb 
P1 
P2 
Cl 
Cla 
c2 
c3 
c4 
c5 
C6 
C6e 
c7 
C7a 
C8 
C8a 
c9 
C9a 
c10 
ClOa 
Clla 
c11 
c12 
C13 
C14 
C15a 
c15 
Cl6 
C16a 
C17 
C17e 
C18 
C18a 
C19 
C19a 
c20 
C20a 
c21 
C2la 
c22 
C22a 
C23 
C24 
C25 
C26 
C26a 
C27 
C27a 
C28 
C28a 
C29 
C30 
c31 
c31a 
c32 
c33 
c34 
c34a 
c35 

0.6471 (3) 
0 -8255 (3) 
0.774 (2) 
0.793 (2) 
0.71 l(1) 
0.6637( 9) 
0.712(1) 
0.787( 1 ) 
0.872(2) 
0.831(3) 
0.704 (2) 
0.643(3) 
0.576(2) 
0.573(3) 
0.672(1) 
0.730(3) 
0.856(2) 

0.852(2) 
0.847(2) 
0.7911(9) 
0.7240 (9) 
0.732(1) 
0.786(1) 
0.839(2) 
0.934(2) 
0.91 l(3 
o.m<2, 
0.828(2) 
0.650 (2) 
0.645(2) 
0.650 (2) 
0. R2(3 ) 
0 -825 (2) 
0.932 (3 
0.696(2) 
0.711(2) 
0.774 (2) 
0.791(2) 
0.593(1) 
0.653( 1 1 
0.549( 1 ) 
0.559(2) 
0.574 (3 1 
0.493 ( 2 )  
0.524 ( 4  1 
0.594 (3 1 
0.612(4) 
0.880( 1) 
0.817(2) 
0.945 (2 1 
0.930(2) 
0.903(2) 
0.869(1) 
0.967( 2 ) 
0.952(3 1 
0.636(1) 

o.am3) 

0.549(4 
0.509(2) 
0.556(2) 
0.472(2) 
0.377(2) 
0.418(2) 
0.565(3) 
0.631 (4) 
0.664(3) 
0.656(4) 
0.493 (3 1 
0 -43 1 (5 1 
0.264(2) 
0.249(5) 
0.308(3) 

0.768(3) 
0.757(2) 
0.814(1) 
0.819(1) 
0.778(2) 
0.747( 2 ) 
0.739(3) 
0.739(4) 
0.684(5) 
0 -895 (4) 
0.867(4) 
0.878(3 ) 
0.867(4) 
0.794(4 ) 
0 -755 (4 1 
0.706(3 1 
0.772(4) 
0.178(3) 
0.225 (3 
0.144(4 1 
0.201 (3) 
0.403 (2) 
0.505 (2) 
0.342(2) 
0.204(3) 
0.177(4) 
0.275(4) 
0.218(6) 
0.117(4) 
0.060(6) 
0.158(2) 
0.069( 2) 
0.076(4 1 
0.217(4) 
0.354(2) 
0.448(3) 
0.295 (4 
0.414(4) 
0.491 (2) 

0.3aw) 

-0.206(2) 
-0.183(1) - 0.2259(7) 
-0.2136(7) 
-0.1701(7) 
-0.1596(9) 
-0.183(2) 
-0.222(2) 
-0.274 (2) 
-0.286(2) 
-0.252(1) 
-0.232(2) 
-0.152(1) 
-0.134(2) 
-0.106(1) 
-0.125 (3 ) 
-0.040(2) 
-0.00% 1) 
-0.0837(8) 
-0.072(1) 
-0.009( 1 ) 
0.02% 1) 
0.023(1) 
0.022(2) 
0.093 (2 
-0.165(2) 
-0.130(2) 
-0.141(2) - 0.093 (2 
0.006(2) 
0.062(2 
0.109( 1 ) 
-0.044(2) 
0.141 (1 1 
0.174(1) 
0.159(2) 
0.183(2) 
0.1120(8) 
0.158(1) 
0.151(1) 
0.007(1) 
0.042(2) - 0.048 (2) 

-0.04 1 (3 ) - 0.029(2) 
0.036(3) 
0.092( 1 ) 
0.031(1) 
0.147(21 
0.064(2) 
0.192( 1 ) 
0.230(1) 
0.245 (2) 
0.163(2) 
-0.0388(8) 
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Name _ _ _ _  
Pt 
Yb 
P1 
P2 
c2 
c3 
c4 
c5 
c12 
C13 
C23 
C24 
c25 
C29 
C30 
C32 
c33 
c35 

The form of the anisotropic temperature factor is: 
expI-0.25(h2aZ6(l81) + k2b28(2,2) + 12c26(3,3) + 2hkabB(l,Z) + Zhlac8(1,3) 
+ 2klbc6(2,3)~3 where a,b, and c are reciprocal lattice constants. 
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Atom _-- -  
PT 1 
PT2 
r' 
PL 
P3 
P4 
c1 
c2 
c3 
C4 
c10 
c11 
c12 
C13 
c14 
C15 
c20 
c21 
czz 
C23 
C24 
C25 
C30 
C3 1 
C3 2 
c33 
c34 
c35 
C40 
C4 1 
C42 
c43 
c44 
c4 5 

2 

0.27179( 1 1 
0.15894 ( 1 ) 
0.2998(1) 
0.3671 (1 ) 
0.!312(1) 
0.0632( 1 1 
0.3820(5) 
0.4111 (5) 
0.0509(5 ) 
0.0182( 5 ) 
0.2834(5) 
0 -2773 (6) 
0.21 93 (6) 
0.3002(6) 
0.2999( 6 1 
0.2930 ( 7) 
0.4047( 5 1 
0.3876(5) 
0.3992(6) 
0.3799(7) 
0 -3583 (7) 
0.4560(6) 
0.1387(5) 
0.1607(6) 
0.1097(7> 
0.1160(7) 
0.1580(6) 
0.2240 (6 
0.0299(5) 
0.0397(5 ) 
0.0446(5 

-0.0365 (6) 
0.0630(5) 
0 06% (5 ) 
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Hame ---- 
PTl 
PT2 
P1 
P2 
P3 
P4 
c1 
cz 
c3 
c4 
c10 
c11 
c12 
C13 
C14 
c15 
c20 
cz1 
c22 
C23 
C24 
c25 
C3 0 
C3 1 
C32 
c33 
c34 
c35 
C4 0 
C4 1 
C42 
c43 
C44 
e45 
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Atom - - - -  
PT1 
PT2 
P1 
P2 
P3 
P4 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
c15 
C16 
C17 
Cl8 
C19 
c20 
C20' 
c21 
C21'  
c22 
C23 
C23' 
C24 
C24' 
C25 
C26 
C26' 
C27 
C28 
C29 
C30 
C31' 
C3 1 
C32' 
C32 
c33 
c34 
C34' 
C35' 
c35 
C3 6 
C37' 
c37 
C38 
u 9  
C4 0 
C4 1 
c4 2 
c43 

X Y 

0.09551(1) 0.23233(1) 
0.28116(1) 0.05574(1) 
0.1074(3) 0.4004(2) 
-0.0631(3) 0.3169(2) 
0.2296(3) -0.0261(3) 
0.4687(3) -0.0937(2) 
-0.015(1) 0.506<1) 
-0.080(1) 0-465(1) 
0.477(1) -0-193(1) 
0.357( 1) -0.170( 1) 
0.259(1) 0-414(1) 
0.063(1) 0.463(1) 
-0.028(1) 0-264(1) 
-0.230( 1 1 0.331 (1 1 
0.223(1) 0.039(1) 
0.087(1) -0.065(1) 
0.487(1) -0- 179(1) 
0.618(1) -0.070(1) 
0.371(1) 0.334(1) 
0.253(1) 0.537(1) 
0.274(2) 0.379(1) 
0.026(2). 0.592(1) 
0.174(2) 0.404(1) 
-O.O50(1) 0.433(1) 
-0.121 (2 1 0 -335 ( 1 1 
-0.051(2) 0.144(21 
0 .045(4 )  0.145(3) 
0.114(2) 0.222(2) 
0.084(3) 0.321(3) 
-0.332(1) 0-391(1) 
-0.272(2) 0-430(2) 
- 0.240 (4 ) 0.327(4 1 
-0.232(2) 0.225 (2) 
-0.207(3) 0.182(3) 
0.208(2) -0.024(1) 
0.369( 2 1 0.024 (2) 
0.328(3) 0.090(3) 
0.119(3) 0.154(1) 
-0.035(1) 0.046(1) 
0.077(1) -0.146(1) 
0.099(1) -0.118(1) 
0.365(4 -0.152(3) 
0.390(2) -0.244(2) 
0.521(4) -0.093(41 
0.439(2) -0.114(2) 
0.608(2) -0.287(1) 
0.592(2) 0.021(2) 
0.608(4 1 -0.045(4 1 
0.638(4 0.015(3) 
0.635(2) -0.010(2) 
0.738(1) -0.174(1) 
0.509(5) 0.567(5) 
0.608( 2) 0.636(2) 
0.497(2) 0.662(2) 

2 

0 -30281 (1 ) 
0.26754( 1 
0.2611(2) 
0.3766 ( 2 1 
0.1760(2) 
0.2913(2) 
0.3114(9) 
0.3688(9) 
0 - 2264(9) 
0.1806(9) 
0.2892(8) 
0.1566(8) 
0.4826(8) 
0.3508(9) 
0.0720(8) 
0.1930(8) 
0.3880(9) 
0.270( 1 ) 
0.249( 1 ) 
0.269( 1) 
0.376( 1) 
0.136(1) 
0.1072(9) 
0.135 (1 ) 
0.5338(9) 
0.497(1) 
0.511(3) 
0.499( 1 ) 
0.498(2) 
0 -401 (1 
0.274 ( 1 ) 
0.271 (3) 
0 -335 ( 2 )  
0.394( 2) 
0.0116(9) 
0.063( 1 ) 
0.066(2) 
0.058( 1 ) 
0.176(1) 
0.141 (1) 
0 - 2764 (9) 
0.426(3) 
0.380(1) 
0.446(3) 
0.452(1) 
0.408( 1 ) 
0.205 (1 ) 
0.171(3) 
0 - 296(2) 
0.349( 1) 
0.273(1) 
0.117(4) 
0.069(2) 
0.017(2) 

0.480(2) 0.717(2) -0.051(1) 6.2(5)* 
0.366(2) 0.737(2) -0.100(1) 7.6(6)* 
0.280(2) 0.695(2) -0.069(1) 7.6(6)* 
0.318(2) 0.633(2) 0.008(2) 10.6(8)* 
0.414(2) 0.609(1) 0.052(1) 5.7(4)* . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Starred atom were included with isotropic 
The thermal parameter given for anisotropically refined a t o m  i s  

(4/3) * [a2*B(1,1) + b2*B(2,2) + c2*8(3,3) + abccos gamna)*B(1,2) 
+ ac(cos beta)*B(1,3) + bcccos alpha)*B(2,3)3 
where a,b,c are real cell parameters, and B(i,j) are anisotropic betas. 

thermal parameters. 

the isotropic equivalent thermal parameter defined as: 
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Uame - - - -  
PT 1 
PT2 
P1 
P2 
P3 
P4 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
Cl2 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c22 
C25 
C27 
C28 
C29 
C30 
c33 
C36 

6(2,2) - - - - - -  
1.04(1) 
1.10(1) 
1.19(9) 
1.59(9) 
1.8(1) 
1.19(9) 
1.7(4) 
1.6(4) 
2.7(5) 
2.9(6) 
2.3(4) 
2.3(4) 
4.9(7) 
7.1(7) 
4.0(5) 
2.7(4) 
3.4(6) 
4.1(6) 
3.6(5) 
2.5(4) 
6.9(7) 
2.4(5) 
4.2(7) 
6.3(7) 
4.7(7) 
4.4(6) 
5.0(7) 
2.4(7) 
4.1(6) 
3.2(5) 
10.6(6) 
2.3(6) 
3.4(6) 

B(1,2) - _ _ _ - -  
-0.23(1) 
-0.18(1) 
-0.54(7) 
-0.52(7) 
-0.38(8) 
-0.19(7) 
-0.6(4) 
-1.7(4) 
0.4(4) 
1.4(5) 
-1.1(3) 
-1.3(4) 
-0.6(5) 
-2.0(4) 
-2.1(4) 
-1.8(3) 
0.1(5) 
-0.7(4) 
-0.9(4) 
-2.4(3) 
-4.5(5) 
-1.7f.5) 
-1.7(6) 
-4.5(4) 
-3.0(5) 
-1.2(4) 
-1 .8(5)  
1(11 
-1.5(4) 
-1.4(3) 
-9.9(4) 
0.7(5) 
-0.5(4) 

B(2,3) 
- * - - - -  

-0.60(1) 
-0.62(1) 
-0.3(1) 
-0.75(9) 
-0.98(9) 
-0.5(1) 
-1.8(5) 
-1.2(5) 
-3.1(4) 
-1.8(5) 
-1.8(4) 
0.5(5) 
-0.3(5) 
-3.7(6) 
-0.7(5) 
-1.6(4) - 
0.8(6) 
0.6(7) 
-3.7(6) 
-1.6(5) 
-0.5(6) 
0.8(6) 
-1.45) 
2.3(7) 
-1.4(5) 
-2.5(6) 
-2.3(5) 
0.1(6) 
-2.7(6) 
-2.8(5) 
0.7(6) 
0.2(6) 
-1.0(6) 

Beqv 

1.594(9) 
1.610(9) 
2.00(7) 
1.82(6) 
2.04(7) 
1.82(6) 
3.7(3) 
4.3(4) 
4.6(3) 
4.2(4) 
2.9(3) 
3.0(3) 
3.7(4) 
4.7(4) 
3.2(31 
2.9(3) 
3.8(4) 
4.6<4) 
5.6(5) 
4.1(4) 
5.7(41 
5.2(5) 
5.3(5) 
6.3(51 
5.0(4) 
4.7(4) 
4.9(4) 
8.9(8) 
4.7(4) 
4.5(4) 
6.7(4) 
4.7(4) 
4.0(4) 

The form of the anisotropic temperature factor is: 
exp[-0.25Ch2a26(1,1) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlacB(1,3) 
+ 2klbc6(2,3))3 where arb, and c are reciprocal lattice constants. 
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Cp*zY b(MetPhPCHSiMe3) 

Atom ---- 

Y b  
P 
Si 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
c15 
C16 
C17 
C18 
c19 
C20 
c2 1 
c22 
c23 
0 4  
c25 
C2 6 
c27 
c28 
C29 
C3 0 
C3 1 
C32 

x 

' . O O O  
. .0389 (3) 

-0.1565 (3) 
0.053 (1) 
0.116(1) 
0.082 (1) 

- 0 . 0 1 8  (1 )  
-0.030(1) 
0.079 (1) 
0.224 (1 )  
0.132(1) 
-0.092 (2) 
-0.118(2) 
-0.003 (1) 
-0.077(1) 
-0.038(1) 
0.063 (1) 
0.083 (1) 
-0.021(1) 
-0.178 (2) 
-0.087 (1) 
0.132(11 
0.180(1) 
-0.028 (1) 
-0.206 (1 )  
-0.213 ( 2 )  
-0.133 (1) 

0 .015  (1) 
0.163(1) 
0.035 (1) 
0.012 (1) 
0.017 (2) 
0.033 (1) 
0.054(1) 
0.051 (1) 

Y 

0.25898(1) 0.000 
0.3176(3) 0.2616(3) 
0.2627(3) 0.1488(3) 
0.090 (1) 
0.121 (1) 
0.127 (1) 
0.097 (1) 
0.076(1) 
0.055 (1) 
0.140(1) 
0.134(1) 
0.084 (2) 
0.032 (2) 
0.361 (1 )  
0.395(1) 
0.437 (1) 
0.427 (1) 
0.382(1) 
0.323 (1) 
0.399(2) 
0.490 (1) 
0.473 (1) 
0.367 (1) 
0.267 (1) 
0.251(1) 
0.363 (1) 
0.165(1) 
0.436 (1) 
0.310(1) 
0.266 (1) 
0.311(1) 
0.272 (2) 
0.180 (1) 
0.128(1) 
0.175(1) 

0 . 0 6 0 ( 1 )  
0.016 (1) 
-0.073(1) 
-0.091(1) 
-0.005 (1) 
0.161(1) 
0.065 (1) 

-O.lSO(l) 
-0.184 (2) 
0.006(2) 
-0.14 9 (1) 
-0.11" :I) 
-0.03 '1) 
-0.011(1) 
- 0 . 0 8 5 ( 1 )  
-0.254 (2) 
-0.169(2) 
0.025(1) 
0.061 (1) 
-0.098(2) 
0.168 (1) 
0.024 (1) 
0 - 187 (2) 
0.205 (1 )  
0.274 (1 )  
0.266 (1) 
0.372(1) 
0.436 (1 )  
0.519(2) 
0.535(2) 
0.462 (1 )  
0.381(1) _______-___---------____________________------------------------- 

Starred atoms were included with isotropic 
The thermal parameter given for anisotropically refined atoms is 
the isotropic equivalent thermal parameter defined as: 
(4/3) * [a2*B(l,l) + b2*B(2,2) + c2*B(3,3) + abkos gammal*B(l,2) 
+ ac(cos beta)*B(1,3) + bc(cos alpha)*B(2,3)1 
where a,b,c are real cell parameters, and B(i,j) are anisotropic betas 

thermal parameters. 
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Yb 1.49(2) 1.64(2) 1.23(2) -0.31(51 0.34(1) - 0 . 5 4 ( 4 1  1.46(1) 

P 2.5(2) 2.3(2) 1.8(21 -0.0(11 0.8 (1) -0.3 (11 2.14 (91 

Si 1.9(2) 3.5(2) 1.9(2) -0.5(2) 0.6(2) -0.8(2) 2.4(11 
________________________________________~------------------------------------------ 
The form of the anisotropic temperature factor is: 
exp[-0.25(hZa2B(l,l) + k2b2B(2,2) + 12c2B(3,3) + 2hkabB(1,2) + 2hlaca(1,31 
+ 2klbcB(2,3)}1 where a.b, and c are reciprocal lattice constants. 



Table o f  Positional Parameters and Their Estimated Standard Deviations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

Atom - _ - -  
YB 
c1 
c2 
c3 
c4 
c5 
C6 
c7 
C8 
c9 
c10 
c11 
c12 
C13 
C14 
C15 
C16 
C17 
C18 
C19 
c20 
c21 
c22 
C23 
C24 
C25 
C26 
C27 

X 

0.25416(1) 
0.5063( 8) 
0.4263(8) 
0.3430(8) 
0.3734(9) 
0.4726 ( 8 )  
0.6198(9) 
0.439( 1 ) 
0.2472(9) 
0.320(1) 
0.544(1) 
0.1410(8) 
0.1795 (9) 
0.0982( 8) 
0.0099(8) 
0.0368(8) 
0.184( 1 ) 
0.279(1) 
O.O9S< 1 ) 
-0.1091(9) 
-0.043(1) 
0.215(1) 
0.351(1) 
0.412(2) 
0.338(2) 
0.206(2) 
0.141(2) 
0.153(2) 

Y 2 
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