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Abstract

Solid-state NMR spectroscopy has been used to obtain information about
electronic structure and molecular geometry for some organometallic complexes. The
principal elements of the 13C chemical shielding tensor for a dimetallocyclopropane unit
and three square-planar metal cyanides have been determined from a nonlinear least-
squares fit of the chemical shift powder pattern. For the dimetallocyclopropane unit,
the orientation of the chemical shielding tensor with respect to the molecular axis has
been assigned based on the dipolar coupling tensor. The principal elements of the 3P
chemical shielding tensor for three binuclear platinum diphosphite complexes have been
obtained from a Herzfeld-Berger graphical analysis of the MAS spectra. The
paramagnetic contribution to the 13C chemical shielding tensor is related to the metal-
carbon bonding interaction.

The deuterium quadrupole coupling constants and the asymmetry parameters for
six bridging metal hydride complexes have been acquired from a nonlinear least-
squares fit of the deuterium powder pattern. The relationships between the quadrupole
coupling constant and the M-H bond length and between the asymmetry parameter and
the M—H-M bond geometry are discussed on the basis of a point charge model.

Deuterium MAS spectra for four simple inorganic compounds and two physical
mixtures have been obtained. The resolution of two inequivalent deuterium sites in the
mixtures is described by the quality of the fit between experimental and calculated MAS
spinning sideband intensities.

A fitting method using a Levenberg-Marquardt nonlinear least-squares
algorithm is described for the extraction of the NMR parameters from the solid-state

NMR powder patterns.
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CHAPTER 1

Introduction



The critical feature of solid-state NMR spectroscopy is the preservation of the
anisotropic character of various spin interactions, chemical shielding, J coupling,
dipolar, and quadrupolar interactions, due to the relatively fixed orientations of the
molecules with respect to the applied magnetic field.1 In the case of dilute spins with
I=1/2 (13C, 31P), the solid-state NMR spectra are dominated by the chemical shielding
and the dipolar interactions. Solid-state NMR spectra of dilute spins, with enhanced
signal-to-noise ratio, have been obtained with the development of the cross-polarization
method. Dilute spin double resonance2, 2D separated local field3, and 2D rotational
spin-echo4 techniques have been used to separate the dipolar interaction from chemical
shielding. The principal elements of the chemical shielding tensor provide three-
dimensional information on electronic structure, in a way, a fundamental probe of the
nature of the chemical bonding at a specific site. The dipolar coupling tensor can be
used to find the orientation of the chemical shielding tensor relative to the molecular
coordinate system. Another important aspect of the dipolar coupling tensor is to
furnish information concerning molecular geometries such as bond lengths and bond
angles.

In the case of quadrupolar nuclei (deuterium, I=1), the solid-state NMR spectra
are dominated by the quadrupolar interaction, characterized by the quadrupole coupling
constant and the asymmetry parameter. Because of the large line widths of solid-state
deuterium spectra, up to 250 kHz, it is frequently difficult to detect deuterium NMR
spectra. The recent application of quadrupolar spin-echo technique and the Fourier
transform gives a dramatic improvement in deuterium NMR line shape for very large
spectral widths.5 » 6

Solid-state NMR spectroscopy has been widely used to study the molecular
geometry, electronic structure, and motion of molecules in organic and biological

systems, but there are few studies of organometallic complexes. 13C chemical



shielding tensors have been measured in metal carbonyls to investigate the metal-
carbonyl bonding” =11 and in metal sandwich complexes to study the ring

rotation12+ 13, 31P chemical shielding tensors have been successfully correlated with
structural parameters such as bond angle in phosphido-bridged complexes14 and bond
length in phosphine-metal complexes15. In addition, the solid-state structuresl6 and
the cis and trans isomers17: 18 of (R3P),MX, (M = Pd, Pt) have been studied by
CP/MAS spectroscopy. Deuterium quadrupole parameters have been obtained for
characterization of terminal metal hydride sites in (1 5-C5H5)2M(2H)2 M=Mo, W,
Zr)19-21 and of rotational jump motion for the cyclopentadienyl ring in
(w-CO)y[FeCp(CO)p22.

The principal objective of the research described in this dissertation is to
demonstrate the application of the solid-state NMR spectroscopy for studies on several
different aspects of organometallic chemistry. In the course of this work, contributions
have been made in the interpretation of NMR parameters as well as procedures for
extracting the parameters from solid-state NMR powder patterns. Thus, this work
provides a foundation for future NMR work in the fields of organometallic chemistry,
catalysis, and materials science. The focus of the research described herein is on the
determination of the characteristic NMR parameters from the line shape analysis of the
NMR powder pattern and the understanding of the structural and chemical aspects of
organometallic complexes in the solid-state structures.

In Chapter 2, the principal elements and the orientation relative to the molecular
axis system of the 13C chemical shielding tensors have been obtained to yield three-
dimensional information on molecular structure and the associated electronic structure
for the bridging methylene unit in cis-(u-CHy)(1-CO)[FeCp(CO)l,. Two important
aspects are shown in this chapter. First, the dipolar coupling can be used to determine

the orientation of the chemical shielding tensor in the principal axis system. Second,



the paramagnetic contribution to the chemical shielding tensor is related to a molecular
orbital description of the bonding at the methylene carbon site.

The influence of the molecular geometry at the bridgingl metal hydride site on
the deuterium quadrupolar parameters is described in Chapter 3i The relationships
between the quadrupole coupling constant and M-H bond length and between the
asymmetry parameter and the M-H-M bond angle are described on the basis of a point
charge model.

The 13C chemical shielding tensors for metal cyanide complexes and the 31P
chemical shielding tensors for binuclear platinum diphosphite complexes are given in
Chapter 4. The diamagnetic contribution to the chemical shielding tensor for the metal
cyanide complexes has been estimated using Flygare-Goodisman's approximation.
The applicability of Flygare-Goodisman's approximation to transition metal complexes
is also discussed.

In Chapter 5, the ability to resolve two inequivalent deuterium sites in mixtures |
is described. The deuterium MAS NMR spectra are compared with simulations based
on the Herzfeld-Berger method and the quality of the fit is noted for one and two
component models. The significant féature is that the spin rate must be slower than the
difference between the quadrupole coupling constants in order to resolve two distinct
deuterium sites.

In Chapter 6, a fitting method for solid-state NMR powder patterns is
described. The Levenberg—Marquardt algorithm for a nonlinear least-squares analSrsis
is used to extract characteristic NMR parameters from the overall line shape of the
NMR powder pattern. Four examples of fitting of the chemical shift and dipolar-
coupled chemical shift powder patterns and the deuterium powder pattern are shown.

Finally, Chapter 7 summarizes this research and suggests recommendations for

future work.
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Abstract

The principal elements of the 13C NMR chemical shielding tensor have been
determined for the bridging methylene unit in cis-(L1-CH2)(u-CO)[FeCp(CO)]; from a
combination of a Herzfeld-Berger analysis of the CP/MAS spectrum and a nonlinear
least-squares fit of the proton-decoupled 13C powder pattern. The 13CH, unit is both
spatially isolated from other magnetic nuclei in the solid and largely motionally
decoupled from dipolar interactions with the Cp ring protons. For the purpose of
interpreting the proton-coupled 13C powder pattern, we have assumed that the carbon
site of the dimetallocyclopropane unit lies on the intersection of two perpendicular
mirror planes of symmetry. With this assumption, there are six possible relative
orientations of the 13CH, unit with respect to the principal axis system of the 13C
chemical shielding tensor; simulations of the proton-coupled 13C powder patterns have
been compared to the experimental spectrum and the orientation of the chemical
shielding tensor with respect to the molecular frameworks has been assigned. The
C-H bond length and the H-C-H bond angle were obtained from the dipolar coupling
tensor. A single, very large paramagnetic chemical shielding tensor element is a result
of relatively weak carbon-metal bonds through two carbon atomic p orbitals and strong
C-H bonds with the remaining carbon p orbital. Thus, these results are consistent with
a molecular orbital analysis in which the methylene unit has o-donating aj and

m-accepting by valence orbitals.



2.1. Introduction

The chemical and physical properties of bridging methylene metal dimers are
fascinating.1 With a hydride acceptor, (u-CH,)(u-CO)[FeCp(CO)], can be converted
to a bridging methine metal cation;2 treatment with a non-coordinating acid yields an
agostic methyl-bridged cation.3 Such reaction chemistry should be influenced in part
by the charge resident on the bridging methylene carbon.4 Two measures of carbon
charge have yielded differing results. The binding energies of the Cyg orbital for
several bridging methylene metal dimers are significantly less than for cyclopropane,
indicative of a negative charge relative to the aliphatic reference.> Yet, for
cis-(U-C2H,)(u-CO)[FeCp(CO)],, solid-state deuterium NMR shows that the electric
field gradient at deuterons bound to carbon is nearly the same as found for deuterium
bound to an aliphatic carbon site, suggesting the same charge as the reference.6 The
wide range of chemical and physical properties relative to an aliphatic methylene site
emphasizes the importance of the metal-carbon interaction. A molecular orbital picture
of the bonding between a CHj unit and the metal dimer has been developed by a
number of groups.” The salient features are carbon based o-donating a; and
m-accepting by valence orbitals interacting with metal based orbitals. With the presence
of low-lying metal-carbon antibonding orbitals, one can anticipate an unusual 13C
NMR chemical shielding interaction. Herein, we report the results of a solid-state 13C
NMR study of a bridging methylene metal dimer, cis-(i-13CH,)(-CO)[FeCp(CO)],.

An important feature of NMR studies is the ability of the spectroscopist to
predict the general features of the spectrum on the basis of a knowledge of the
interaction Hamiltonians, molecular geometry, molecular dynamics, and electronic
structure. Because one aspect of the these results is so clearly defined, the major
orientation of the chemical shielding tensor, this study provides a textbook example for
what is often considered an obtuse area of NMR spectroscopy, the prediction of

chemical shielding interactions based upon molecular and electronic structure.
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With respect to the spectroscopy, there are two features of note in this work.
First, in the context of IS spin systems, this study is one of the few in which
orientation of the 13C chemical shielding tensor8 - 2 has been determined with use of a
powder sample1 O rather than a single crystal, though rather more examples now exist
for 15N.11-14 Several techniques have been developed for dealing with powdered
samples: separated local field,15~17 analyses of critical frequencies, 13 18 dipolar
modulation,19 + 20 and matching a dipolar coupled powder pattern.18,21-23 In this
work, calculated proton-coupled 13C powder patterns were matched to the experimental
spectrum. As a check, a separated local field spectrum was also calculated and matched
to the corresponding experimental spectrum. Second, the 13C chemical shift anisotropy
for the bridging methylene site is very large, much larger than a typical methylene
site24 and exceeded only by sites such as metal carbonyls and carbon
monoxide.25+ 26 In fact, it is this very large chemical shift anisotropy that makes
possible a qualitative correlation between the orientation of the chemical shielding

tensor and the electronic structure of the bridging methylene unit.

2.2. Theory

2.2.1. Electronic Structure and the Chemical Shielding Tensor.
Chemical shielding is a sum of paramagnetic and diamagnetic contributions:
Ouo = Oha® + 033 (0 = X, y, z). Herein we use 13C chemical shifts referenced to TMS
with positive shifts to higher frequency, i.e., the isotropic chemical shift of benzene is
+128.7 ppm. Therefore, oba® is positive and 633 is generally negative. For 13C sites
in diamagnetic compounds, the diamagnetic contribution has a limiting value of about
~90 ppm2 6 and has less orientational dependence than the paramagnetic
contribution.27+ 28 Thus, we assume that most of the chemical shielding anisotropy

will be due to the paramagnetic term; the component along the x-axis is given here:
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where |1, is the permittivity of free space, e is the charge of the electron, and m is the

mass of the electron.29 The wavefunctions g and yy refer to ground and excited

molecular states as do, respectively, the state energies, Eg and Ey. With the origin at

carbon, rj is the distance to the i-th electron and Ly is the angular momentum operator

for the i-th electron. In spite of the complexity of eq 2.1, many useful results have

been obtained by evaluating eq 2.1 with use of wave functions derived from molecular

orbital calculations.30-32

Generally, there is not sufficient information to evaluate the integrals contained

ineq 2.1. For this reason, a set of approximations is commonly épplied for a simple

chemical shielding analysis. These approximations are the following:

(D

@)

3

The ground- and excited-state molecular wave functions can be
approximated by high-lying bonding and low-lying antibonding orbitals, ¢
and ¢*, respectively.

For integrals of the type (Q)Iz Lixltb*), the only nonzero component is
i

centered on the carbon site33 and is of the form (pzlz Lix
i

py> # 0 where

the Levi-Civita angular momentum rules34 can be used to evaluate the
integral.

All of the nonzero integrals have the same constant, positive value.

With these quite gross, but common, approximations, the expression for
the paramagnetic contribution is greatly simplified. A further simplification
occurs for sites with C,,, symmetry; a coordinate system can be defined
such that atomic P, Py and p, orbitals at a site do not mix. Chart I shows

the coordinate system for a bridging methylene site.
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For the carbon site, the paramagnetic contribution to the chemical shielding along the
y-axis is

ara 1 1
v N (B o) B e (”’

where Eg, and Ea’{ are the energies of high-lying bonding and low-lying antibonding
orbitals with a contribution from the carbon p orbital. Similarly, Ep,, and Eb’; are
related to the carbon py orbital. We note that expressions similar to eq 2.2 have been
generated before.35+ 36 However, the present work is unique in that the experimental
data for the bridging methylene unit contains one element that is so exceedingly large
that we may reasonably expect the approximations listed above to be qualitatively valid.
Finally, the convention used herein for the relative assignment of the principal

components of the chemical shielding tensor is 611 = 032 2 633 and

Giso = %—(0’11 + Oy + G33); again, tensor elements, Gy, are referenced to TMS.9 37

2.2.2. Spectroscopy of I,S Spin Systems. Herein, we give a brief
outline of the procedure used to simulate the proton-coupled 13C powder patterns.
Briefly, we treat the methylene unit as an isolated three-spin system and calculate the

transitions in the frequency domain by solving the time-independent total Hamiltonian
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for the spin state energies.152,34 Carbon transition frequencies are summed over a
range of possible orientations of the methylene unit with the applied magnetic field.

The total Hamiltonian, in frequency units (rad s-1), for the three spin system is

_ C H hetero homo
H total = H CS + HZeeman + Hdipolar + Hdipolar (2'3 )

where the chemical shielding interaction, HC(S:, is given by
Hc§ =- 1B, (I-0)-SC (2.4)

and where 1€ is the gyromagnetic ratio for 13C, B,, is the applied magnetic field, 1 is
the identity matrix, and SC is the carbon spin angular momentum operator.34 The
chemical shielding tensor, 5, is a second-rank tensor with nine elements. Only the
symmetric components of the tensor contribute in first order to the normal NMR

spectrum.37 With the TMS scale, there is a change in sign in eq 2.4, such that
Hc§ =-°BY(1 + o7 %) S§ (2.5)

where we also note that the only nonzero component of the magnetic field is along the
laboratory z-axis. The transformation between the laboratory coordinate system (Lab)
and the molecular coordinate system (PA) is done with direction cosine matrices38 by

using the y-convention39:
SLan = Ry '(6) R; '(x) Gpa RAX)RN) 2.6)

The proton Zeeman interaction, Hzgeman, is given by

HZl:eman ki h'YHB(Z)[IZI + (1+ E)Izz] (27)

where 11 and 15 are spin angular momentum operators for hydrogen at sites 1 and 2,
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respectively. The slight difference in chemical shift between sites 1 and 2,e=10"
ppm, is made so as to render the two sets of proton spin state energies nondegenerate
as the algorithm used to assign spin quantum numbers to each proton spin state is
suitable only for nondegenerate energy levels.

The dipolar interactions are separated into heteronuclear and homonuclear
interactions. The heteronuclear dipolar coupling is given by

M
H dli];:;g; Ilgl—— ([SxIx1 + Syly1 + Szlz1] +[SxIx2 + Syly2 + S;10]} -

T} ab
3 'Y Y

{[erxl + Syryl + Szl'zl] [lefxl + Iyll'yl + Izlrzl] +

I TLab
[erxz + Syry2 + Szsz] [Ixzrx2 + Iyzryz + Izzrz2]) (2.8)

in a molecular axis framework in which the carbon site is the origin and the vectors rfa

and rp? define the positions of hydrogen sites H1 and H2, respectively, in the
principal axis system. We have assumed that both C-H bond lengths are the same;

I rp | = | TpA 2' Transformation of the vectors from the principal axis system into the

laboratory axis system is again done with direction cosine matrices:
i, = rfli Ry(ORN). (2.9)

Similarly, the homonuclear dipolar coupling is given by

h YerYutt
H di;onl‘:r =T b [Ix1Ix2 + Iy1ly2 + Iz11z2] -
I Trab " TLab
Yeryult
l HI _H2[5 ([Tx1(rx1 - rx2) + Iya(ry1 - y2) + Iz1(rz1 - 122)] X
Tiab~ TLab

[Ixa(rx1 - 1x2) + Iyolry1 - 1y2) + L1z - 12)))  (2.10)

The spin angular momentum operators are defined for the uncoupled product basis set



15

of IH1 H2 13C > by direct product expansion from the Pauli spin matrices. There are
six allowed 13C transitions: |o, o, 0> = |, 0, B>, o, B,a>— |, B, B>,
la, B,oa>— B, 0 B> B a0a>—|B 0 B>|B aa>>]a B, B> and

| B, B, & >—| B, B, p>.15P The spin-state energy levels are assigned the spin
quantum number of the carbon based on a conditional test of the diagonal elements of
Ut SSU; greater than zero indicates {3 and less than zero indicates o, and likewise,
similar tests are performed for the two hydrogen nuclei. The unitary matrix, U, is
obtained from the diagonalization of Hota). The carbon powder pattern, with proton
dipolar coupling, is then obtained by summing the carbon transition frequencies over a
range of ¥, 0 orientations over the range of 0 to 90°, inclusive, with sin 8
weighting.22 Typically, we use a uniform step angle of 2° and the calculation takes ca.
70 minutes on a VAXstation 3200. Figure 2.1 shows the six proton coupled 13C
powder patterns for a methylene unit for which the axes of the dipolar and chemical

shielding tensors are colinear.

2.3. Experimental Methods

2.3.1. Sample Preparation. The preparation of
(u-13CH,)(u-CO)[FeCp(CO)], was based on literature methods.*1 The Wittig reagent
was prepared starting from triphenyl phosphine and 13C-labelled (99%) methyl iodide.

(CeHs)sP + CH;l+NaH — (CgHs),P="CH, + Hp + Nal
(CgHs);P=""CH, + (u-CO),[FeCp(CO)], —>
cis, trans-(-">CH,)(1-CO)[FeCp(CO)],

Low temperature column chromotagraphy was used to isolate the cis isomer.
Cis-trans isomerization is facile in hexane solution at room temperature.42 Also, the

cis isomer can crystallize in both monoclinic412 and triclinic space groups.43 On the
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basis of X-ray powder diffraction, both forms are present in the sample used herein.
Because the structure factors for the monoclinic form are not available, the relative
abundance of each form can not be calculated. However, the diffractions
corresponding to the triclinic form are more intense that those due to the monoclinic
form; thus, we judge that the triclinic form is more abundant.

2.3.2. Solid-State 13C NMR Spectroscopy. Solid-state 13C NMR
spectra were taken with Bruker MSL 200 solid-state NMR spectrometer operating at
50.301 MHz for 13C provided with a temperature control unit which uses a copper-
costantan thermocouple junction located near the MAS stator. While there are clear
advantages to performing NMR experiments and the corresponding simulations at
different magnetic field strengths, this was not done here.18.23 A 15 kHz CP/MAS
probe was used and the ~80 mg powdered sample was loosely packed into a 4 mm
ZrO, rotor with a Kel-F cap. The data acquisition was via a standard single contact
Hartmann-Hahn cross-polarization pulse sequence for the sample spinning
experiments.44 Slight modifications of this pulse sequence were used for acquiring
the powder patterns: The proton-decoupled 13C chemical shift powder pattern was
acquired as a spin echo following an 80 s delay. The proton-coupled 13C powder
pattern was also acquired as a spin echo following an 80 ps delay, however, the proton
decoupling rf irradiation was terminated at the maximum of the spin echo. The slow
spinning speed CP/MAS spectra were acquired in the same manner as the proton-
decoupled 13C chemical shift powder pattern; however, the delay in the spin echo
sequence was set to the inverse of the spinning rate. The proton 90° pulse was 3 to
5 ps, though the probe tended to arc at the higher power levels. The cross-polarization
contact time ranged between (.1 and 5 ms and the recycle delay was 3 s. Typically,
10000 to 20000 free induction decays were acquired and an exponential linebroadening

factor of 500 Hz was applied. The chemical shielding values are recorded on the



17

8-scale indirectly referenced through adamantane (external) to tetramethylsilane (TMS).
Fourier-transformed and manually-phased spectra were transferred as binary data files
from the Bruker Aspect-3000 computer to a Macintosh II computer via an RS-232
serial connection and the KERMIT file transfer protocol.45 Conversion from binary to
ASCII data files was done with a program46 written in LabVIEW, a graphical
programming language.47 Spectral simulation programs were written in Matlab v3.5f,
a vector oriented programming language.48 The Levenberg-Marquardt nonlinear
least-square algorithm49 was recoded in Matlab and the data variance was assigned on
the basis of a selected region of the baseline. Recently developed techniques in critical

frequency analysis were considered but not used.13,18,23

2.4. Results

The large chemical shielding anisotropy of the bridging methylene site in
cis—(u-13CH,)(u-CO)[FeCp(CO)], is readily apparent from the 13C chemical
shielding powder pattern shown in Figure 2.2a. The unusually large anisotropy for the
methylene site is much larger than for the aromatic carbons in the cyclopentadienyl
ligands of the related complex, cis—(.-CO),[FeCp(CO)l,, shown in Figure 2.2b, with
6, = 122.6 (6) and o = 18.2 (12) ppm (TMS).50 The presence of two magnetically
inequivalent bridging methylene sites is revealed in the CP/MAS spectrum shown in
Figure 2.2c. The CP/MAS spectrum at 10 kHz shows two bridging methylene sites in
a 60:40 relative abundance based upon peak heights, 6;5, = 145.6 (60% abundant,
triclinic) and Gj, = 139 ppm (40%, monoclinic), and where the crystal morphology is
tentatively assigned on the basis of the relative intensities of the X-ray powder
diffraction lines. Because of the similarity in the spinning sideband pattern, the
elements of the chemical shielding tensors for both the monoclinic and triclinic sites are

similar.
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There are several steps in the determination of the elements of the chemical
shielding tensor and its orientation with respect to the molecular axis system. First, the
proton-decoupled 13C powder pattern was fitted to a model consisting of monoclinic
and triclinic bridging methylene sites plus a contribution from the Cp carbons. Second,
a Herzfeld-Berger analysis was done to verify an assumption made in the previous
model. Third, the proton-coupled 13C powder pattern was compared to the calculated
patterns shown in Figure 2.1. Fourth, the fit to the proton-coupled 13C powder pattern
was optimized by varying d(C-H) and ZH-C-H. Fifth, the assigned orientation was
confirmed by the correspondence between experimental and calculated 2D separated
local field spectra.

Figure 2.3 shows the results of a nonlinear least-squares fit to the chemical
shielding powder pattern. The fitted variables include o7y"° and 655 "°; the value of
o35 " is determined from 67"° and 65, "° and the isotropic chemical shift. We make
the assumption that ol = 623" + 6.6 ppm (& = 1, 2, 3); the reason for this
constraint is the close correspondence between the two chemical shielding tensors that
would otherwise lead to a singularity in the nonlinear least-squares fitting. Finally, a
fixed contribution from the Cp carbons sites is also included. With this model, we find
ol ™ = 365.7 (6), 635"° =755 (1), and 633"° =-24.2 (6) ppm. The value of
x% = 2.0 (step angle = 2°, data variance = 2%) indicates that this model is tenable.
There are two sources of systematic errors that are of concern: anisotropic cross
polarization and finite pulse length effects. Briefly, anisotropic cross polarization is
evident as a decreased cross polarization rate at orientations ("magic angle") for which
the dipolar coupling between 1H and 13C is quenched.24, 51 An interesting
experiment to test for anisotropic cross polarization in this system would be to acquire
the 13C chemical shielding powder pattern without cross polarization and compare the

fit of this data to the model. Unfortunately, the long 13C Ty, on the order of 100 s,
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precluded acquisition of the spectrum without cross polarization. Finite pulse length
effects would be evident as a reduced intensity in the experimental spectrum at the
extremes. We note that the fit is poorest at 20 kHz, as would be expected for a
systematic error due to finite pulse length effects.

In a Herzfeld—Berger analysis, the relative intensities of the spinning sidebands
in series of CP/MAS spectra are used to determine the elements of the chemical
shielding tensor.52 However, here we have used the Herzfeld—Berger analysis for a
more restricted application, verifying the difference between the chemical shielding
tensor elements of the monoclinic and triclinic sites. Shown in Figure 2.4 are the
results of the analysis which show that 64, = 629" + 6.6 ppm (ot = 1, 2, 3). Itis
possible to show the results for both sites since the calculated spinning sideband
intensities depend only on the values of 633 — 6,5, and 6;5, — 01;- Because the
experimental spinning sideband intensities for both crystallographic forms can be fitted
to the same set of calculated traces, the constant 6.6 ppm difference between tensor
elements of the two forms is confirmed. We note, however, that this technique is not
particularly sensitive at the spin rates we can access.

Figure 2.5a shows the proton-coupled 13C powder pattern for
cis—(u-13CH,)(L-CO)[FeCp(CO)],. A simple comparison of the experimental results
with the previously calculated spectra suggests a match with chemical shielding |
orientation shown in Figure 2.1a. The match with one of the spectra of Figure 2.1
indicates that the methylene unit can be treated as an isolated 13CHj spin system. Also,
the Cp rings are rapidly rotating about an axis from the iron atom through the centroid
of the Cp ring. In the related complex, cis—(n-CO),[FeCp(CO)],, the Cp rings are
executing Cs jumps at a rate of (2.4 (5))x10!1 s-1.53 With this rapid motion, the
dipolar interaction between the 13CH, unit and the protons of the Cp rings is much
reduced. The jump rate is temperature dependent. Since spectra taken at —10 and 40 °C

showed no significant variation, aside from random noise, from the spectrum shown in
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Figure 2.5a, we conclude that dipolar coupling between the 13CH, unit and the Cp
protons is negligible.

The result of the nonlinear least-squares fit to the proton-coupled 13C powder
pattern is shown in Figure 2.5b where the fitted variables are vertical scale and vertical
offset. Fixed parameters include the isotropic chemical shifts for the triclinic and
monoclinic forms, the 60:40 relative abundance, d(C-H) = 1.1 A, and
ZH-C-H =109.5°. The contribution of the Cp ring sites to the proton-coupled 13C
powder pattern was ignored since the spectrum of cis—(u-CO),[FeCp(CO)], showed
only a weak, broad resonance. The value of 3 is 2.7 (step angle = 2°,
data variance = 2%) indicating that the model is tenable. Again, there is a possibility
that systematic error may have been caused by anisotropic cross polarization. We note
here the similarity in the pulse sequences used to acquire the spectra in Figures 3a and
5a. Since we have shown in Figure 2.3a that a 13C spin echo has been prepared
without detectable flaw caused by anisotropic cross polarization, we can then expect the
proton-coupled 13C powder pattern to be similarly unafflicted by artifacts. Thus, we
are assured that apparent good fit of the proton-coupled 13C powder pattern to
Figure 2.1a is not an accidental coincidence associated with a powder pattern modulated
by anisotropic cross polarization.

A proton-coupled powder pattern contains geometric information. We recall
that the fit shown in Figure 2.5b was obtained with a fixed methylene geometry. The
proton-coupled 13C powder pattern was fitted while allowing the parameters d(C-H)
and ZH-C-H to vary. The nonlinear least-squares routine successfully converged on
the values: d(C-H) = 1.122 (3) A and ZH-C-H = 110.8 (4)°, and the value of x% is
reduced to 2.1; thus, the fit is significantly better at the 95% confidence level than for
previous fit with fixed d(C-H) and ZH-C-H. For the comparison of bond lengths

determined from NMR dipolar couplings with those obtained from scattering
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experiments such as neutron diffraction, compensation must be made for the effect of
molecular motions upon the measurements.>4 For the NMR experiments, Henry and
Szabo have shown that the averaging of (1 /1-3> for a 13C-H unit is affected by the C-H
stretching vibration and the librational motions of the molecule.>> Generally,
vibrational averaging of the NMR dipolar coupling acts to weaken the interaction such
that the uncorrected bond length is too long, about 2.3 % (propane methylene)>> to
2.7 % (benzene).56 If extensive librational motions are present, say for the methylene
units in solid octane, even larger correction factors are required.>> On the basis of the
C-H stretching frequency for the bridging methylene site,6 and if we also assume that
libration motions are similar to those for the propane methylene, then the corrected
value of d(C-H) is 1.096 (3) A. For comparison, the bridging methylene geometries in
related rhodium and osmium complexes as determined from neutron diffraction are as
follows: trans-(u-CH,)[RhCp(CO)l,, d(C-H) = 1.095 (2), 1.094 (2) A and ZH-C-H
=110.4 (1);57 (u-H),(u-CH,)0s3(CO)10, d(C-H) = 1.090 (11), 1.091 (10) A and
ZH-C-H = 106.0 (8).58 In the X-ray crystallography work for
cis-(L-CHp)(u-CO)[FeCp(CQO)],, the methylene hydrogen atoms were located and
refined isotropically to give d(C-H) = 0.95 (3) and 1.00 (4) A and
ZH-C-H =110 (3).43 The correspondence between the corrected NMR distance and
those obtained from neutron diffraction is exceptionally good. But given the
uncertainty associated the librational motions, the correspondence may be coincidental.
A 2D separated local field spectrum was acquired and is shown in Figure 2.6.
The general features of the 2D spectrum correspond well with the calculated 2D
spectrum obtained with the orientation of the chemical shielding as shown in Figure
2.1a. The dipolar projection along the F1 dimension is particularly sensitive to the
orientation of the chemical shielding tensor and the experimental and calculated
projections agree quite well. The 2D results confirm the orientation previously

assigned on the basis of the 1D results.
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2.5. Discussion

The chemical shielding elements for cis—(u;13CH§)(u—CO)[FeCp(CO)]2 cover
a very large range relative to methylene units in organic compounds; for comparison, in
n-eicosane, CH3CH,(13CH,)14CH,CHj, the chemical shielding elements (TMS
scale) are 611 = 50.2 (20), 627 = 38.2 (20), and 633 = 17.2 (20).24 The chemical
shielding elements are comparable to those found for CO and for terminally bound
metal carbonyls: 13CO (20 K, argon matrix), 611 = 305, Gy, = 305, and 633 = -48;2°
(u-13C0O),[FeCp(CO)],, 611 = 354, 65, = 354, and 633 = —85.25

It is often difficult to correlate chemical shielding in organometallic complexes
with chemical bonding. One approach that appears particularly useful requires either
X059 or Fenske—Hall calculations of model complexes; Fenske and co-workers
successfully modeled the 13C chemical shift of metal carbenes and alkyls®0 and 11B
chemical shifts in metalloboranes.®1 However, due to three factors, we have an
extremely fortunate situation here in which to apply a simplified chemical shielding
analysis: large chemical shielding anisotropy, local Cy,, symmetry for the
dimetallacyclopropane unit, and published results of molecular orbital calculations.
These three factors facilitate a correlation between chemical shielding and chemical
bonding. The correlation requires two main components. First, the paramagnetic
contribution to the chemical shielding elements is related to the energies of the bonding
and antibonding orbitals and the appropriate angular momentum operators as was done
in eq 2.2 for the chemical shielding tensor element directed along the y-axis. Second, a
molecular orbital diagram for a dimetallacyclopropane unit is prepared on the basis of
the best available information.

In a parameter-free Fenske~Hall calculation of (u-CH,)(1-CO)[FeCp(CO)]l,,
Bursten and Cayton determined the energies of molecular bonding and antibonding
orbitals derived from the aj and by frontier orbitals of the methylene unit; the relative

energies of three out of the four orbitals are given in Figure 2 of their paper:
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a; <> by =3.2eVand a; <> bj* =9.2 eV.42 The other necessary orbital energies are
a; =-14.47, a;* = -2.27, by (C-H) = -26.15, by* (C-H) = 53.25 eV; only the highest
occupied and lowest lying virtual orbital energies are given here.62 We note here the
reported tendency for Fenske—Hall calculations to spread the energy levels of ligand
orbitals.63 That feature is not important here as only orbital energy ordering and
approximate spacings are required for the qualitative analysis of the chemical shielding
tensor.

In Figure 2.7, the energies of molecular orbitals with significant methylene
carbon atomic p orbital contribution are shown. The energies for cyclopropene are
taken from the results of an SCF~HF calculation with a double-£ basis set.64 The
energies for the dimetallacyclopropane unit are taken from the work of Bursten and
Cayton with the assumptions listed above. The dashed lines between the two systems
illustrate the evolution of the methylene carbon atomic p orbitals between the two
bonding environments. The vertical double-headed arrows indicate the nonzero angular
momentum integrals that contribute to the chemical shielding, analogous to eq 2.2. The
experimental chemical shielding elements in the indicated coordinate system for both
cyclopropene®> and the dimetallacyclopropane unit (this work) are given above the
respective manifolds.

Cyclopropene represents the typical situation where there is no apparent
qualitative correlation between the chemical shielding elements and the reciprocal of
differences among the orbital energies. We conclude that there is no single element of
the chemical shielding tensor that is large enough to make the gross approximations
inherent in eq 2.2 valid.

However, for the dimetallacyclopropane unit, there is a strong qualitative
correlation between the largest element of the chemical shielding tensor and the close

energy spacing among molecular orbitals composed of carbon atomic px and py
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orbitals. There is a very large paramagnetic contribution to the chemical shielding

tensor element directed along the y-axis as shown in Figure 2.7 and detailed here:

total dia ara
Oyy. (TMS) =Gyy + Gy =

c‘yﬁ;+k|i( 1 1

a; = bl) +(b: - a1)

} =372.3 (6) ppm (2.11)

Thus, we conclude that the frontier orbital analysis indicated in Chart I is consistent
with the NMR results for the major orientation of the chemical shielding tensor.

The simplified chemical shielding analysis is clearly of limited utility. For
example, the orbital energy levels of the dimetallacyclopropane unit suggest that oy
and oyy should be nearly equal. Again, it is apparent that one element of the chemical
shielding tensor must be very large so that the approximations leading to eq 2.2 are
made valid. Alternatively, there may be a significant error in the orbital energy
spacings in Figure 2.7, most likely in the placement of a;* (see above).

We now turn to a brief discussion of the charge on the methylene carbon and
possible inferences from the chemical shielding data. Generally, it is the diamagnetic
contribution to the chemical shielding tensor that is most relevant to questions of
charge.66 In the case of axial symmetry, the paramagnetic contributions cancel for o))
and a fiducial value the diamagnetic contribution of -90 ppm was found for
sp-hybridized carbon sites.26: 67 Since the methylene unit lacks axially symmetry,
the most negative chemical shielding element, which is along the x-axis, is likely to
have both paramagnetic and diamagnetic contributions. Therefore, 632 may range
anywhere from —17.6 (6) ppm to —90 ppm to even some much more negative value, if
there should be a large negative charge on the methylene carbon. Very roughly, the

dia term should change by about —65 ppm or greater for an additional unit of negative

charge.68 A second unknown is whether there is a change in the radial distribution
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function of the carbon orbitals between the bridging methylene site and axially
symmetric sites for which the fudical mark of 6} =—90 ppm was determined. Thus,
we can draw no conclusions from the chemical shielding data regarding the charge on

carbon.

2.6. Conclusions

The complete orientation of the chemical shielding tensor has been obtained for
a methylene unit in an organometallic complex. The determination was based upon the
local symmetry of the methylene site (two orthogonal mirror planes) and the
asymmetric dipolar coupling tensor due to the two methylene protons. The strength of
the dipolar interaction was used to measure the methylene geometry:

d(C-H) = 1.096 (3) A (corrected for vibrational effects) and ZH-C-H = 110.8 (4)°.
The sample consisted of two crystallographic forms of
cis-(u—13CH2)(u-CO)[FeCp(CO)]2. For the triclinic form, the chemical shielding
tensor elements are: 617 = 372.3 (6) (perpendicular to the dimetallacyclopropane ring),
0y, = 82.1 (1) (bisects the two hydrogens of the CH; unit), and 633 =~-17.6 (6) ppm
(TMS) (parallel to the Fe-Fe bond axis). The elements of the monoclinic form are very
similar: 629" = o4l - 6.6 ppm (o = 1, 2, 3).

The principal elements of the chemical shielding tensor are correlated, using a
simplified chemical shielding analysis, with the published results of a Fenske-Hall
molecular orbital calculation. On the basis of the symmetry and relative energies of the
bonding and antibonding orbitals, the largest paramagnetic chemical shielding tensor
element is predicted to be perpendicular to the plane of the dimetallacyclopropane unit,
in excellent agreement with the experimental observation. However, the limitations of
the simplified chemical shielding analysis are quite obvious on two counts: First, an
incorrect prediction is made for the two paramagnetic chemical shielding elements in the

plane of the dimetallacyclopropane unit. Second, the diamagnetic chemical shielding
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elements are not determined from the simplified analysis; thus, no information is
available regarding charge on the methylene carbon.

For several reasons, this study of a 13CH, unit provides a textbook example for
a simple analysis of the paramagnetic contribution to the chemical shielding tensor.

(1) Because of the Cy,, symmetry, the otherwise complex angular momentum
integrals of the chemical shielding interaction can be dealt with by using the
Levi—Civita rules.

(2) Because two of the carbon p orbitals participate in C—Fe bonds and one in
the much stronger C-H bonds, 69 there is a conveniently large separation
between sets of bonding and antibonding carbon valence orbitals.
Therefore, one element of the chemical shielding tensor has a much large
paramagnetic contribution than the other two.

(3) The dipolar coupling interaction allows not only the assignment of the
chemical shielding tensor orientation, but also the determination of local
molecular geometry ("nanoscopic MRI").

An extension of this work, NMR sensitivity permitting,’ 0 is the qualitative
prediction and observation of surface bound species. The detection of bridging
methylene units on surfaces has been particularly difficult.” 1 Given that various
aspects of the problem are already known in some detail, bonding” 2 and Knight
shift,”3 it should be possible to qualitatively predict some aspects of the chemical

shielding tensor for a surface bound species.
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Note Added in Proof. A recent compilation by Duncan?4 nicely clarifies the issue
of chemical shift scales. To make our labels consistent with Duncan's, change & to &

except for eq 2.4.
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Figure 2.1.

Calculated proton-coupled 13C powder patterns for the six possible relative orientations
of the chemical shielding tensor with respect to the dipolar coupling tensor for a
methylene site with local Cy,, symmetry. Important parameters in these calculations
are: 611 = 378.9, 053 = 61.5, G33 = —29.4 ppm (TMS), d(C-H) = 1.1 4,

/H-C-H = 109.5°, v(13C) = 50.301 MHz, and Lorenztian line broadening 3 kHz.
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Figure 2.2.

Solid-state NMR spectra: (a) proton-decoupled 13C chemical shielding powder pattern
for cis- (},L—13CH2)(].L-CO)[FCCP(CO)]2, cross polarization time of

5 ms was used at a field strength corresponding to a IH 90° pulse of 5 us; (b) 13C
chemical shielding powder pattern for cis-(U-CO),[FeCp(CO)], showing the powder
pattern for the cyclopentadienyl carbons; (c) CP/MAS spectrum of a 60:40 mixture of
triclinic and monoclinic cis-(u—13 CH»2)(u-CO)[FeCp(CO)]p; VR = 4.98 kHz, solid-
state isotropic chemical shifts for the bridging methylene carbon are 145.6 and 139.0
ppm (TMS) for the triclinic and monoclinic forms, respectively, other resonances are at
87.8 ppm for the cyclopentadienyl carbons and 284.4 and 212.5 ppm for the bridging

and terminal carbonyls, respectively.
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Figure 2.3.

Results from a nonlinear least-squares analysis of the proton-decoupled 13C chemical
shielding powder pattern of a 60:40 mixture of triclinic and monoclinic
cis-(u-13CH2)(u-CO)[FeCp(CO)]2: (a) experimental 13C chemical shielding powder
pattern; (b) best calculated fit, with 1 kHz of Lorenztian line broadening, to the
experimental spectrum and the corresponding residuals (c). The fit is composed of
three components as shown in (d). The three components of the fit are the methylene
carbons of monoclinic form (.-.), the triclinic form (---), and the cyclopentadienyl
carbons (—-). The deviation at about 380 ppm may be due to finite pulse length

effects.
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Figure 2.4.

Traces show the calculated intensities of a central band and related spinning sidebands
based on a Herzfeld—Berger analysis of the CP/MAS experiment. The solid traces are
based on the monoclinic form with 611 =365.7, 655 = 75.5, 633 = —24.2 ppm. The
experimental central and sideband intensities of the monoclinic form are indicated as
with an asterisk. The data for the triclinic form are shown as a circle by making the
assumption that o = o%g™ + 6.6 ppm (o = 1, 2, 3). The dotted lines are to indicate
the precision of this experiment and are shown for 220 ppm variations in 033 — 62, and
Ojso — O11. Spin rates range from 5 to 10 kHz; below 5 kHz, there was interference

from the Cp ring spinning sideband pattern.
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Figure 2.5.

Results from a nonlinear least-squares analysis of the proton-coupled 13C powder
pattern of cis-(u-13CH2)(u—CO)[FeCp(CO)]2 with the orientation shown in Figure 1a:
(a) The experimental proton-coupled 13C powder pattern, cross polarization time of

5 ms was used at a field strength corresponding to a 1H 90° pulse of 5 ps; (b) best
calculated fit, with 3 kHz of Lorenztian line broadening, to the experimental spectrum,
¥2 = 2.7 with a step angle of 2°, fit is composed of two components, the methylene
carbons of the monoclinic and triclinic forms; (c) residual, negative deviation at about

800 ppm may be due to finite pulse length effects.
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Figure 2.6.

Calculated (a) and experimental (b) 2D separated local field spectra of

cis—(u—1 3 CHj)(u-CO)[FeCp(CO)],. The pulse sequence of Linder et al. was used
with a 5 s 90° 1H pulse and evolution with 141 kHz off resonance decoupling.1 6
Also shown are the calculated and experimental dipolar projections along the F1
dimension. The calculated results are obtained with the same chemical shielding tensor

elements and orientation as used for the 1D simulation in Figure 2.5.
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(a) Calculated

(b) Experimental
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Figure 2.7.

Molecular orbital correlation diagram for cyclopropene and a dimetallocylcopropane
unit. The orbital energies for cyclopropene are from an SCF-HF calculation with a
double-& basis set; the axis system shown for cyclopropene is the same as used in the
calculation.64 The chemical shielding tensor elements for cyclopropene are listed
above the manifold.®5 The orbital energies for the dimetallocyclopropane unit are
taken, in part, from the results of a Fenske—Hall calculation of
cis-(u-CHp)(1-CO)[FeCp(CO)],; 42 the energy scale and reference for the
Fenske—Hall calculation are different than those of the SCF—-HF work. In particular,
the energy of the C—H antibonding orbital is, as expected, anomalously high; 63
however, that is not a problem for this qualitative analysis. The chemical shielding
tensor elements listed above the manifold are from this work rewritten in the coordinate
system defined by cyclopropene. The dashed lines connecting orbitals of the two
manifolds indicate the evolution of atomic p orbitals on the methylene carbon. The
vertical double-headed arrows indicate nonzero contributions to the paramagnetic
chemical shielding interaction. The length of each arrow represents the inverse of the

magnitude of the contribution as detailed in eq 2.2.
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Abstract

The deuterium quadrupole coupling constants and the asymmetry parameters for
six bridging metal hydrides, [Et,N][2HCr,(CO);,], [(Ph3P),N][2HCr,(CO),(],
[Ph,P] [2HCr2(CO)10], [Ety;N][ZHW(CO);,], [(Ph3P),N] [2ZHW,(CO);(), and
[Ph,P] [2HW2(CO)10], were determined from the Levenberg—Marquardt nonlinear
least-squares fit of the solid-state deuterium NMR powder patterns. The quadrupole
coupling constant (absolute value) varies from 54.1 (8) to 90.4 (2) kHz; the asymmetry
parameter ranges from 0.027 (3) to 0.31 (2). The relationships between the quadrupole
coupling constant and M-H bond length and between the asymmetry parameter and the
M-H-M bond geometry are discussed on the basis of a point charge model. In order to
assess motional averaging at the deuterium site, the temperature dependence of the 2H
NMR spectrum for two bridging metal hydrides was examined at 140, 200, and 300 K.
In addition, the isotropic chemical shifts have been obtained from 1H CRAMPS. These
NMR results are highly pertinent to NMR spectroscopy of adsorbed hydrogen on metal
surfaces. The solid-state structure of [Ph4P] [2HCr2(CO)10] has been determined by

X-ray diffraction.
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3.1. Introduction

The M-H-M bond in the [HM5(CO)1¢]- monoanion (M = Cr, Mo, W) has been
of considerable interest because it contains a single unsupported three-center bond.2-6
Unlike the linear hydrogen bonds found in KHF, 7 and Na[Me;Al-H-AlMes] 8-10,
the bridging metal hydride bonds in these transition metal dimers are bent 11-15 even
when the metal carbonyl framework has a pseudo Dy, geometry, as shown in
Figure 3.1a for [Et4N][HCro(CO);0] 11, The metal carbonyl framework is sensitive to
the counter-ion with a bent staggered geometry being relatively common 3, 4,11-15,
as shown in Figure 3.1b. Metal hydrides are common species on surfaces and may
often exist in a bridging environment 16,17,

Solid-state deuterium NMR techniques have previously been used to
characterize the terminal metal hydride sites in (1)5-CsHs),Mo(2H),18,
(M5-CsHs),W(2H),18, (n5-CsHs),Zr(2H),19, and 2ZHMn(CO)520, and to determine
the charge on a carbon atom in an organometallic alkyl complex 21. Recently, dynamic
information about the rotational jump motion for the cyclopentadienyl ring in
(1-CO),[FeCp(CO)], was obtained from deuterium line shape analyses and T
measurements. 22

Deuterium quadrupole coupling constants have been measured in a wide variety
of bridging hydrogen sites: K2HF,,7 - 23 0-2H---O in CuSOy4-5H,0,24 and many
other hydrogen bonds with oxygen atom donors and acceptors;24~26 and N-2H---O
in anthranilic acid27 and other systems involving nitrogen atom donors and/or
acceptors28, 29 Also, relatively accurate calculations can be made using ab initio
molecular orbital techniques and extended basis sets. One possibility revealed by the
results of calculations is that of a negative quadrupole coupling constant, either in a
nonlinear site, as in diborane30-34, or for a particularly long, symmetric linear

hydrogen bond25.
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In this work we are trying to obtain structural information on the M-2H-M unit
in the [2HMZ(CO)10]' monoanion (M = Cr, W) by using solid-state deuterium NMR
spectroscopy. This quest is based on the fact that the solid-state deuterium NMR
spectrum of a powder is determined by two measurable parameters3 >, the quadrupole
coupling constant and the asymmetry parameter, which describe the principal elements
of the electric field gradient tensor3 6. The quadrupole coupling constant is a measure
of the magnitude of the electric field gradient at the deuterium site while the asymmetry
parameter gives information about the shape of the electric field gradient; for example,
an asymmetry parameter of zero suggests at least 3-fold symmetry at deuterium.
Consequently, both parameters will be related to the M—H bond distance and the

M-H-M bond angle.

3.2. Theory
For the calculation of the deuterium powder pattern NMR line shape, the total

Hamiltonian is given by a combination of Zeeman and quadrupolar interactions,
H tota]= - YHo(1 + Giso)Iz + Hq (3.1)

where 1 is the gyromagnetic ratio for deuterium, 27 x 653.5 rad s-1 G1,H,is the
applied magnetic field, I is the deuterium spin angular momentum operator in the
laboratory coordinate system, and Ojs, is the isotropic chemical shift relative to TMS.
The quadrupole coupling Hamiltonian for a nucleus with I 2 1 is given by3°

Hy = prr === (21 1) 2 VL‘*‘b [—(Ikl + L) - i1 (3.2)

where Q is the nuclear quadrupole moment, 2.86x1027 cm? for deuterium37 and 8y is
the kronecker delta. The electric field gradient, Vi; (=eqy;), can be described as a

symmetric 3x3 traceless tensor with the convention | eq,| = | eqyy| =] eqx |36 The
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magnitude of the electric field gradient tensor is given by the quadrupole coupling
constant, e2q,,Q/h. The deviation from axial symmetry is indicated by the asymmetry
parameter, 1:

n= €Qyy — €dxx (0<n<1) (3.3)
€qzz

In the principal axis system, the electric field gradient tensor can be reduced to two

parameters, €q,; and N:

(1-m) 0 0
VA=-ZE 0 (1+m) 0 (3.4)
0 0 2

The transformation between the laboratory coordinate system (Lab) and the molecular
coordinate system (PA) is accomplished with direction cosine matrices3 8 using the

y-convention39:
Vi = R3!(6) RZ ') VPA R )RM6) (3.5)

Only two Euler angles, 6 and %, are needed to orient the electric field gradient tensor
relative to the applied magnetic field, H,.

The transition frequencies are obtained by solving the eigenvalue problem for
Hiotal at a given orientation, 6 and ). There are two allowed transitions among the
deuterium spin states: [+1>—10> and 10>—1>. Thus, the deuterium powder patterns
are obtained by summing the deuterium transition frequencies over a range of 6 and
orientations within the limits of 0 and 90° with sin ® weighting40. Typically, we use a
uniform step angle of 2° and the calculation takes about 10 minutes on a VAXstation
3200. At the temperatures and the magnetic fields used here, the shape of the

deuterium powder pattern does not depend upon the sign of the quadrupole coupling
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constant, thus, the sign can not be determined. However, at extreme conditions, for
example, 0.02 K and 18 T, Boltzmann statistics do affect the line shape such that the
sign can be obtained, provided a small tip angle rf pulse is used41.

The elements of the electric field gradient tensor are the sum of nuclear and
electronic terms, the latter is expressed as an expectation value of the electronic

wavefunction ¥,

2 2
3Zn -1

—e( ¥ (3.6)

eqzz=‘|‘2 Kn
n

I

where e is the electronic charge, n is the index over the other nuclei whose charge is
K,, and i is the index over the electrons of the molecule. Molecular wavefunctions
suitable for use in eq 3.6 can be obtained from ab initio SCF-HF calculations provided
extended basis sets are used.30-32 In the absence of detailed molecular
wavefunctions, an approximate analysis is often feasible using point charges to
represent the combined nuclear and electronic contributions from neighboring atoms.
Thus, at the bridging deuteron, two point charges representing the metals will produce
an electric field gradient along the z-axis (PA)

il I

where r is the M-H bond length, 0 is the M—H-M bond angle, and z is along the
M---M vector. Analogous expressions apply for eqxx and eqyy. The adjustable
parameter, K', was determined from the experimental quadrupole coupling constant for
[EtyN] [ZHCr2(CO)10] at 300 K and has a value of +1.104 e, with the assumption that
the sign of the quadrupole coupling constant is positive.42 Due to the 1/r3 distance
dependence, charges close to the origin have the greatest effect on the electric field

gradient. With this model, the effects of structural variations in a static nonlinear
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bridging metal hydride on the values of the quadrupole coupling constant and the
asymmetry parameter can be assessed, as shown in Figure 3.2. Early on, a deficiency
in the point charge model was found; an exaggerated dependence of the asymmetry
parameter on the bond angle is apparent on comparison with the experimental results.
Therefore, also shown in Figure 3.2b are the results from a set of ab initio molecular

orbital calculations for a model system, [Na—H-Na]+.43

3.3. Experimental Methods

3.3.1. Sample Preparation. Bridging metal hydrides,
[EtyN][HCr,(CO);(l, [(Ph3P),N][HCr,(CO)(], [PhyPI[HCr,(CO)40l,
[EtyN][HW,(CO);(], [(Ph3P),N][HW,(CO)(], and [PhyPI[HW,(CO)(], were
synthesized from Cr(CO)g or W(CO)g and NaBH, according to the method described
by Hayter for the tetracthylammonium salt.44 For preparation of the
bis(triphenylphosphine)iminium and tetraphenylphosphonium salts, [(Ph3P),N]Cl and
[Ph4P]Cl were substituted for [EtyN]Br. Identical methods were utilized for preparing
the deuterated complexes except that NaBD, was used as the reducing agent. All
reactants were reagent grade and were used as obtained from commercial sources
without further purification. Purity of products was established by infrared
spectroscopy. In cases where spectra of the initial product showed evidence of
contamination by M(CO)g, recrystallization from either ethanol or
tetrahydrofuran/hexane was effected until all infrared evidence of starting material had
been eliminated. Solution 1H NMR data were recorded with a Varian T-60
spectrometer in deuteroacetone solutions.

3.3.2. Crystallographic Work for [PhyP][2HCr,(CO)q¢l-
Diffraction data were collected on an Enraf-Nonius CAD4 diffractometer equipped with

Mo Ko radiation and a graphite monochromator. Data reduction included corrections
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for Lorentz, polarization, background, and absorption effects. Absorption corrections
were based on ¥ scans. The structure was refined by full-matrix least squares based
on F. Calculations using the Enraf-Nonius SDP programs.45 Non-hydrogen atoms
were refined anisotropically; the bridging hydride was refined isotropically, while
hydrogens bound to carbon were placed in calculated positions. Crystal, experimental,
and refinement data are given in Table 3.1. Atomic positions are listed in Table 3.2.
Selected bond distances and bond angles are listed in Table 3.3. Figure 3.1b shows the
atom-labeling scheme for the [2HCr,(CO);]- anion in [Ph4P] [2HCrp(CO)1pl-

3.3.3. Solid-State Deuterium NMR Spectroscopy. Deuterium
powder patterns were collected at 30.709 MHz on a Bruker MSL200 solid-state NMR
spectrometer. A static wideline probe was used and ~ 200mg of sample was packed
into a 5 mm glass sample holder. The spectra for [Et;N] [2HCr2(CO)w] and
[Ph,P] [2HCr2(CO)10] were obtained at 140, 200, and 300 K and the others only at 300
K. In order to prevent the O-ring seals about the bore tube of the superconducting
magnet from freezing during the 140 K experiment, a continuous room temperature
nitrogen gas flow through the magnet bore ans used. (We know of two cases where
O-ring failure has lead to loss of vacuum in the Dewar and subsequent quenching of the
superconducting magnet.) The spectra for [EtyN] [2HCr2(CO)10] showed some
frequency shifts at lower temperatures; the spectrum acquired at 200 K exhibited an
apparent isotropic shift of 180 ppm downfield relative to the 300 K spectrum. This
shift is three times larger than the exponential line broadening and may have been due to
a temperature dependent probe magnetic susceptibility and/or a paramagnetic impurity
in the sample.

The quadrupolar echo pulse sequence was used:

(90, 5~ T1 - 90y~ Tp - acqx,_x).4 6 The 90° pulse length was 3 ps. The first delay
between 90° pulses, T4, was 25 or 120 s and the second delay before echo

acquisition, T,, was 26.5 or 121.5 ps. Delays of 120 and 121.5 ps were used only for
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[(Ph3P),N] [2ZHW 2(CO);l to remove a zero frequency spiké possibly associated with a
deuterated contaminant. A relaxation delay of 60 or 120 s was used. A two-step
phase-cycling procedure, where the phase of the first 90° pulse and the receiver phase
are alternated between 0° and 180°, was used in order to cancel the effects of probe
ringing.47

Exponentially filtered (2 kHz), Fourier-transformed, and manually-phased
spectra were transferred as binary files from the Bruker Aspect-3000 computer to a
Macintosh II computer via an RS-232 serial connection and the KERMIT file transfer
program. Conversion from binary to ASCII data files was done with a program48
written in LabVIEW, a graphical programming language.49 Spectral simulation
programs were written in Matlab, a vector-oriented programming language.>0 The
Levenberg-Marquardt nonlinear least-squares algorithm>1 . 52 was recoded in Matlab
and used in a program to fit an experimental spectrum with a simulated line shape
where the variables include the deuterium quadrupole coupling constant and the
asymmetry parameter. The quality of the fit is judged to be good if no systematic
deviations are observed in a plot of the residuals and the value of 3 is approximately
one.

3.3.4. TH CRAMPS. !H CRAMPS NMR spectra were recorded at 187
MHz on a modified Nicolet NT-200 spectrometer.>3 The BR—24 pulse sequence was
utilized,24 with pulse widths and T values of 1.26 ps and 3.0 s, respectively.
Samples (ca. 50 mg) were packed into 5 mm (2 mm i. d.) NMR tubes and were spun at
the magic angle at a rate of 1.5 kHz. Each spectrum was accumulated with twenty
repetitions and 512 data points. Chemical shifts were measured relative to
tetrakis(trimethylsilyl)methane (& = 3.75 ppm) and are reported relative to

tetramethylsilane (TMS).
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3.4. Results

Figure 3.1b shows the X-ray crystallographic structure of the [2HCr2(CO) 100
anion in [Ph 4P][2HCr2(CO)10]. This structure is similar to, although not isomorphous
with, that of the tungsten complex.3+ 4 The metal carbonyl framework shows a bent
staggered metal carbonyl geometry. The torsion angle defined by C13—Cr1-Cr2-C23
is —44.3 (2)°. The dihedral angle between the two planes defined by each chromium
atom and the carbon atoms of its corresponding equatorial carbonyl ligands is
16.0 (4)°.

To acquire the deuterium powder patterns in these metal hydrides with
acceptable signal-to-noise ratio is very difficult because of the very few deuterons in the
~ 200 mg sample and the quite long spin-lattice relaxation time, Ty. For example, the
number of deuterons in 200 mg of [Et,N]J[2HCr,(CO);] is only 4x10-4 moles. The
deuterium T; was not quantitatively measured due to the poor signal-to-noise ratio, but
estimated to be 60 seconds or longer for [Et4N][2HCr2(CO)10], based on spectra taken
with different relaxation times. The spectra in Figure 3.3 required between 3000 to
6600 scans for acquisition times of 70—110 hours each.

Figures 3.3 and 3.4 show the solid-state deuterium NMR powder patterns
obtained at 300 K for six bridging metal hydrides and the nonlinear least-squares fits.
The spectra show that three bridging metal sites have apparent axial symmetry, n =0,
and the other three do not have axial symmetry, 1 2 0.16. Because of the obvious
potential for motional averaging, one compound from each group, 1 =0 and n » 0, was
studied as a function of temperature down to 140 K. The solid-state deuterium NMR
powder patterns for [EtyN] [ZHCrZ(CO)m] and [Ph,P] [2HCr2(CO)10] and the nonlinear
least-squares fits are shown in Figure 3.4 as a function of temperature. There are
minor variations in the deuterium powder patterns, but no evidence for the

transformation of one spectral type into the other was found. The results of the
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nonlinear least-squares fit to the deuterium powder patterns of all spectra are listed in
Table 3.4.

Solid state pfoton NMR spectra were collected on five of the protio complexes.
The spectrum for [Et,N]J[HCr,(CO)(] is shown in Figure 3.5 and chemical shifts
(relative to TMS) for the bridging hydride sites are reported in Table 3.4. The range of
chemical shifts among the complexes of each metal is quite narrow: 0.3 and 1.0 ppm
for Cr and W, respectively. Inasmuch as the accuracy of the § values obtained by the
CRAMPS technique is estimated to be £ 0.2 ppm, these ranges reflect insignificant
chemical shift differences among complexes of the same metal and indicate that the
shielding at the bridging H is quite insensitive to M—-H-M geometry and metal-carbonyl
conformation. Moreover, the solid state hydride chemical shifts are nearly identical to
the solution values of —19.5 and —12.5 ppm for [HCr,(CO),]" and [HW,(CO),l,
respectively. The absence of spinning sidebands on the hydride resonances in the 1H

spectra also suggests minimal chemical shift anisotropy for these sites in the solid state.

3.5. Discussion

The interpretation of the deuterium electric field gradient parameters, the
quadrupole coupling constants and the asymmetry parameters, for these bridging metal
hydrides can be understood by considering three main factors:

(1) the M-H bond length,

(2) the M-H-M bond angle, and

(3) possible rapid four-site jump motion in systems with an eclipsed metal

carbonyl geometry.

The magnitude of the electric field gradient, the quadrupole coupling constant,

is mainly affected by the M—2H bond length since the electric field gradient has a 1/r3

distance dependency. From the neutron diffraction results, M—H bond distances range
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from 1.707 (21) to 2.070 (12) A. To indicate this variation, two traces are shown in
Figure 3.2a in which the value of the quadrupole coupling constant is plotted as a
function of the M—~H-M bond angle. The upper trace, having the larger quadrupole
coupling constant, is computed using d(M-H) = 1.7 A whereas the lower trace
represents d(M—H) = 1.9 A. Again, the traces shown in Figure 3.2 are computed from
a simple point charge model for a symmetric M—2H-M unit. A parameter in the model,
K', was determined from the experimental results for [Et4N] [2HCr2(CO)10]. All
deuterium sites with | e2q,,Q/h| > 80 kHz have at least one M—H bond length of

~ L7 A.

To a lesser extent, the value of the quadrupole coupling constant is affected by
the M—H-M bond angle. In the point charge model, the electric field gradients due to
each metal add most efficiently for a bond angle of 180°. A decrease in the M—2H-M
bond angle causes a decrease in the value of the quadrupole coupling constant. The
two metal complexes, [Ph4P][2HCr,(CO);0] and [Ph4P][2HW,(CO);¢], have both a
relatively symmetric M—H-M unit and a small M—-H-M bond angle and also have the
smallest quadrupole coupling constants.

The asymmetry parameter directly reflects the M—H-M bond angle, as shown in
Figure 3.2b. As discussed earlier, the point charge model apparently exaggerates the
effect of nonlinearity, so results from the study of a model system, [Na-H-Na]*,
obtained by ab initio molecular orbital techniques, are also shown in Figure 3.2b.43
The bridging metal hydride with the most acute M—2H-M bond angle,
[Ph,P][ZHW(CO)y(], also has the largest asymmetry parameter, n = 0.31 (2). With
the exception of the highly asymmetric [Et;N][2HW,(CO);0] complex
(dM-H) = 1.718 (12), 2.070 (12) A), the asymmetry parameters are extremely well
fit by the [Na-H-Na]* model system. The point charge model yields an exaggerated
dependence of the asymmetry parameter on the M—2H-M bond angle, whereas the

more diffuse charge associated with the sodium cations leads to a smaller difference
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between the two minor elements of the electric field gradient tensor. The largest
deviation from the [Na~H-Na]* model is found for [Et;N] [2HW2(CO) 10]: there are
two possible explanations for the deviation. First, the W-H-W unit is asymmetric>>
and has two different W-H bond lengths, thus the electric field grﬁdient at deuterium
may be similar to that of a terminal metal hydride with axial symmetry (] = 0).
Second, motional effects may be important for this complex with its eclipsed metal
carbonyl geometry, as discussed below. We note here that the NMR experiment is
performed at 300 K whereas the neutron diffraction data were collected at 14 K.
Therefore, the metal hydride NMR data may be affected by jump motions between
hydride sites identified in the low temperature structure.

The last factor to consider is motional averaging of the electric field gradient due
to rapid jump motion of the bridging deuteron among several different sites in the
M-2H-M bond. In a neutron study at 17 K of [(Ph3P)2N][2HCr2(CO)10],14 four
equivalent off-axis sites of the bridging deuteron were refined in a system with an
eclipsed metal carbonyl geometry. Rapid jump motion among the four off-axis sites
will average the two minor components, egxx and eqyy, of the electric field gradient.
Thus, the expected motionally averaged asymmetry parameter is zero, as may be the
case here for [EtyN] [2HW2(CO)10]. A near-zero asymmetry parameter indicates that
the jump motion is rapid with respect to the frequency separation of the minor
components of the spectrum, on the order of 10 kHz for | = 0.3 in the static limit. The
[Et,N][2HW,(CO);(] complex is an especially interesting prospect for future NMR
studies at very low temperatures. Averaging the asymmetry parameter to zero would be
accomplished by a four-site jump motion; a two-site jump, like that indicated in
Figure 3.1a, would not be sufficient to change the value or orientation of the minor

components.2
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The temperature dependent studies do not show clear evidence for rapid four-
site jump motions in either complex studied. For [EtyN] [2HCr2(CO)10], which has the
eclipsed structure, the fact that the asymmetry parameter remains near zero from 300 to
140 K could be interpreted as evidence that the activation barrier to a possible four-site
jump motion is small (two-site rather than four-site disorder was found in the 295 K
neutron diffraction study1l). However, analysis with the point charge model suggests
that even in the static limit, the asymmetry parameter for [Et,N] [2HCr2(CO)10] will be
small simply as a result of the large M—2H-M bond angle. Similarly, the small
asymmetry parameter for [(PhyP),N] [2HCr2(CO)10] may also be due to the large
M-2H-M bond angle rather than motional effects.

Raman and infrared spectroscopy of bridging metal hydrides is usually done at
low temperature so as to increase the spectral resolution for the metal-hydride stretching
and bending modes>+ >7. The temperature-dependent line-broadening mechanism
affecting Raman spectroscopy may also affect the deuterium electric field gradient
tensor, as seen most clearly in the temperature dependence of the asymmetry parameter
for [Ph4P][2HCr2(CO)10]. The sharp increase from n = 0.162 (6) at 300 K to
1 =0.23 (1) at 140 K is seldom observed in NQR spectroscopy in the absence of a
distinct phase change. It is not clear what the low temperature limit for the asymmetry
parameter might be, and further experiments are planned.

Because of crystallographic disorder, one of the complexes studied,
[(Ph3P)oN] [2HW 2(CO);p), has an unknown M-H-M geometry.15 The solid state
deuterium NMR parameters are similar to those found for [Ph,P] [2HW2(CO) 10] and
suggest a similar structure. Some refinement of the structural prediction is possible
with the aid of the modified point charge model. 'th6 most likely M—-H-M angle is
more obtuse than for [Ph4P] [2ZHW. 2(CO);l, possibly about 135°, based upon the

asymmetry parameter of 0.201 (3).
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3.6. Conclusions

Solid-state deuterium NMR powder patterns were acquired for six bridging
metal hydrides to obtain structural information on the M—2H-M structure. The
complexes studied have both eclipsed and bent staggered metal carbonyl geometries.
The observed deuterium powder patterns are a result of the deuterium quadrupole
coupling constant, the asymmetry parameter, and, for sites with an eclipsed metal
carbonyl geometry, possible rapid four-site jump motion in the M—2H-M unit. The
temperature dependence of the deuterium spectrum was examined for
[Et,N][2HCr,(CO);(] and [Ph4P][2HCr,(CO),] which have eclipsed and bent
staggered metal carbonyl geometries, respectively. The former shows little temperature
dependence beyond a slight increase in the quadrupole coupling constant. Most
importantly, the apparent axial symmetry of the eclipsed metal carbonyl structure was
preserved to the lowest temperature studied, 140'K, but does not necessarily indicate
rapid four-site jump motion. The latter complex shows a significant increase in the
asymmetry parameter, possibly correlated with the same line-broadening mechanism
noted in Raman and infrared spectroscopy of the bridging metal hydrides. The
deuterium quadrupole coupling constants and asymmetry parameters were related to the
M-H-M bond distance and the M—H-M bond angle with a point charge model and by
assuming that the sign of the quadrupole coupling constant is positive.

This work shows that solid-state deuterium NMR spectroscopy has the potential
to investigate structure in metal hydrides. In particular, p,—bridging hydrides on
surfaces should have quadrupole coupling constants and asymmetry parameters similar
to those found herein for metal dimers where the important factors are the M~2H bond
length, the M~2H-M bond angle, the effective charge on the metal, and the mobility of
the deuteron across a metal surface>8. An extension to p3-bridging hydrides on
surfaces is possible by a change in the model presented in eq 3.7; briefly, the

asymmetry parameter should be zero and the z-axis of the electric field gradient aligned
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along the C; axis of the triply bridging site. Otherwise, the same factors should again

determine the deuterium NMR parameters.
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Figure 3.1.

The flexible geometry of the M—H-M structure in the [HM3(CO)¢]" anion is shown
for two representative structures. (a) The metal carbonyl framework shown in an
eclipsed configuration (from a neutron diffraction study of [Et,N][HCry(CO);,],
reprinted with permission from ref 11). The bridging hydride is crystallographically
disordered; the Cr—H—Cr bond exhibits a bent structure. (b) The bent staggered
metal-carbonyl geometry is shown here for the anion of [Ph,P] [2HCr2(CO)10]

(this work).
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Figure 3.2.

The effect of a nonlinear, symmetric M—2H-M bond on the deuterium quadrupole
coupling constant and the asymmetry parameter. (a) Two traces showing the
quadrupole coupling constant as a function of M—2H-M bond angle for two different
M-H bond lengths. The circles (o) represent the experimental deuterium quadrupole
coupling constants and the labels are defined in Table 3.4. (b) The asymmetry
parameter as a function of the M—2H-M bond angle as computed for both a point
charge model, eq 3.7, and an in ab initio SCF-HF calculation of a model system,
[Na-H-Na]* (ref 43). In the limit of a point charge representation for the metal, the

value of the asymmetry parameter does not depend upon the M—H bond length.
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Figure 3.3.

Solid-state deuterium NMR powder patterns obtained at 300 K for four bridging metal
hydrides and the corresponding nonlinear least-squares fits. Circles (0), solid Lines (-),
and crosses (+) represent the experimental deuteriu<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>