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Abstract

This thesis illustrates several applications of dilute
spin I=1/2 solid state nmr spectroscopy to the study of
molecular structure in systems of chemical interest.
Specifically, the compounds studied include benzylideneaniline
and several related imines, the first stable iminophosphenium
cation containing a N,P triple bond and several tetracyclines.

The first two applications describe the use of dipolar-
chemical shift nmr of “isolated" spin-pairs to fully
characterize chemical shift tensors. For example, the carbon
and nitrogen shift tensors of the C=N linkage of the Schiff
base benzylideneaniline have been completely specified. The
most shielded principal component of both carbon and nitrogen
shift tensors is approximately perpendicular to the imine
fragment. For the imine carbon, the intermediate component
of the shift tensor is directed approximately along the C=N
bond whereas the corresponding component of the nitrogen shift
tensor is oriented along the direction of the nitrogen lone
pair. Examination of the nitrogen chemical shift parameters
for several related imines suggests that variations in the
least shielded principal component are mainly responsible for
changes in the nitrogen shieldings in the imine system. For
the N,P moiety of the iminophosphenium cation, the most
shielded principal component of both nitrogen and phosphorus
tensors is oriented along the N,P bond axis. Comparison of
both shift tensors with those of related compounds suggests
that the electronic environment surrounding the N,P moiety is
similar to other systems containing a formal triple bond.

The final application section demonstrates the utility
of high-resolution *c and *N cp/mas nmr for studying the
molecular structure of solid tetracycline antibiotics.
comparison of °N chemical shifts in the solid state to those
determined in (CD,),SO solutions indicates for the first time
that the structural integrity of the A ring of the
tetracyclines is maintained in solution.

xiv
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I. troduction

The utility of high-resolution nuclear magnetic resonance
(nmr) spectroscopy for the study of molecular structure and
dynamics in solution has become well established. The
principal basis of this technique has relied on the empirical
correlation of observed chemical shifts (§'s), spin-spin
coupling constants (J's) and assorted nmr relaxation phenomena
(e.g., T,'s, T,'s, nOe's) with experimental and theoretical
results for model systems of known structure. In contrast,
high-resolution solid state nmr spectroscopy is a relative
newcomer as an experimental technique for the study of
molecular structure. Consideration of early applications of
nmnr to the study of solids provides an indication of reasons
for the delay in the development of this method.

The principal problem encountered when attempting to
obtain a high-resolution nmr spectrum of a solid is how to
overcome the larger inherent line widths observed in the nmr
spectra of solids as compared to those from liquids. For
example, the 'H nmr line width of a liquid sample of water at
room temperature is less than 1 Hz whereas Pake observed a H
nmr spectrum for the hydrated water molecules of powdered
samples of gypsum, CaSO,-2H;0, that exceeded 40 klz in breadth
[1). The difference in behaviour between the solid and liquid
samples is well understood and can be attributed to the
anisotropic nature of spin interactions in solids which are

effectively removed in solution by rapid random rotational
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molecular motions. Pake recognized this fact and derived an
expression to account for the influence of the anisotropic
intramolecular homonuclear dipolar interaction between the two
hydrogen nuclei of each water molecule in solid CaSoO,-2H,0.
For a particular orientation (figure I.1) of the !H-'H
internuclear vector in the magnetic field, B,, the effective
field, B,,, at one of the !H nuclei is :

By = B, * 3/4 (p,/47) (h/27) rgm vg (3cos?8-1) [I.1]
Here rp is the 'H-'H separation, vy the magnetogyric ratio for
hydrogen and ¢4 is the angle between the 'H-'H internuclear
vector and the static magnetic field, B,. Thus, for a
specific orientation of ry in the static magnetic field (e.q.,
an oriented single crystal), two resonance signals are
observed in the !H nmr spectrum. Since all orientations of
the 'H-'H internuclear vector are possible for a powdered
sample, the resulting 'H nmr spectrum represents a collective
average of a large number of allowed transitions and a
characteristic powder line shape is observed. An example of
this type of 'H nmr spectrum is shown in fiqure I.2. The
orientations where the 'H-'H internuclear vector is parallel
to the magnetic field (8#=0°) and perpendicular to the magnetic
field (6=90°) are indicated. Analysis of the orientation
dependent dipolar splittings in nmr spectra such as figure I.2
allows one to calculate the 'H-'H internuclear separation, rg.
Pake exploited this fact and determined that for each molecule

of hydration in Caso0,:2H,0, the intramolecular internuclear



Figure I.1

The angle § defines the orientation of the H-'H internuclear

vector with respect to the static magnetic field, B,.

A B,




FPigure I.2

A "Pake doublet" 'H nmr spectrum for two “isolated" dipolar
coupled 'H nuclei with an internuclear separation of 1.58 A.
The spectrum was obtained by computer simulation based on

equation I.1.

H 0=90 |

6=0 =0

| | ! i l | |
60.00 40.00 20.00 0.00 -20.00 -40.00 -60.00

kHz



5
'4-'H separation is 1.58 A. This was an important experimental
result in 1948 and as a tribute to his early experiments, this
characteristic line shape which is observed for a powder
sample containing two nisolated" dipolar coupled spins is
often referred to as a "Pake doublet.

Overcoming the anisotropic nature of spin interactions
present in solid samples presented a formidable task for nmr
experimentalists. It was realized early on that molecular
motion often leads to a significant amount of line narrowing
in the observed 'H nmr spectrum of a powdered solid [2,3].
The natural extension of these experiments suggested that
mechanical rotation might "fool" the spin system into
believing it is in an isotropic environment. Indeed, in 1958,
Andrew and his coworkers described the first example where
dipolar broadening was reduced in the ZNa nmr spectrum of a
single crystal of sodium chloride by rapid sample rotation
[4). They demonstrated that for spin interactions with an
angular dependence described in equation I.1, contributions
to the nmr spectrum are reduced when the sample is rotated
about an axis inclined at 54°44'8" with respect to the static
magnetic field, B,. Sshortly thereafter, in 1959, Lowe
observed narrowing of the °F resonance for a single crystal
of calcium fluoride which was subjected to rapid rotation at
54°44'8" with respect to the magnetic field, B, and thus
confirmed the applicability of the method to multinuclear spin

systems [5)]. The term 'magic angle spinning' (mas) evolved
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in 1960 while Andrew was presenting his results at a
conference when C.J. Gorter inquired about the ‘magic!
properties of this angle [6].

Although ‘H nmr studies of solids in the pre-1970's
provided significant advances to the technigue as a modality
for the study of molecular structure, it became apparent in
the early 1970's that the study of heteronuclei such as *°c
and N by nmr would be desirable. Indeed, early applications
of dilute spin nmr spectroscopy to the study of chemical
systems in solution indicated the potential utility of this
method for obtaining detailed structural information [7].
There were several problems associated with the nmr study of
rare spin systems which had to be mastered in order to obtain
solution-like nmr spectra from solids. Primarily, the low
inherent sensitivity of nuclei such as *c and “N made it
difficult to obtain useful nmr spectra on continuous wave
spectrometers even with selective isotopic enrichment. With
the advent of pulsed Fourier transform nmr spectroscopy,
problems associated with low natural abundance and small
magnetogyric ratio could be reduced by simply accumulating a
sufficient number of time domain transients to improve the
signal to noise ratio [8]. Soon after, pulse sequences for
the observation or elimination of specific nuclear spin
interactions began to appear and the routine observation of
high-resolution solution nmr spectra for rare spins such as

¥¢c pecame much simpler [7]. A second major problem associated
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with the observation of nmr spectra for rare spins was the
inherently longer spin-lattice relaxation times of these
nuclei with respect to hydrogen. 1In the early 1970's, Pines
et al. “escribed a pulse sequence for solids which not only
enhanced the nmr signal for the dilute spins (e.g. ¥c) but
also could be repeated at an interval determined by the !H
spin-lattice relaxation time [9]- The experiment, which
involves a transfer of magnetization from abundant spins to
the rare spins, is termed cross polarization (cp). The final
problem to overcome before obtaining high-resolution nmr
spectra of dilute spins in solids was how to alleviate the
effect of the chemical shift anisotropy (csa). Since the
angular dependence of the chemical shift is similar to that
of the magnetic dipolar interaction, it too is averaged by
mas. Thus, in a most significant experiment, Schaefer and
Stejskal combined magic angle sample spinning (mas) with
hydrogen/carbon cross pelarization (cp) and high-powered
hydrogen decoupling to observe the first high-resolution 3¢
cp/mas nmr spectrum of a powdered solid sample [10].

Since the first reports of high-resolution ¢ cp/mas nmr
spectra in 1976, the most significant developments in the nmr
of solids have involved improvements in nmr instrument design
and the ability to routinely perform multinuclear and multi-
dimensional nmr experiments under the control of a computer
[11]. With the coincident improvements in sensitivity, it is

now possible to obtain information on the anisotropic nature
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of the dipolar and chemical shift interactions directly from
a dilute spin nmr spectrum for a static powdered sample {12].
This is an important result, since in favourable cases, it
allows one to determine structural information (i.e., bond
lengths) for powdered samples from dilute spin nmr spectra.
The principal objective of this thesis is to illustrate
some applications of solid state nmr to the study of molecular
systems of chemical and biological importance. The approach
taken is multinuclear in nature although it is restricted to
the study of spin I=1/2 nuclei - namely, *C, N and *'P. The
thesis itself is divided into five main sections. Following
this introduction, a brief theoretical description of the
relevant spin interactions for spin 1/2 nuclei in solids and
the basic nmr techniques used in this report will be
presented. The theoretical description 1s by no means
complete and more elaborate discussions can be found in
several excellent texts [12-19]. Section III will focus on
some particularly useful solid state nmr techniques that can
be used to improve the quality of experimental nmr spectra and
to assist in the assignment of high-resolution cp/mas nmr
spectra. The bulk of the thesis is presented in section IV
which is divided into three parts : A, B and C. Each of these
three parts is complete in itself und is divided into four
subsections : ‘Introduction', 'Experimental!, 'Results and
Discussions! and 'Summary'. Parts A and B are concerned with

the application of dipolar-chemical shift nmr spectroscopy to
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the study of "isolated spin-pairs" for the characterization
of chemical shift tensors. The carbon-nitrogen double bond
of benzylideneaniline and related imines will be the focus of
part A. Part B will be concerned with the !N ana °p
shielding properties of the first stable compound containing
a phosphorus-nitrogen triple bond. In the final part of the
applications section (part C), the results of high-resolution
®c and N cp/mas nmr studies on several solid tetracycline
antibiotics will be presented and related to the structural
forms of these compounds in solution. Concluding remarks as
to the pertinent new information obtained in the thesis will
be summarized in the last section.

The equations, figures and tables have been insarted into
the text where they are referred to. They are numbered
according to the section in which they appear starting with
I.1, IT.1, III.1, IV.1 and V.1 for section I, II, Iir, IV and
V, respectively. References are numbered consecutively

throughout the thesis and are listed at the end.



II. Basic S8o0lid state NMR Theory

Aa. The Nuclear Spin Hamiltonian

The Hamiltonian for a general nuclear spin interacting

with its environment can be expressed as a sum [12-19] :

H=H, + Hy + Hes + Hg + Hp + Hy [II.1]
The first term, H,, expresses the interaction of the nuclear
spin with the static magnetic field, B,. Hp corresponds to
the interaction of the nuclear spin with a weak external
radio-frequency field, B,, which provides a means for
perturbing and studying the spin system. The remaining terms
in equation II.1 describe the interaction of the nuclear spin
with internal magnetic fields associated with the presence of
nearby electrons or other nuclear spins. The magnetic
interaction between the nuclear spin and the electrons
circulating around the nucleus is described by the chemical
shielding term, H,. H, corresponds to the interaction of the
electric field gradient with the nuclear quadrupolar moment.
The H, and H, terms correspond to the interaction of two
proximate nuclear spins via through space and via the
intervening electrons, respectively. The latter interactions
are responsible for the indirect spin-spin coupling of nuclei
whereas the former give rise to direct dipolar couplings. All
Hamiltonians in this thesis are defined in energy units

(Joules). The nature of each of these interactions will be

discussed in turn.

10
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A.1 The Zeeman Interaction

Classically, the action of a charged nucleus A spinning
about its own axis produces a small magnetic moment, pg,. The
Zeeman interaction of the nuclear magnetic moment with an
external magnetic field, B,, can be written as :

H, = —BxBo= —(h/27) 14 Bs T4 (IT1.2]

where v, is the gyromagnetic ratio of nucleus a and fhis a
spin operator, TAE (TperIpye In.) - The static external magnetic
field is generally chosen to lie along the z-direction and
under such conditions ﬁg = (0,0,B,). Hence, the Zeeman
Hamiltonian may be described as :

H, = =(h/27) 7, B'I, [II.3]
where f” represents the component of the nuclear spin in the
z-direction. Solution of the time independent Schrédinger
equation (#;|¥>=E|¥>) yields a set of energy levels quantized
along B, with gquantum number m; and energies given by :

Ep, = -(h/2%) vum;-Bg [II.4]
Since the quantum number m; is restricted to the values
m,=-1,-I+1,...I, only two states are available for an isolated
spin with I=1/2. The energy required to induce a pure Zeeman
transition between these two states is :

ve = 0o/ (2%) = 75 Bo/ (27) [II.5)]
where v, and o, are the lLarmor frequency of nucleus A in Hz
and rads™!, respectively. The values of the Zeeman interaction
(in MHz) and the spin properties of the nuclei discussed in

this thesis are shown in table II.1 for B,=4.7 T [20].
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Table II.1l

NMR properties of the nuclel discussed in this thesis. The

Zeeman energies correspond to a static magnetic field strength

of B,=4.7 T.

Natural Spin Gyromagnetic Quadrupole NMR
Isotope Abundance I Ratio,y Moment,Q Frequency
(%) (107 radT 1371) (10728 p?) (MHzZ)
b 99.985 1/2 26.7522 200.13
B¢ 1.108 1/2 6.7283 50.32
N 99,635 1 1.9338 1.67x10°2 14.47
N 0.365 1/2 -2.7126 20.29
Ba1 75.530 3/2 2.6242 -8.20x1072 19.63
o1 24,470 3/2 2.1844 -6.50x1072 16.34
3p 100.000 1/2 10.8394 81.03

For a spin system at thermal equilibrium, the Boltzmann
law predicts that the population of the energy level
associated with each m; is proportional to exp(hv.m;/kT) where
k is the Boltzmann constant and T is the absolute temperature.
Since the energy of nuclear spins aligned parallel to B, is
slightly lower than the energy for those opposed to the static
magnetic field, a net magnetization M, develops along the z-
direction parallel to B,. For nmr, where (hyv,<<KkT) for

experimentally accessible temperatures, M, can be expressed
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according to equation II.6, which is known as the Curie law

[141. An implication of equation II.6 is that a spin system

N(v,(h/2m))? I(I+1)) B,
M, = [II.6]
3kT

with a low “spin temperature" has a greater net magnetization
(M,) than a system with a high "spin temperature”. An example
of how one can experimentally exploit this fact will be
discussed in section II.C. The small excess of spins oriented
along the z-direction, M,, is the source of the observed nmr

signal.

A.2 The Bffect of RF Pulses

The time dependent Hamiltonian describing the interaction
of nuclear spins with a weak radio-frequency field, B,(t),
applied in the transverse plane {19] is :
He(t) = =(h/27)7,B(t) ‘T = -(h/27) 0, (I, Cos0t-T,sinvt) [II.7]
where B; represents the amplitude of the rf field, ﬁl(t) is
given by B,(coswt,-sinwt,0), w,=y,B, and « is the angular
frequency of the rf field. The time dependence of Hge(t) can
be removed by expressing the Hamiltonian in a 'rotating
reference frame', (x,y,z'), where B, rotates along with the
laboratory coordinates x and y at an angular frequency « about

the z axis. In this reference frame, H; can be written as :

He= =(h/2%) v, By-I= -(h/2m) o I [II.8]



14

The similarity of this expression to equation II.3 suggests
that the nuclear spin will interact with the rf field in an
analogous manner to the interaction of the nuclear spin with
the static magnetic field, B,. That is, when the rf field (B,;)
is applied in a pulsed fashion at the Larmor frequency along
the x' axis for example, the net magnetization will be flipped
an angle 6 about the x axis according to :

8 = 7,°B;-t, [II.9)]
where t, is the length of the pulse and 6 is the "flip angle".
In the simplest pulse nmr experiment, a 6=r/2 pulse applied
at the Larmor frequency along the x transforms the net
magnetization originally along the z-direction to the y' axis.
The resulting transverse magnetization, which fluctuates at
or near the Larmor frequency, induces a small signal along the
y axis which is detected in the form of a 'free induction
decay' (FID). The FID is digitized and Fourier transformed
to give the conventional intensity versus frequency nmr
spectrum. The decay of the FID in the transverse plane and
the return to thermal equilibrium with the net magnetization
along the z-direction (i.e., M,=M,) are determined by two
characteristic time constants, T, and T,, respectively. The
latter determines how often one may pulse the spin system

whereas the former is related to the observed line width in

the nmr spectrum.
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A.3 Chemical shielding
When a sample is placed into an external magnetic field,
B,, the electrons around each nucleus are induced to circulate
around the nucleus about the direction of the applied magnetic
field. This gives rise to a small magnetic field which
modifies the actual magnetic field that the nucleus
experiences. For a nucleus in a symmetrical electronic
environment (e.g., a free atom), the small induced magnetic
field opposes the static magnetic field and therefore shields
the nucleus from B,. In general, the electronic distribution
around any given nucleus in a molecule is unsymmetrical.
Under such conditions, the small induced magnetic field is not
necessarily parallel to the external magnetic field and can
be described [17] as :

Hes = =(h/2%) +, 146-B, [II.10)]
where & is the rank two chemical shielding tensor. In an
arbitrary axis system (x,y,z) associated with the molecular
reference frame, the chemical shielding tensor may be

represented by nine components :

a Oxx Oxy Oxe
g = Oyy Oy, Oy, [II.11)
ou o:y 0!8

This tensor can be expressed as the sum of a symmetric
(044=0;,) and antisymmetric (o,wo,) tensor each of which in
principle contributes to the total shielding of the nucleus
[17,21-23]. It has been demonstrated that the antisymmetric
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contributions are small and influence the nmr spectrum in
second order only and therefore shall be neglected [17,21,22].
However, if one wishes to obtain information about the
antisymmetric part of the chemical shielding tensor, then a
procedure outlined by Haeberlen should be consulted [23].
When only the symmetric part of the chemical shielding tensor
is considered, then there are only six unknowns to be
determined for complete characterization of the tensor. It
is always possible to find an axis system such that ¢ is
diagonal, egquation II.12. This is termed the principal axis
N [ 6,; O 0 ]
=0 o0, O [IX.12]
0 0 o0y

system (pas) of the chemical shielding tensor and g,,, 0,, and
033 are the three principal components. For a rigid chemical
system, the pas of each nucleus is specifically related to the
molecular frame. Thus, when the magnitudes of the three
principal components and their orientation are known in the
molecular reference frame, the chemical shielding tensor is

completely characterized.
For a solid, the chemical shielding of a nucleus varies
with the orientation of the molecule with respect to B,
(figure II.1l) and the corresponding resonance frequency is :
ve = =vo(0y sin®® cos’ + o, sin® sin’p + o, cos?s) [II.13)
Here ¢ and ¢ are the polar and azimuthal angles which orient
the magnetic field vector (B,) in the principal axis system

of the chemical shielding tensor. For a powdered sample, all
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Figure II.1
The angles 6 and ¢ define the orientation of the magnetic

field vector (B,) in the principal axis system of the chemical

shielding tensor.



18

Figure II.1
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Pigure II.2
Chemical shielding powder nmr line shape for (a) axially

symmetric and (b) non-axially symmetric anisotropies.



Figure II.2

iso

20

17T 17 v 1T 17T 77T vV 1U "1
14.00 12.00 10.00 8.00 4.00 4.00 2.00 0.00

kHz

|
-2.00 -4.00



21
values of ¢ and ¢ are possible and the resulting line shape
observed in the nmr spectrum of this nucleus is a broad powder
pattern. Examples of theoretical powder patterns for axially
symmetric (0,,=0,#0;;) and non-axially symmetric (011705570 33)
chemical shielding tensors of a spin I=1/2 nucleus are shown
in figure II.2. The principal components of the shielding
tensor are defined as (033~0.,)> (01,-0:,,)2 (05-0,,,) and the
breadth of the powder nmr spectrum in the absence of any other
internal interaction, o0,;,-0,,, is defined as the chemical
shielding anisotropy, ag. For the non-axially symmetric
chemical shielding tensor the deviation from axial symmetry
can be represented by an asymmetry parameter :

Ne = (022=011)/ (033=04s0) [II.1l4a]
which can take on values between 0 to 1. More elaborate
definitions of these parameters can be found elsewhere
[12,23].

In solution, random molecular rotations reduce the
anisotropic nature of ¢ to an isotropic value :

Guo = (1/3) Tr 6

n

(01 + 03 + 033)/3 [II.15)
A solid state nmr technique that averages the csa to an
isotropic value by mechanical rotation will be discussed in
section II.C. The value of o,,, represents the average
shielding of the nucleus (figure II.2) in question relative
to that of a bare nucleus. The absolute magnitudes of
chemical shieldings of a nucleus are not easily obtainable

(20] and thus it has become normal practice to measure
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resonance frequencies relative to that of a particular nucleus
in a standard reference sample. The differences between the
sample and reference signals are referred to as chemical
shifts, §, and can be calculated in parts per million (ppm)
from the expression in equation II.16. The subscripts s and
§5 = {(vy = v;)/v;}+10° = (0, - g,) -10° [II.16]
r refer to the sample and reference, respectively. The
principal components of 6 can also be expressed as chemical
shift principal components §,,, §,, and §3; with the convention
that &, > &5, 26;;. It is important to make a clear
distinction between absolute shieldings (¢'s) and relative
chemical shift values (6's). Thus, a large positive value of
6;, corresponds to low shielding and a highly shielded nucleus
will have a large positive value of 0. The asymmetry of the
chemical shift tensor, Ns, can be calculated from the
expression :
Ns = (822-611)/ (833=84,0) [1I1.14Db]
The basic theoretical description of chemical shielding
can be traced to early papers by Lamb [24] and Ramsey [25].
In 1941, Lamb derived an expression to account for the
diamagnetic shielding of a free atom, 0% due to the induced
magnetic field generated by the circulation of electrons about
the nucleus {24]. The diamagnetic term, which is related to
ground state wavefunctions, can be calculated accurately for
free atoms from theoretical methods [25,26]). Thus, calculated

values for ¢? for free atcss with atomic numbers from 2=2 to
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Z=86 are available in the 1literature [25,26] and have
indicated that ¢' is invariably positive (i.e., shields the
nucleus). For a nucleus in a molecule, the expressions
described by Lamb are not valid and therefore an alternative
method must be used to estimate o°. An empirical approach
outlined by Flygare et al. [27] has proven to be reliable for
calculating ¢® for nuclei in molecules. Numerous calculations
based on this model have [27] indicated that o¢° for a given
nucleus does not vary significantly from compound to compound.
That 1is, with the exception of hydrogen, variations in
chemical shifts are not due to variations in o9,

Ramsey's original formulation of chemical shielding
accounted for this fact by introducing a second term, o, into
the expression for chemical shielding. In this model, the
shielding of the nucleus is described as a sum of two terms
as indicated in equation II.17. The paramagnetic term, of,

g, = o% + of [II.17]
which is invariably negative, is related to excited electronic
states and «corrects for the unsymmetrical electron
circulations around a nucleus in a molecule. A variety of
approximate computational methods for estimating of based on
Ramsey's equations [25] for a nucleus in a molecule have been
described and are concisely summarized in ref. 20.
Theoretical discussions of the shielding of a nucleus are
usually based on reformulations of Ramsey's theory by Saika

and Slichter [28] and Pople [29]. These models express the
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shielding of a nucleus, A, as a sum of three terms : of, oﬁ and
a sum of terms given by o) which accounts for the effects that
electron circulations centred on atoms different from A have
on the shielding of the A nucleus. Since Pople and Karplus
[29] have demonstrated that contributions from the
paramagnetic term centred on the nucleus are primarily
responsible for chemical shift variations, the o¢f terms are
often neglected in qualitative discussions of shieldings.
This assumption will be made in the discussions which follow.

The description of Pople and Karplus [29] provides a
direct model for examining the relationship of the 1local
electronic environment and the shielding of a nucleus in terms
of specific tensor elements, og,. If a, f and y define an
orthogonal reference frame, then for a particular atom, of for
each specific tensor element can be described [29] as :

occ  unoce
0. = =2 (Ho/4M) Wy <r>, T E (AEx)™ (Cypp Gy = Cyy Cia)
[II.18]
where pu, is the permeability constant, u; is the Bohr magneton
(eh/4wm,) , <:r':’>p is the average inverse cube of the distance
of the p electrons from the nucleus, AE;, is the one electron
excitation energy from the 3* occupied molecular orbital (MO)
to the k"™ unoccupied MO and C;s is the coefficient of the 2p,
atomic orbital in the j*" MO on atom A. On the basis of this
model, the paramagnetic term would be anticipated to increase

the closer the p electrons are to the nucleus, the smaller the

appropriate AE; and the larger the values of the coefficients
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in the MO's associated with the AE; term. Note that electrons
localized in s orbitals do not contribute to o for atom A.

The energy term (AE,) consists of contributions from
excited states for magnetic-dipole-allowed transitions. For
example, one electron transition energies between n-r*, n-oo*,
o(py)~0o*(p,), m—oc*x, etc. or the average of a few of these
transitions usually dominate the paramagnetic shielding of a
particular principal component (o}). It is important to point
out that in all cases, the paramagnetic contributions to each
specific principal component, ok, are associated with
electronic excitations which involve MO's that are derived
from atomic orbitals in the plane orthogonal to the
orientation of the principal axis. For example, o® of the
least shielded element (0,,) of the C chemical shielding
tensor of formaldehyde which is oriented parallel to the Cc=0
bond is dominated by a low-lying n-»x* transition energy [32].
The importance of AE,... becomes more pronounced when discussed
in the context of nitrogen and phosphorus chemical shieldings.
In these systems, the presence of a lone pair of electrons on
the atoms has a marked influence on the overall chemical
shielding properties of the nitrogen and phosphorus nuclei.

Another factor which should be considered when discussing
paramagnetic shielding contributions is the symmetry of the
local electronic distribution around the nucleus. It has
already been stated that o, is 2zero for a spherically

symmetric electronic environment as is the case for a free
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atom. Consideration of the electronic symmetry in acetylene,
H-C=C-H, indicates that the electrons are free to "circulate"
around the bond along the ¢, axis. Thus, the paramagnetic
contribution to the ¢ shielding of the C,H, is zero when the
molecule is oriented parallel to B, and a maximum when the C,
axis of the molecule is oriented perpendicular to B,. This
simple qualitative description is consistent with the
electronic symmetry restrictions of Ramsey's original
formulation of chemical shielding [(25] and provides further
support for the fact that each o¢,, is dominated by electron
“"circulations" in the plane perpendicular to the principal
component of the chemical shielding tensor.

Finally, it should be noted that the nuclear site
symmetry can impose some restrictions on the number of
independent principal values of the chemical shielding tensor
[30,31]. For example, if the nuclear site symmetry is C,, as
for the carbon nucleus of CHC1l;, then only two independent
principal components are sufficient to completely describe the
shielding tensor. If the nuclear site symmetry is tetrahedral
or higher, then the tensor is completely described by a single
isotropic value. Note that this latter situation implies that
the molecular point group symmetry is at least cubic or
higher. The point to be stressed from this discussion is that
the chemical shielding anisotropy of a nucleus in a molecule
is a distinct reflection or "fingerprint" of the local site
symmetry of the atom.
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A.4 The Quadrupolar Interaction
Although the focus of this thesis is directed towards
the study of spin I=1/2 nuclei, there are several examples
throughout this monograph where interactions between a spin
1/2 nucleus, A, and a quadrupolar nucleus, X, are important.
In some cases, solid state nmr studies of a spin 1/2 nucleus
which is dipolar coupled to a quadrupolar nucleus provide
useful information which can be related to the molecular
structure. The theoretical aspects of this will be examined
in the following two sections, II.B and II.C, of this chapter.
The quadrupolar interaction is only relevant for nuclei
with a non-spherical charge distribution and a spin I>1/2
(see table II.1). In tensor notation the quadrupolar

Hamiltonian may be represented [14] as :

e
Hy = Q .91, [ITI.19]
6I(2I-1)

where eQ is the nuclear quadrupole moment, fx is the spin
vector of nucleus X, and ¥ is the traceless, symmetric rank
two electric field gradient tensor at the nucleus. In its own
principal axis system where ¥ is diagonal, equation II.19 can
be expressed in terms of the nuclear quadrupolar coupling
constant, x=(e’q,,Q)/h as :

x *h
HQ-
4I(2I-1)

[3L-T%4+ng (T, 2-1,2) ] [II.20]

where Vj=eq,, (i=1,2,3) with the convention |V,|>|V,]| >|V,,|
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and nq is defined as (V,;~V,;)/Vi;.

The Hamiltonian represented by equation II.20 is only
valid in the high-field limit where kp>>Hy [33-35]. If the
value for x(X) for a given X nucleus approaches the Larmor
frequency of that same nucleus v, (X), then this condition will
not be satisfied. Under these circumstances, the axis of
quantization for the quadrupolar nucleus is no longer the
z-direction of the rotating frame and thus the eigenfunctions
for the quadrupclar nucleus are no longer the normal X spin
Zeeman eigenfunctions, |I,m>. Although this may appear to be
a disadvantage from an nmr view point, there are distinct
advantages when the nuclear quadrupolar coupling constant of
the X nucleus is large enough such that the high-field
approximation is not strictly valid.

A.5 The Direct Dipolar Interaction
The direct dipolar interaction for two isolated spins A

and X can be expressed {12,14,17,19) as :

-d

Hy = (Bo/47) (h/27)2 4,9y <ri> 1.0, [II.21]
D A

where <E§; is the average internuclear separation between the
two spins A and X, 'I'A and 'fx are the spin operators for A and
X and D is the traceless axially symmetric rank two dipolar
coupling tensor. In the principal axis system of the dipolar
tensor, ry is oriented along the z-direction and the dipolar

tensor is given in equation II.22.



29
N [ i 0 o ]
D = 0o 1 © [II.22]
0 0 =2
The dipolar Hamiltonian may be expressed in spherical
polar coordinates [17,19] to give the expression in equation

IX.23, which is referred to as the "dipolar alphabet". Only
the A and B terms are included in this discussion and the
remaining expressions of the "dipolar alphabet" can be found
in several texts [12,14,17].

Hy = (B./47) (h/27)% ypvx <Tre> [A+B+C+D+E+F] [II.23]
where A = -"I’A;fx‘(Bcosza-l)
B = (1/4) [I, Iy + I,.I,.] (3cos?s-1)

In these expressions, I,, and Iy,. are the "“raising" and
"lowering" operators for the corresponding A or X nucleus
(e.g., I,=I,+iI;) and # is the angle between the internuclear
vector r,x and the static magnetic field, B, (see figure I.1).
For two unlike spins A and X where the difference in Zeeman
energies is large, only the A-term of the "dipolar alphabet"
commutes with the Zeeman operator (equation 1I.3). Therefore,
only this term has to be considered when determining the first
order perturbations to the Zeeman energy 1levels of an
“"isolated" dipolar coupled two spin system. For a specific
orientation of the dipolar vector (r,) in the magnetic field,
the A nucleus resonance frequency can be expressed as :

vp(A) = v,(A) + mR(3cos®s -1) [II.24]

where m, is the spin quantum number of the X nucleus and R is
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the dipolar coupling constant defined in Hz as :

R = (8/4T) (B/4T) vyvx <Tap> [II.25]
Thus, for an oriented single crystal of an "isolated" two spin
system where the A nucleus is dipolar coupled to X nucleus of
spin I=1/2, the A-spin nmr spectrum consists of two sharp
resonance lines. For a powdered sample of this same material,
all orientations of r, relative to B, are possible and a "Pake
doublet" line shape is observed in the nmr spectrum of the A
nucleus. For such a heteronuclear spin pair, the dipolar
splittings at the discontinuities (6#=90°) and shoulders (§=0°)
are R and 2R, respectively. Conversely, if the X nucleus of
the AX spin-pair has a spin I=1, then three overlapping powder
patterns are observed in the A spin nmr spectrum. Examples
of theoretical ¢ dipolar nmr siectra for "isolated" 3c,!’N
and **c,N spin pairs are shown in figure II.3. Note that for
the “c,™N spin pair (figure II.3b), two sets of dipolar
splittings are observed at the discontinuities (4=90°) and
shoulders (6=0°) with magnitudes of R and 2R, respectively.
However, the actual value of R for the c,N spin pair is
reduced by a factor of y(*N)/y(}*N) = 0.713 (see table II.1)
according to the expression for R given in equation II.25.
If the high-field approximation for the quadrupolar nuclei is
not satisfied, then other terms of the "dipolar alphabet"
begin to contribute to the nmr spectrum and modify the

observed dipolar splittings.



31
Pigure II.3
calculated **C dipolar nmr spectra for isolated heteronuclear
spin pairs assuming zero Be csa. The spectrum in (a)
corresponds to that for two spin I=1/2 nuclei, “C and 5N
whereas in (b) the C nucleus is dipolar coupled to an I=1
N nucleus. The bond length used to calculate the nmr spectra

was 1.40 ﬁ.
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Figure II.3
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It is important to remember that the dipolar splittings
are orientation dependent and that they depend on the inverse
cube of the r,y bond length. Thus, in principle, it is
possible to obtain structural information from an nmr spectrum
of two dipolar coupled nuclei. This may not always be
possible since other interactions or molecular motions may
interfere with an accurate measurement of R. The principal
dipolar interactions of concern to this thesis are those
between heteronuclei such as ¥c, N and *P. Based on table
I.1, equation II.25 and r,x bond lengths between 1.20 zkand 2.0
A values of R are anticipated to be in the range of
approximately several hundred Hz to 1.5 kHz.

Since homonuclear spin interactions are always present
in some form for any chemical sample, a closer examination of
such spin systems is worthwhile. For a two-spin system of
spin I=1/2 nuclei, the B term of the dipolar Hamiltonian also
commutes with the Zeeman Hamiltonian. An expression similar
to equation II.24 can be derived for the nuclei of the
homonuclear spin pair as :

vp(BA) = v, = (3/4) R (3cos? - 1) (II.26]
which is closely related to equation I.1. In this case, the
splittings of the discontinuities (#=90°) and shoulders (4§=0°)
in a purely dipolar nmr spectrum of an equivalent spin pair
are 3R/2 and 3R, respectively. One further point relating to
the nature of term B should be discussed. That is, the B term

contains the shift operators I, and I. which alter both nuclear
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spin states by #1. As such, it is often referred to as the
"flip-flop" operator and it is particularly important in the
study of solids by nmr since it allows nuclear spins to
exchange spin information. Thus, it provides a path for spin-

lattice relaxation (T,) of nuclei in solid samples [12].

A.6 The Indirect Dipolar Interaction

The interaction of two proximate nuclear spins, A and X,
via the intervening electrons in chemical bonds can be
expressed [12,17] as :

Hy = (po/47) (h/2m) T8I, [II.27]
where J is the second rank indirect coupling tensor. At
present, the information available in the literature on the
anisotropic nature of J is limited [36-44]. However, it has
been generally assumed, with some justification [39,44], that
for the one bond spin-spin coupling in a variety of molecular
systems, the J tensor is axially symmetric. That is, J| is
oriented along the internuclear vector and J, resides in the
plane orthogonal to r,. The close analogy of J to D is
reflected in the fact that the two tensors transform in a
similar manner. Thus, it is not easy to separate these two
interactions in an nmr experiment. If the anisotropy in J is
defined as J|-J., then a modified expression for the effective
dipolar coupling constant, R’, can be expressed as :

R' = R = (a3/3) [II.28)
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The trace cf the J tensor correspcnds to the isotropic value,
J,s, which is observed in solution due to random molecular
rotations :
Jio = (23, + J)/3 [II.29)
Reliable values of AJ are difficult to find in the literature.
However, based on a limited number of theoretical [36-38,40-
44] and experimental ({39,44] results, values of AJ are
anticipated to be approximately 10:J,, o less. In addition,
the anisotropy in J is expected to be negligible for indirect
couplings between second row elements (e.g., 3¢ and N) but
increases substantially when the indirect coupling involves

heavier nuclei [20,39].

B. Chemical shift-Dipolar NMR of Isolated

Spin Pairs - static Samples

Complete characterization of the chemical shift
parameters for a nucleus in a molecule requires a knowledge
of bcth the magnitudes and orientations of the three principal
components of the chemical shift tensor (&, i=1,2,3) in the
molecular frame of reference. Therefore, in general, six
parameters are required; the three principal components and
three Euler angles. The traditional approach for obtaining
such information has been to study single crystals via solid
state nmr spectroscopy and determine the magnitudes and
orientation of the three principal components of the chemical

shift tensor in the crystal axis system from chemical shift
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versus crystal rotation plots [45-49]. A much simpler method
is applicable when the nuclei of interest are part of an
"isolated" spin pair, AX, and are coupled to one another by
the direct dipolar interaction. Using this technique, known
as dipolar-chemical shift solid state nmr spectroscopy [50-
56], one can obtain the magnitude of the three principal
components of the chemical shift tensor and two of the three
angles that define the orientation of the chenmical shift
tensor. This makes the dipolar-chemical shift nmr method
particularly wuseful since it alleviates the problems
associated with preparing suitable single crystals and
carrying out time consuming nmr studies on them.

For dipolar-chemical shift nmr experiments to be
successful, it is important to ensure that the system being
investigated is in fact an "isolated spin-pair", Thus, for
a heteronuclear spin-pair AX, the magnitudes of the
homonuclear dipolar interactions between A nuclei or the X
nuclei should be minimal. If a third nmr active spin is
present in the sample, for example 'H, then one must remove
all dipolar couplings involving this spin as well. If these
conditions can be satisfied in the system of interest, then
the Hamiltonian for the A nucleus of an "isolated" AX spin
pair can be expressed as :

Hy = H; + Heg + HYX + g% [II.30]

The resonance frequency of the A nucleus which depends on the
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mutual orientations of the chemical shift, direct and indirect
dipolar tensors can be expressed [50~56] as :

va(ly) = vy = v, = Myp ~M; (II.31]
Combining the indirect and direct dipolar terms as in equation
II.28 an analytical expression [50-56] for the resonance

frequency of the A nucleus in a rigid chemical system is :

valle) = (7.Bo/27) [1~[0y;sin®scos®e + 0,8inssin®y + o0i,c0s%8])
- m,R'[1-3 (sinfsindcos (p-a) + cosBcoss)?] {II.32]
= meiuo

The polar angle ¢ represents the orientation of B, relative to
§33, and the azimuthal angle ¢ represents the angle between §,,
and the projection of B, onto the §,,-§,, plane as indicated in
figure II.4. The Euler angles a and g which orient the
dipolar vector in the principal axis system of the chemical
shift tensor are a distinct physical property of each
molecular system and cannot be controlled by the
experimentalist. Note that a minor drawback of this
experiment is that one can only determine the orientation of
the three principal components of the chemical shift tensor
of the A nucleus within a rotation about the dipolar vector.
The spin number of the X nucleus, m,, determines the
number of subspectra observed for the A nucleus. If the X
nucleus is a spin 1/2 nucleus, there are two such subspectra
and the difference between the discontinuities of these two
subspectra are related to the mutual orientations of the

dipolar and chemical shift tensors as specified in equation
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Figure II.4

The angles e and B define the orientation of the dipolar
vector, ry, in the principal axis system of the chemical shift

tensor; ¢ and ¢ define the orientation of the magnetic field

vector, B,, in this frame.
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Figure II.5S

Typical C powder nmr line shapes at 4.7 T for (a) chemical
shift anisotropy where §,,=180 ppm, 6,,=110 ppm and 6§;;=30 ppm
(b) heteronuclear dipolar coupling of R=1100 Hz for a c,!’N
spin-pair and (c) both chemical shift anisotropy and dipolar
coupling assuming §;; is perpendicular (A=90) to the dipolar

vector, ry, and §,; (a=0) is approximately parallel to Tax-
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Figure II.S
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I1.32. Thus, one can obtain accurate values for the three
principal components of the A chemical shift tensor and the
two angles « and 8 from an nmr spectrum acquired for an A

nucleus (I=1/2) directly bonded to a spin 1/2 X nucleus. An
example of a dipolar-chemical shift nmr spectrum for such a
hetercuucicar spin pair is shown for the *C nucleus of a
Bc,35N spin-pair in figure II.5. Note that the resultant nmr
spectrum for the A spins (figure 1I.5c) is not merely a
superposition of the chemical shift part (figure II.5a) and
the dipolar part (figure II.Sb) but rather corresponds to the
mutual orientations of the two tensors depicted in figure II.4
and described mathematically in equation II.32. The 1line
shape of dipolar-chemical shift nmr spectra are very sensitive
to the angles a and f and several examples of this are shown
in figure II.6 for the case of two dipole coupled spin I=1/2
nuclei. Thus, the approach used to interpreting such nmr
spectra is to estimate the values of a, §, R and §,, from an
experimental nmr spectrum of the A nucleus and then to
simulate the nmr spectrum of the A nucleus based on equation
II.32 to refine these parameters. If AJ and J,,, are assumed
to be negligible, then initial estimates of a and f can be

obtained from the following expressions :

Avy = £ R [1 - 3 (sing cosa)?] [II.33a]
Avy; = £ R [1 - 3 (sing sina)?) [II.33b]
Avs; = R [1 - 3 cos’g) {II.33c]

where the values of Av,; correspond to the dipolar splittings
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Fiqure II.6
The influence of varying the orientation of the '°C chemical
shift tensor with respect to r, on the *c dipolar-chemical
shift nmr spectrum (4.7 T) of two isolated spin I=1/2 nuclei.
The chemical shift and dipolar coupling parameters correspond
to those used in the calculated nmr spectra of figure IXI.5 and
the angles are (a) a=0°, g=0°, 30°, 60°, 90° and (b) B=90°, a=0°,

30°, 60°, 90°.
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Figure II.6a
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Figure II.6b

a
A 0
A )
/\/\ )
J/kj\\‘\ -

T 7 1T 1+ 1 "1 171

14.00 12.00 10.00 8.00 6.00 4.00 2.00 0.00 -2.00 -4.00

kHz



46

observed in the A nucleus dipolar-chemical shift nmr spectrum.

If an A nucleus is dipolar coupled to a an X nucleus
which is quadrupolar with spin I=1, then three subspectra
corresponding to m=-1,0,+1 are observed in the nmr spectrum
of the A nucleus. Note that for this dipolar coupled systen,
equation II.32 is not strictly valid unless the conditions of
the high-field approximation for the X nucleus are satisfied
[33-35]. An example of the C dipolar-chemical shift nmr
spectrum for a *c,N spin-pair is shown in figure II.7.

If the Larmor frequency of the quadrupolar X-nucleus,
v,(X), is much greater than the nuclear quadrupolar coupling
constant, x(X), then the axis of quantization for the X
nucleus is along the applied magnetic field, B,, and the
high-field approximation is valid (33-35]. 1In the simplest
case, that of axial symmetry in the chemical shielding tensor
with the dipolar vector directed along the unique axis of the
shielding tensor, it has been found that the high-field
approximation is satisfied when ».(X)/x(X) > 4 [35]. When
this ratio becomes smaller, the high-field approximation
breaks down and the quantum number my is no longer strictly
valid. Under these circumstances an orientation-dependent
mixing of the normal X spin Zeeman eigenfunctions, |1,m>,
occurs and it is these ™mixed" spin eigenfunctions that
should be used to calculate the resonance frequency of the A
spins. In this case, it is useful to define the orientation

of all the relevant nuclear spin interactions relative to the



47
Fiqure II.7
Typical *C powder nmr line shapes at 4.7 T for (a) chemical
shift anisotropy where 6,,=180 ppm, §,,=110 ppm and §,,=30 ppm,
(b) heteronuclear dipolar coupling of R=796 Hz for a C,YN
spin pair and (c) both chemical shift anisotropy and dipolar
coupling assuming §;; is parallel (8=0°) to the dipolar vector,
ry, and §,; is perpendicular to r, (a=90°). Spectra were
calculated assuming that the high~-field limit is valid for the

N nucleus.
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Figure II.7
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principal axis system of the electric field gradient (efg) as
shown in figure II.8. The angles §{ and {1 are used to define
the orientation of the magnetic field vector, B,, in the
principal axis system of the X nucleus efg and are not shown
in figure II.8. They are similar to the angles ¢ and ¢ shown
in figure II.4. The orientation of the dipolar vector in this
frame is defined by the angles & and S°. The angles a®s, g%
and 1% represent the orientational angles of the principal
axis system of the chemical shift tensor of the A nucleus in
the principal axis system of the X nucleus electric field
gradient. The interactions to be considered for such a
hetercnuclear spin-pair are the same as those in equation
I1.31. However, the expressions for », and v; have to be
modified to account for the change in reference frames. The
chemical shift tensor may be expressed in the electric field
gradient tensor frame by a rotational transformation {17,52]
of the form :

8' (acs'ﬁcs' ) = R(‘xcs“pt:s'_rcs:) 3 R-z(acs'ﬁcs' +%5) [II.34)
The expression for the frequencies associated with the

chemical shift can then be obtained from :

sing cose = cost™ cosf™ sin¢ cos(Q - a®) + siny® sing
sin(f - ) - cosy® sing® cos¢ (II.35a]

siné sing = -siny™ cosp™ sin¢ cos(a - ) + cosy™ sing
sin(f - «) + 8iny® sing® cos¢ [II.35b)]
coss = singS sing¢ cos(f - o) + cosp™ cos¢ (II.35¢c)

by substitution in equation II.32. Olivieri et al. have
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Figure II.8

The angles o and B° define the orientation of the dipolar
vector, Iy, in the principal axis system of the electric field
gradient of the X nucleus; %, g% and +® define the
orientation of the A nucleus chemical shift tensor in this
reference frame; the orientation of the magnetic field vector,

B,, in this reference frame is not shown.
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described a perturbation treatment for a C,'N spin pair
where they derived an analytical expression for the
heteronuclear dipolar interaction in the electric field
gradient tensor frame [58]. Combining their equations with

the angular representation in figure II.8 gives :

3R'x (X
vp(0) = _.__X(_)_ [cosé cosB® + sing sing® cos(n - )]
2v,(X)

{3cost cosf® - (3cos®t + ngsin’¢ cos2q) [cosE cosg’ +

siné sing® cos(Q - a®)] + ng(sing® sin¢ cos(a + a°)

vo(#1) = =(vp(0)/2) - R'{1-3[cos¢ cosp® + sin¢ sing’ (12.36a]
cos(@ - o719 (II.36b]
vo(-1) = =(vp(0)/2) + R'(1-3[cos¢ cosg® + sin¢ sing’
cos(al - a°)1?) [II.36C]

Substituting these expressions along with the chemical shift
terms in equations II.35a,b,c in equation II.31 provides a
fully operative equation which is completely general for an
A nucleus of spin I=1/2 dipole coupled to an X nucleus of spin
I=1. That is, the revised equation II.31 is applicable when
the conditions of the high-field approximation are not
satisfied. In analogy to the angles a and 8 defined in figure
II.4, the angles ¢°, g°, o, B and y* are physical constants

which are characteristic for each particular molecular system.
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c. High Resolution 80lid S8tate NMR of Dilute

8pin I=1/2 Nuclei - Rotating Samples

In order to obtain a high-resolution nmr spectrum for the
dilute spin I=1/2 nuclei (A) in a solid sample, the
anisotropic nature of the spin interactions associated with
the A-nuclei and with other nuclei of the sample (X and I)
must be reduced. The definition of a dilute spin system as
referred to in this thesis is one for which the homonuclear
A-spin dipolar interactions are small (e.g. < 0.5 KHz). This
is readily satisfied for N and ®C in almost any organic
molecule since the natural abundance of these spins is very
low (see table II.1l). For P, where the natural abundance is
100 %, homonuclear interactions are usually sufficiently small
to make P a "dilute" spin system for solid state nmr. Noted
exceptions to this classification occur if two *'P nuclei are
bonded tagether or if selective isotopic enrichment has
modified the natural spin properties of the system. Thus, for
a "dilute" spin system, the Hamiltonians describing the A-spin
and I-spin interactions (where I is an abundant nucleus such
as hydrogen) can be written as :

Hy = Hy + Heg + HO + HY + WX [II.37a)

Hy = Hy + Heg + Hy + HYY + H + B [II.37b]
The experimental nmr methods used to reduce the magnitude of
the corresponding interaction energies will be examined in

turn.
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High-power hydrogen decoupling with a second radio-
frequency field, B,, applied at the hydrogen Larmor frequency
causes a coherent averaging of the A-I, I-I and X-I dipolar
interactions if the amplitude of the field is of comparable
size to the interaction energies. Typically, 50-100 Watts of
continuous rf power is necessary to obtain decoupling fields
of 50 kHz (i.e., an 'H x/2 pulse length of 5 us). The heating
that results from the application of such a field (B,;) imposes
an upper limit of approximately 2 seconds on the acquisition
times for dilute spin nmr spectra obtained with decoupling.
Several other methods for decoupling are available such as the
coherent averaging multiple pulse techniques WAHUHA, MREV-8
and others [12,59-64]. Although these are useful in some
cases, at present the general effectiveness of such pulse
sequences for decoupling hydrogen in typical chemical systems
is limited.

In addition to removing the dipolar interactions
involving hydrogens, the decoupling field (B;) can also be
used to enhance the nmr signal of the dilute spins (A) by a
technique known as cross polarization (cp). This was first
applied to the nmr study of naturally abundant Be in solid
samples by Pines et al. in 1972 [9] and the details of cross
polarization dynamics can be obtained from numerous sources
in the literature (9,12,65-72,74]. The basic objective of any
cp technique is to transfer polarization from the abundant

I-spins (usually hydrogen) to the dilute A-spins under
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investigation. Consideration of equation II.6 suggests that
if one can manipulate the spin system such that the exchange
of Zeeman energy between the A and I spins could occur, then
thermodynamically the hydrogen nuclei which have a low spin
temperature and a large magnetization reservoir could
effectively "cool" the dilute spin A nuclei by transferring
magnetization to then. The most common technique which
creates a situation for the exchange of Zeeman energy between
the A and I nuclei is referred to as the Hartmann-Hahn
matching condition {65]. This can be expressed as :

Wi T Wy [II.38a)]

Ta'Bia = v1°By;p [II.38b]

and indicates that in their respective rotating frames, both
the A and I nuclei precess with the same frequency. The
mechanism and kinetics of this method of cross polarization
depend mainly on the magnitude of the direct dipolar
interactions between the A and I spins. This has been
discussed in detail by Jelinski and Melchoir ([71] and the
experimental implications of the cross polarization dynamics
between the A and I nuclei will be examined in section III.B.
One possible pulse sequence for performing a cp nmr
experiment is indicated in figure II.8. First, a high-power
¥/2 pulse is applied with the rf field B, at the hydrogen
Larmor frequency to establish transverse magnetization for
the I-nuclei in the static magnetic field, B,. Immediately
following this pulse, both the B; and B, rf fields for the A



56

and I spins are turned on simultaneously. The B, rf field is
applied along an axis which is phase shifted by x/2 relative
to the first rf pulse (e.g., along the y axis if the first
pulse was applied along the x' axis) and causes the I-spin net
magnetization to precess about that axis. This is termed
spin-locking and the return of the I-spin magnetization to
thermal equilibrium (M,=M,) is characterized by a specific
relaxation time, T,,;. The A spin rf field, B,, allows the
A-nuclei to ‘'contact!' the magnetization reservoir of the
I-nuclei under the Hartmann-Hahn matching conditions for a
period t.. The final part of this pulse sequence, involves
turning off the A-spin rf field and observing the resulting
FID of the dilute spins with high-power hydrogen decoupling.
Note that it is always necessary to wait a short period of
time, t,, to allow the electronic circuits to recover trom the
influence of the high-power pulses. The whole sequence can
then be repeated to obtain a sufficient number of transients
to give the desired signal to noise ratio in the Fourier
transformed freguency domain nmr spectrum.

There are several distinct advantages relating to the
use of the cp technique shown in figure JI.9. First, since
the source of the dilute spin magnetization arises from the
abundant spins (e.g., hydrogens), the repetition rate is
governed by the '{ spin-lattice relaxation time (Ty) and not
the spin-lattice relaxation time of the A-nuclei (T,,). This

is advantageous, since T;, are generally [12,71,72] much longer
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Figure II.9
Timing diagram for a cross polarization pulse sequence. The
relative phases of the hydrogen pulses are indicated. Typical
times for the various delays in the cp nmr experiment are :
(1) ®/2 pulse lengths, t,=2-7 ps; (2) contact {spin-lock)
time, t.=1-12 ms; (3) dead time, t;=20-60 us; (4) acquisition

time, t,=1-2000 ms; (5) recycle time, t,=3-200 s.
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than T,; and therefore one can obtain more FIDs in a given
time period using cp than with simple single pulse acquisition
of the A-nuclei. In addition, the equilibrium magnetization
established for the A-nuclei after a single contact with the
I-spins is enhanced by a factor of approximately (v;/v.) as
compared to the nmr signal observed with a single pulse
applied to the A nuclei of the sample after 5xT,,. This
results in an enhancement factor of approximately 4 (16 in
time) for *°C nuclei and a factor of 10 (100 in time) for !N
nuclei if the abundant spins are hydrogens. Finally, if the
I-spins are characterized by a long T,,;, then it is possible
to re-contact the A-spins with the I-spin reservoir before
repeating the sequence. Although this can result in an even
greater signal enhancement for the A nuclei, it is generally
not used in practice since it requires the decoupling field
to be on at high-power levels for unacceptably long periods
of time.

An example of an N nmr spectrum acquired at B,=4.7 T
with the pulse sequence shown in figure II.9 is presented in
figure IX.10a for a static powdered sample of °N enriched
4-methoxy-l-naphthonitrile. The breadth of the nmr spectrum
results from the N chemical shift anisotropy, 4§, which is
slightly non-axially symmetric (n, = 0.12, A6 = 396 ppm). In
order to obtain a high-resolution **N nmr spectrum for such a
solid sample, the influence of the chemical shift anisotropy

must be removed.
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Figure II.1l0

Nitrogen-15 nmr spectra of a solid powdered sample of 20% N
enriched 4-methoxy-l-naphthonitrile at 4.7 T. The nmr
spectrum in (a) was acquired without sample rotation whereas
that in (b) was acquired with magic angle spinning at 2.9 kHz.
The contact time for the experimental nmr spectra was 9 ms and
the recycle time was 7 s. The nmr spectrum in (c) was

calculated based on the computer simulation routine of Clayden

et al. [82].
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Andrew et al. described a method whereby rapid mechanical
rotation of the sample at an angle inclined (8,) relative to
the magnetic field, B,, (figure II.11) scales the traceless
part of second rank tensor interactions (3, {\7, 6, 3) by a
factor of 1/2(3cos’8,~1) [4,6]. If the angle 8, is set to
54°44'8" (the "magic angle"), and the sample spinning speed
(v.) is large compared to the internal interaction energies,
then the dipolar and first order quadrupolar interactions are
averaged to zero and the indirect and shielding interactions
are averaged to their isotropic values. Thus, when this
method is combined with cross polarization and high-power
hydrogen decoupling one observes a sharp resonance signal for
each chemically distinct A-nucleus in analogy to a high-
resolution solution nmr spectrum. The isotropic chemical
shifts (é,,,) observed in dilute spin cp/mas nmr spectra of
solids are usually comparable to the corresponding values
observed in solution nmr studies. For example, B¢ chemical
shifts are usually within % 3 ppm as compared to the
corresponding values observed in solution nmr whereas
differences for *P and !N may be slightly larger due to
intermolecular interactions. This is generally valid unless
the molecule of interest has a significantly different
conformation and/or structure in solution as compared to the
solid state [73). Note as well, that additional peaks may
arise in the solid state cp/mas nmr spectrum due to

crystallographic nonequivalence of the nuclei being
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FPigure II.1l1

The angle B, defines the jnclination of the sample spinning

axis relative to the static magnetic field, B,.
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investigated and/or by the presence of one or more polymorphs
{74]). Finally, if the nucleus being observed is indirectly
coupled to another nucleus X, then the isotropic J may or may
not be observed depending on the magnitude of J,,, relative to
the inherent 1line width of the dilute spin nmr resonance
signal.

The line widths in high-resolution solid state nmr
spectra of dilute spins are related to several experimental
parameters as well as the nature of the solid sample [75-77].
Typically nmr line widths (at half height) observed with the
use of a double air-bearing solid state nmr probe on highly
crystalline samples are approximately 0.2-2 ppm. For
inhomogeneous samples such as glasses or polymers on the other
hand, line widths on the order of 2-9 pPpm are often observed
in the dilute spin nmr spectrun. Alla and Lippmaa have
demonstrated that this change in observed line broadening
between crystalline and inhomogeneous samples is related to
the anisotropy of the magnetic susceptibility rather than
volume susceptibility effects [77a)]. In addition, several
authors have noted that for every degree of missetting of the
magic angle, the observed line width in the dilute spin cp/mas
rmr spectrum will increase by approximately 2% of the static
line width [75-77]. Therefore, nuclei which have large
chemical shift anisotropies will have line widths which are
particularly sensitive to the setting of the magic angle. It

is usual then, to adjust the angle to the correct position
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prior to acquiring a high-resolution cp/mas nmr spectrum.

The most common methods for setting the magic angle
involve the use the “C resonance signal of the aromatic
carbons of hexamethylbenzene (HMB) [77] or by observing the
Br (I = 3/2) nmr signal of solid KBr [78]. For HMB, the
limiting line width for both the aromatic and methyl carbons
in the “c cp/mas (v,=3-4 kHz) nmr spectrum at 50.32 MHz
(B,=4.7 T) is approximately 38 + 5 Hz provided the decoupler
field strength is in excess of 35 kHz {77a}. For KBr, this
author has observed that for a properly shimmed cp/mas nnr
probe, the correct setting of the magic angle can be
established by the cbservation of rotational spin-echoes [78)
for a period of approximately 14 ms in the time domain °Br nmr
signal at spinning speeds of 3-4 kHz. Note that these are
both external methods for adjusting the magic angle and unless
the HMB or KBr are included in the actual rotor being used for
the mas nmr experiment, they do not guarantee that the sample
being investigated will spin at exactly the magic angle. A
more elaborate means of monitoring the actual setting of the
angle B, using lasers has been described by Ernst and
coworkers [79].

When the sample spinning speed (v,) is less than the
chemical shift anisotropy (aAé) in Hz, one observes an array
of spinning sidebands at multiples of the rotor frequency
(n-v;) in the resulting dilute spin nmr spectrun. For

example, four spinning sidebands are apparent in the !*N cp/mas
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nmr spectrum obtained for 4-methoxy-l-naphthonitrile at a
sample spinning speed of 2.9 kHz (figure II.10b). 1In the
absence of dipolar couplings, the intensity and the
distribution of the spinning sidebands about the isotropic
value in the dilute spin nmr spectrum are a reflection of the
dilute spin chemical shift anisotropy. Thus, in principle,
one can obtain information about the anisotropic nature of the
chemical shifts by interpreting the spinning sideband
intensities. Several methods have been described to extract
the three principal components of the chemical shift tensor
from such a "slow spinning" dilute spin nmr spectrum [80-82}.
The simplest method involves a graphical procedure outlined
by Herzfeld and Berger [80]. In this method, the intensity
of several spinning sidebands (I * N) are compared to the
intensity of the isotropic resonance (I,) and these values are
then used to plot a series of contours that have been
calculated by Herzfeld and Berger using numerical methods.
The intersection point of the various contours can then be
used to extract two parameters (p and p) which can be related
to the chemical shift anisotropy [80]. This method has the
advantage that only a small number of sidebands (N * 3) are
required to obtain reasonable estimates of the three principal
components of the chemical shift tensor. However, for nearly
axially symmetric chemical shift tensors, the results of this
analysis are not very reliable. An alternative approach

presented by Maricq and Waugh relies on a moment analysis of
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the sideband intensities [81]. A principal drawback of this
method is that significant errors in the three principal
components of the shift tensor are observed unless the
jntensities of all of the sidebands are included in the
calculation. A more recent approach presented by Clayden and
his coworkers, involves computer simulation of the dilute spin
nmr spectrum followed by an optimization routine which
minimizes the errors between the calculated and experimental
intensities of several sidebands [82]. Although this method
is suitable for small chemical shift anisotropies, this author
has found it to be unreliable for larger values of aé. The
simulated N cp/mas nmr spectrum based on the method of
Clayden et al. [82] is shown in figure II.10c¢c for the 5N
enriched sample of 4-methoxy-l-naphthonitrile. The chemical
shift tensor parameters obtained from this simulation, A§=396
ppm and n,=0.12, were found to be very similar to those
observed in static N nmr spectrum (figure II.10a).

Normally the dipolar interactions between unlike or like
spins A and X are sufficiently small (i.e., < 0.5 KkHz) that
even moderate magic angle spinning speeds are sufficient to
average these to zero. An exception t; this occurs when the
nucleus of interest, A, is dipolar coupled to a quadrupolar
nucleus, X. In this case, the cp/mas nmr spectra of dilute
spins which are directly bonded to a quadrupolar nucleus often
show characteristic splittings in their isotropic resonance

signals [83-91]. An example of this effect is illustrated in
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figure II.12 for the °'P cp/mas nmr spectrum of the inorganic
salt, [(CgHs)sP=N=P(CgH;};]* (NO,) . The first point to note
regarding this cp/mas nmr spectrum is that there are two sets
of *'P isotropic resonances. This provides an example of the
influence of crystallographic nonequivalence on solid state
nor spectra of dilute spins. In addition, each isotropic *'p
resocnance signal shows a broadened asymmetric doublet of
splitting ~100 Hz. Similar splitting patterns are not
observed in *P cp/mas nmr spectrum when *N is replaced by an
N nucleus (I=1/2) or in compounds where the N quadrupolar
coupling constant is small. The splittings result from a
break down of the high-field approximation for the quadrupolar
nucleus. That is, the Larmor frequency of the quadrupolar
nucleus is not large compared to the nuclear quadrupolar
coupling constant, x, ard thus the dipolar interaction between
the dilute spin of interest and the !N nuclei contains terms
with an angular dependence other than (3cos?§,-1) which are
not completely averaged by magic angle spinning at 54°44's".

Similar to nuclear shielding, the magnitude of the
electric field gradient at the "N nucleus is also very
sensitive to the symmetry of the local electronic environment.
For example, a nitrogen nucleus in a tetrahedral environment
would be expected to have a small electric field gradient
compared to that of a dicoordinate nitrogen involved in a
double bond. Typical values for the N nuclear quadrupolar

coupling constant, x, are on the order of 1-5 MHz [12] while
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Pigure II.12
The phosphorus-31 cp/mas nmr spectrum of the inorganic salt
[ (CgHs) ;P=N=P(CgHs),]* (NO,) . The sample spinning speed was
2.52 kHz.
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at B,=4.7 T, the Larmor frequency for “N is 14.47 MHz. A
theoretical procedure for calculating the mas line shapes of
a ®c nucleus dipolar coupled to an N nucleus where the high-
field approximation is not valid has been presented by Hexem
[88]. The method is generally applicable to the case of any
spin I=1/2 nucleus dipolar coupled to a spin I=1 nucleus and
assumes that the indirect dipolar coupling is negligible. The
resulting mas nmr spectrum calculated for the spin I=1/2
nucleus is the sum of three first order dipolar coupled powder
patterns which have been substantially scaled by magic angle
rotation. Two of these residual powder patterns are
superimposed and are separated from the third to give the
approximate 2:1 asymmetric doublet pattern seen in figure
II.12.

The splitting of the asymmetric doublet in the dilute
spin nmr spectrum is expected to increase with (1) an increase
in the N quadrupolar coupling constant; (2) a decrease in the
size of Bo; (3) an increase in the A-X dipolar interaction
(i.e., shorter r,). A computer simulation routine developed
by Hexem is useful for calculating and interpreting dilute
spin mas nmr spectra of these systems [88]. Examples of
calculations using Hexem's method for the '°C mas line shape
of a ¥c,N spin pair with various ratios of the N Zeeman
energy to the N quadrupolar coupling constant are shown in
figure II.13a for a particular orientation of the nitrogen
electric field gradient. As anticipated, the splitting of the
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Figure IIX.1l3

calculated C mas line shapes at 4.7 T for a **c,*N spin-pair.
The nmr spectra in (a) were calculated by assuming that Vg, is
oriented along the dipolar vector, the asymmetry parameter
n=0.5 and r, is 1.40 A. The ratio of v./x is indicated on
each cp/mas nmr spectrum and the calculated splittings of the
asymmetric doublet are =72 Hz, =119 Hz, -286 Hz and +286 Hz
for a ratio of v,/x of 10, 6, 2.5 and -2.5, respectively. The
simulated nmr spectra in (b) were calculated by assuming that
x=-4 MHz, a’=¢"=0° and the bond length is 1.40 A. The value of
g° is indicated on each C mas nmr spectrum and the calculated
splittings were determined to be +198 Hz, +136 Hz, +36 Hz and

-49 Hz for values of g°=0°, 30°, 54.7356° and 90°, respectively.
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Figure II.1l3a
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asymmetric doublet decreases substantially as the size of
Zeeman interaction increases relative to x (!N). Note that
the nmr spectrum of the dilute spin reverses in shape when the
magnitude of x is negative. The influence of the size of r,
on the dilute spin nmr spectrum is not as marked as the
influence of the magnitude of . However, the relative
orientation of r, and the electric field gradient can have a
significant effect on the observed splittings in the *c line
shape as indicated in figure II.13b. For an orientation where
the principal component of the N efg (V,;) relative to Ty is
at the magic angle, the splitting is very small and may not
even be observed depending on the experimentzl line width of
the dilute spin nmr spectrum. In addition, variations in g°
can also lead to a reversal in the ¥C line shape.

In some cases, the nature of the splittings observed in
dilute spin I=1/2 nmr spectra can be used to obtain structural
and or electronic information. For example, if the
orientation and magnitude of the electric field gradient
tensor of a nucleus in a particular molecule are known, then
simulations of the dilute spin nmr spectrum may allow one to
estimate the bond length (r,) between the dilute spin A and
the quadrupolar nucleus X. On the other hand, if r, is known
it may be possible to obtain information about the nature of
the quadrupolar coupling constant. This information can be
very important, for example, if one wishes tu analyze a

dipolar-chemical shift nmr spectrum of a spin I=1/2 nucleus
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dipolar coupled to a quadrupolar X nucleus. Finally, the
observed splittings can be very useful in the assignment of
high-resolution nmr spectra of nuclei such as ’C where many

lines are observed for typical organic solids.
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ITI. Some General Experimental Techniques

for the NMR Study of Sclids

The focus of this section relates to the description of
some experimental nmr techniques for the study of solid
sanples which either (1) improve the quality cf the solid
state nmr spectra or (2) provide a means for assigning high-
resolution nmr spectra of solids. The experimental aspects
of solid state nmr have been thoroughly discussed in several
texts and monographs, most of which have already been referred
to [12,71,72,74,92-94]). The approach taken here is of a semi-
quantitative nature with the principal objective being an
understanding of the difficulties associated with studying
solid samples and how *©o overcome these problems when

performing the nmr experiment.

A. Hahn Echo NMR Spectroscopy of Solias

The anisotropic nature associated with spin interactions
in solids impose stringent demands on the nmr spectrometer in
order to observe "broad line" nmr spectra of static powdered
samples. For example, heteronuclei such as N and %P have
chemical shielding anisotropies that range upwards of 1000 ppm
which, at 4.7 T, corresponds to a frequency distribution of
approximately 20 kHz for *N and over 80 kHz for *P. Two
important considerations when attempting to study such
anisotropic line shapes are : (1) the rf pulse power that one

can deliver to the spin system and (2) the finite recovery
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times of rf tuned circuits in the probe and receiver. The
first problem relates to the fact that one must be able to
"flip" all spins by the same amount (equation II.9) if the
simple rotating frame approach to nmr interactions is to be
valid. Thus, for a °*P nucleus with a chemical shift
anisotropy of over 80 kHz (®1000 ppm) at 4.7 T, not even a n/2
pulse width of 4 us (i.e., (vyBy/2%x)=62,500 KHz) would be able
to provide uniform excitation across the entire frequency
range of the nmr spectrim. It is important to point out that
it is not the power of the rf amplifier that determines the
effective flip angle but more importantly how efficiently the
nmr probe can use this power. Thus, with improvements in nmr
probe design, ¥/2 pulse lengths of 2-3 us for heteronuclei are
becoming available [11,95-98]. Even with such improvements,
the "dead times" associated with the various tuned circuits
in the nmr spectrometer are usually sufficiently long (20-60
us) following an excitation pulse that the first few points
on the FID cannot be recorded. For very broad line nmr
spectra, a loss of the information in the first few points
causes significant distortions in the powder nmr line shape
(101]. An example which demonstrates the effect of a 20 us
pre-acquisition delay on the “®sn (I=1/2, v,=74.63 MHz) static
cp nmr spectrum of 2,2-dibutyl-1,3,2-dioxastannolane is shown
in figure III.la. The total breadth of this cp nmr spectrum
which is dominated by the tin chemical shift anisotropy is

over 60 kHz. The distortions in the line shape are obvious
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Figure III.1

The '*Sn cp nmr spectrum of a static powdered sample of

2,2-dibutyi1-1,3,2-~dioxastannolane ocbtained with (a) the basic
cp pulse sequence (figure IX.9) with a pre-acquisition delay
of t,=20 us and (b) the Hahn-echo cp sequence (figure III.2)
with a 7 delay of 50 us. !'®Sn 7/2 and ¥ pulse lengths were
3.2 ps and 6.4 us, respectively. Note the clear definition
of the ''sn chemical shift anisotropy line shape in (b) as

compared to (a).
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and thus obtaining accurate values for the three principal
components of the 'sn chemical shift tensor is difficult.
Since the inherent "dead times" of the nmr spectrometer
cannot be easily rectified so that the observation of the FID
can start immediately after the excitation pulse, an
alternative approach must be considered. The simplest method
to overcome finite recovery times was first applied to solids
by Stoll, Vega and Vaughan [99] and involves the use of a
Hahn-echo pulse sequence [100] for observing the A-spins. The
timing diagram for such a sequence incorporated into the basic
cp sequence is shown in figure III.2. Basically, this
technique involves the addition of a x pulse (in the
transverse plane) to the A-spins at a time 7 after the end of
the contact pulse. Acquisition of the A-spin nmr signal then
occurs at a time r after the ¥ pulse with high-power hydrogen
decoupling. With a judicious choice of r, an echo signal will
occur at a time greater than the recovery time of the
instrument and in the absence of other internal interactions
a line shape with minimal distortions will be obtained for the
dilute spin being investigated. An example of a Hahn-echo
18sh cp nmr spectrum (r=50 us) for a static powder sample of
2,2-dibutyl-1,3,2-dioxastannolane is shown in figure III.1b.
Comparison of the two nmr spectra in fiqure III.1 clearly
demonstrates the improvements that can be obtained by

observing the first few points of the FID.
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Figure III.2
The timing diagram for the cross polarization Hahn-echo
spectroscopy of powdered solids. Typical pulse lengths
correspond to those indicated in figure II.9. Values for the
r delay are normally between 40 us and 150 us. The FID
signals for the two quadrature channels are indicated and the

zero crossing (2C) and echo maximum (EM) are labelled.
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It is important to point out that the Hahn-echo sequence
will only "refocus" the spin interactions which have linear
dependence or I, [17,19]. This is advantageous since problems
associated with inhomogeneity of the static magnetic field
(B,) and imperfect pulses will be minimized. In addition, the
heteronuclear dipolar interaction and the chemical shielding
interaction are both described by Hamiltonians which are first
order in I, and therefore the spin echo technique is
applicable to the study of "isolated" heteronuclear spin
pairs. This is an important result since the general utility
of the dipolar-chemical shift nmr method relies on obtaining
accurate values for the dipolar splittings (Av,;) from the
dilute spin nmr spectrum. Conversely, homonuclear dipolar
interactions have a second order dependence on I, and are not
influenced by the application of the x pulse. If present,
they can modulate the echo amplitude and therefore lead to
distortions in the nmr spectrum of the dilute spin being
investigated. Fortunately, for the majority of organic and
inorganic solids, the homonuclear spin interaction energies
are small and should not influence the general applicability
of the Hahn-echo method.

Rance and Byrd have presented a detailed discussion of
the experimental aspects associated with acquiring Hahn-echo
nmr spectra for dilute spin 1/2 nuclei in solids ({101].
Before attempting this experiment, it is important to consider

the spin-spin relaxation time (T,) of the A-nuclei being
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examined. If the T, is short as compared to the inherent
recovery time of the nmr spectrometer, t,, then the Hahn-echo
methed will not provide useful nmr spectra. Since most modern
high-resolution solid state nmr spectrometers have natural
"dead times" of approximately 20-60 us, typical values for the
T delay are on the order of 40-100 us. Shorter r values, on
the order of 10-30 us, can be obtained on some nmr instruments
by (i) opening the audio frequency filter to the maximum value
to alleviate acoustic ringing effects and/or (ii) adding
resistors to the tuned rf circuit of the nmr probe to reduce
the ring-down time [98]. The choice of the echo maximum can
be done by determining the point where the FID signal is a
maximum in one channel and zero in the other quadrature
channel as indicated in figure III.2. In some cases this can
be done by simply examining the FID but in others, one may
require the use of an interpolation scheme such as the one
outlined by Rance and Byrd (101]. It is important to note
that the proper choice of the echo maximum is critical if one
wants to obtain the minimum amount of distortion in the
resulting dilute spin nmr spectrum. Finally, it is important
to phase cycle the various pulses in the Hahn-echo experiment.
This will help reduce distortions related to incomplete rf
excitation and rf pulse imperfections. The phase cycle scheme
described by Rance and Byrd [101] has been shown to give
excellent results and this author highly recommends such a

scheme in practice. In summary, the Hahn-echo nmr technique
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reduces the distortions in the dilute spin static nmr spectra
arising from the finite dead time of the nmr spectrometer.
The solid state nmr experimentalist should, however, be aware
that it is much more difficult to deal with inadequate rf
pulse power. Therefore, this author stresses a well
established fact [11,12,17,19], that high power rf pulses are
essential to the implementation of modern day solid state

pulse nmr techniques.

B. Optimigation of the Cross Polarization Experiment

In order to obtain reliable chemical shift parameters
from a dilute spin nmr spectrum of a static powdered solid,
it is essential to have sufficient signal to noise (S/N) so
that the discontinuities and shoulders are well defined. The
S/N ratio of an nmr spectrum is dependent upon a number of
instrumental and experimental parameters. For example, the
S/N ratio for a particular nucleus increases with the use of
higher applied magnetic fields, B,; also, improvements in S/N
can be realized by making a suitable choice of rf pulse
lengths (i.e., flip angles) and recycle times. Of paramount
importance to improving the S/N ratio when studying dilute
spins in solids by cross polarization, is the judicious choice
of the contact time, t.. In general, the optimum value of t,
varies for every different dilute spin in the solid sample
being investigated. However, for carbon-13 nuclei in typical

organic solids, it has been demonstrated that the value of t.
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is usually relatively constant for the carbon nucleus of a
given functional group [68].

The best value of t. to use for the dilute spin A-nuclei
in a cp nmr experiment is primarily determined by the relative
contributions of two competing processes : (1) the A-nuclei
cross polarization rate, R,;, which is characterized by a
relaxation time T,; and (2) the I-nuclei rotating frame spin-
lattice relaxation time, T,,;. The first of these times, T,,,
corresponds to the time required for the A nuclei to fully
polarize (i.e., M, proportional to 71/7a) under the Hartmann-
Hahn matching condition. The time Tar is related [102] to the
A-I heteronuclear second moment which for a solid powdered
sample can be expressed as :

Mear = (1/2 wavz (B/27) (4o/4%) ) B [ (3c08%y~1)%/xy] (II1.1]
The sum is over all I, nuclei which have a direct dipolar
coupling to the A-nuclei being investigated. The strong
dependence of M, ,; on the A-I internuclear separation implies
that the directly bonded I-nuclei (e.g., hydrogens) will
dominate the cross polarization rate, Ry = (1/Ty). On this
basis, one would anticipate that R,; would increase with the
number of I-nuclei attached to the dilute spin being
investigated. In addition, since the second moment, M, ,; is
closely related to the magnitude of the local dipolar
interactions, R,; will be smaller for systems where molecular
motion causes averaging of the heteronuclear dipolar

interaction. For example, the hydrogen/carbon cross
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polarization rates for *C nuclei of typical organic solids
would be expected to increase in the order :

CH, (static) > CH,R, > CHR; s CH; (rotating) >> CR,

Indeed, this simple qualitative description is consistent with
experimental solid state *C cp/mas nmr results for a large
number of organic solids [68].

The enhancement of the dilute spin nmr signal as governed
by T,; competes with the process of rotating frame spin lattice
relaxation whereby the I-spins return to egquilibrium along
the z-direction (i.e., M,=M,) with a time constant, Ty, 1. The
time T,,; is related to molecular motions which occur at or
near the frequency of the rf field used to establish the spin-
locking condition for the I-nuclei. If the I-nuclei are
hydrogens where typical decoupler rf field strengths for solid
samples are on the order of 40-70 kHz, then hydrogen T,, values
are sensitive to molecular motions in the tens of kHz regime.

A simple method to experimentally determine the balance
between T;, and T,, is to perform a series of nmr experiments
on the sample of interest with a variety of contact times,
t.. Normally, this type of experiment is carried out on a
spinning sample (mas) since it is easier to observe a
variation in the signal intensity of a narrow resocnance signal
as compared to the broad line nmr signal observed for a static
powder. Unless the magic angle spinning speed approaches the
magnitude of the AI dipolar interactions in Hz, the influence

of mas on the cross polarization dynamics is negligible.
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However, when M,,; is small relative to the spinning speed,
it has been demonstrated that mas can modulate the dipolar
interaction and hence modulate the observed dilute spin nmr
signal intensity [68)]. This is normally not observed for
rigid systems with directly bonded hydrogens but can often be
encountered if molecular motions are present or if the nucleus
of interest is located at a site with only remote contacts to
hydrogen [68]. For the general case, the observed relative
intensities of a particular A-spin resonance signal in the
dilute spin cp/mas nmr spectra can be numerically fit to the
expression [103] :
I=(I/Ta) { (exXp (=t /Ty, 1) —€XP(~te/Tar) )/ ((1/Tp) =(1/Typ,1) )} [III.2]
where I is the observed signal intensity for each t, and I,
is the maximum signal intensity which corresponds to the
optimum value of the contact time, t,,. Two illustrative
examples as applied to N cp/mas nmr are shown in figure
III.3. The plots in this figure represent the observed °N
resonance signal intensity versus the contact time for the
isotropic resonance signal (§,,,) of two 20% N enriched
samples of 1-methoxy-4-(N-phenylaminomethyl)naphthalene. The
only difference between the two samples is that one of them
has a hydrogen bonded to the nitregen (figure III.3a) whereas
the other one has a deuterium (I=1) bonded to the nitrogen
(figure III.3b). Numerical optimization of the plotted
intensities as a function of the contact times by a simplex

procedure [103,104) provides values for T,;, T,,; and I..
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Figure III.3
Plots of the !N isotropic signal intensity versus
hydrogen/nitrogen contact time for magic angle spinning
samples of (a) normal and (b) N-deuterated l-methoxy-4-(N-
phenylamino-methyl) naphthalene. The curves represent the
best fit lines of the experimental data to equation III.2
which were obtained by simplex optimization. The optimum

values of the contact times, t.,, are labelled.
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The optimum value for the contact time, t.., can be obtained
readily from inspection of the plots in figure III.3 and is
located at the maximum relative signal intensity as indicated.
Typical data that is obtained from the use of the simplex
optimization procedure on the experimental results for the two
samples of 1-methoxy—-4-(N-phenylaminomethyl)naphthalene is

presented in table III.1.

Table IIX.1

Hydrogen/nitrogen-15 cross polarization data for normal and
deuterated 1-methoxy-4-(N-phenylaminomethyl)naphthalene. The
experimental N nmr spectra were recorded at a spinning speed

of 2.5 kHz with high-power hydrogen decoupling.

Parameter Normal Deuterated
I, 105.6 100.1
T,y (ms) 0.34 1.55
Ty, 1 (ms) 37.0 1.83E6
t. . (ms) 1.50 > 8.0

Consideration of the data in table III.1l provides support for

the conclusion that the directly bonded hydrogens dominate T,;.

oy —
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For example, the N-deuterated sample has a cross polarization
relaxation time, T,;, which is approximately five times as long
as the corresponding value observed for the sample with a
hydrogen bonded to the nitrogen nucleus of this molecule. The
Ty,,1 values of the two samples are also very different which
indicates that the N-H bond is probably involved in
independent motions as compared to the rest of the molecule.
The optimum contact times, t.,, are typical for N nuclei
which normally has values of t., in the range of 0.5-12 ms.
Thus, if one is going to perform an nmr experiment on a dilute
spin in a static sample, the value of t,, should be determined
prior to acquiring the static nmr spectrum. Finally, it has
been demonstrated that for C cp/mas nmr the optimum value of
t. for typical organic solids is usually between 1-3 ms [68].
If values for t. in this range are used in the nmr experiment,
the intensities in the ’C cp/mas nmr are often closely related
to the atomic ratios in the sample [68]. This is an important
result since it allows one to perform a crude quantitative
analysis of a solid sample in order to estimate the purity.
For solid samples whose structural integrity is not maintained
in solution, this information may be critical for
characterizing the material.

A modification to the basic cp nmr experiment is useful
if the hydrogen T,, is long compared to the sum of the contact
time and acquisition time. An example of such a situation is

apparent for the hydrogen T,, of deuterated 1l-methoxy-4-(N-
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phenylaminomethyl)naphthalene shown in figure III.3b. Under
these conditions, a substantial portion of the hydrogen
magnetization remains at the end of the acquisition period.
Tegenfeldt and Haeberlen have described a pulse sequence which
is similar to that of the normal cp experiment (figure II.9)
with the addition of a x/2 pulse to the I-nuclei at the end
of the observation period [105]. This pulse is of opposite
phase with respect to the initial I-spin x/2 pulse and returns
the I-magnetization to the z-axis (i.e., along B,). The
experiment is appropriately called the FLIPBACK pulse sequence
and can be used to increase the S/N ratio of the dilute spin
nmr spectrum for chemical systems which have long I-nuclei
spin-lattice relaxation times [105]. It should be noted that
the use of this pulse sequence will never decrease the S/N
ratio in the resulting cp nmr spectrum as compared to a single

or multiple contact cross polarization experiment.

c. The Dipolar Dephasing Experiment

Alla and Lippmaa were the first to describe and use the
dipolar dephasing pulse sequence shown in figure III.4 for
the study of dilute spins [106]. The initial part of this
sequence generates the enhanced nmr signal for the dilute
spins during the contact time, t,, as previously discussed.
When the decoupling field for the I-nuclei is turned off, the
A-I dipolar Hamiltonian evolves for a periocd of time, 7,

referred to as the dipolar dephasing delay. During the
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Figure III.4

The timing diagram for the dipolar dephasing pulse sequence.

The dipolar dephasing delay, Ty, is indicated.
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interval 7y, the spin order of the dilute nuclei rapidly
dephases due to the influence of the chemical shift anisotropy
and the heteronuclear dipolar interactions. At the end of the
interval 7y, the decoupler field for the I-spins is turned on
and therefore stops the evolution of the A-I dipolar
Hamiltonian during acquisition while maintaining the influence
of the chemical shift interaction. Thus, the dipolar
dephasing experiment allows one to measure the time required
for a polarized dilute spin to lose its magnetization after
the I-spin lock is turned off. The analogy of this to the
measurement of the *C spin-spin relaxation time (T,) is noted.

The resulting nmr spectrum observed for the dilute spins
with the application of the pulse sequence in figure III.4
depends on the magnitude of the local dipolar interactions
with the I-nuclei. For strongly dip«lar coupled A-I spin
systems such as CH, NH, CH, and NH,, the decay of spin order
is very efficient and this leads to very weak signals in the
nmr spectrum for these nuclei with 7y, times greater than 40
us [68¢c,106-114]. For weakly coupled spin systems such as
rotating methyl groups or nonprotonated moieties (e.g.; CR,,
NR;), the local dipolar interactions with the I-nuclei are
small and therefore the spin order developed for these nuclei
during the contact time will be maintained throughout the
dipolar dephasing delay. Thus, the cp/mas spectra acquired
for typical organic solids with the dipolar dephasing pulse

scheme will contain resonance signals for those dilute spins
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in a quaternary environment (i.e, no directly bonded
hydrogens) or those involved in a significant amount of
moclecular motion. Because of this property, the technique is
often referred to as the non-quaternary suppression pulse
(NQS) sequence.

A variety of dephasing delay times (r,,) have been
reported for the study of C nuclei in solid materials [68c,
106-114]. According to Opella and Frey, 71, times of
approximately 40 us are usually sufficient to suppress the
®c resonance signals for carbon nuclei of methine and
methylene groups. For N nuclei, the heteronuclear dipolar
interactions involving hydrogens are usually smaller than
those for C and thus one would anticipate that slightly
larger values of r,, would be appropriate. To date there has
not been a comprehensive study to address this issue in
detail. This author has found that r, for N dipolar
dephasing nmr experiments are approximately 80-200 us for
complete suppression of **N nmr signals for nitrogens with
bonded hydrogens.

The simplification of the dilute spin nmr spectrum
obtained with the dipolar dephasing pulse sequence usually
results in the immediate assignment of several resonances to
particular dilute spins in the sample being investigated.
This is advantageous since the suppression of indirect spin-
spin couplings (J,,,) between >c and 'H in ¢ cp/mas nmr

spectra makes the assignment of the resonance signals more



99

complicated. 1In addition to simplifying the assignment of
dilute spin cp/mas nmr spectra, the dipolar dephasing
experiment can also be used to obtain specific structural
information in the solid state. For example, with )N cp/mas
nmr one could readily distinguish between the protonated and
nonprotonated forms of tertiary amines (i.e., NR, versus HN'R,)
on the basis of N cp/mas experiments performed with the
dipolar dephasing pulse sequence. In this case, only the non-
protonated form of the tertiary amine would give rise to an
>N resonance signal in the cp/mas nmr spectrum acquired with
the dipolar dephasing pulse seqguence. Experimental examples

will be given for the tetracycline antibiotics in section

Iv.C.



IV. Applications of S8oclid State NMR

A. Ccharacterization of the Carbon-13 and Nitrogen-15
Chemical shift Tensors of the Carbon-Nitrogen Double

Bond in Benzylideneaniline and Related Imines.

A.1 Introduction

In the past ten to fifteen years information about the
anisotropic nature of the chemical shift has become available
for carbon nuclei [12,48,55b,56,115-126] and to a lesser
extent for nitrogen nuclei [12,20,53,55b,56,115-117,119,122,
127-130] in a variety of molecular environments. Generally,
the principal components of the chemical shift tensor for any
given functional group are reasonably constant or typical for
that particular functional group ([12,20, 1115,117,120b,124,
125)]. For example, in a series of ten relatively unstrained
molecules containing olefinic carbons, Orendt et al. [125]
found that the most shielded component of the *C chemical
shift tensor, §,;, varied between 5 ppm and 51 ppm; similarly,
the intermediate component, §,,, varied between 86 ppm and 152
ppm and the least shielded component, §,;,, varied between 214
ppm and 288 ppmn. In this same series of molecules the
isotropic chemical shift, §,,,, has a smaller range, 116 ppm to
149 ppm. Potentially more information regarding substituent
effects, steric effects and other structural parameters on the

chemical shielding at a nuclear site is available from the

100
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three principal components of the shift tensor than from the
isotropic chemical shift, particularly if the orientation of
the principal axis system of the tensor can be determined.
Thus, it is desirable to characterize chemical shift tensors
for molecular systems containing as many different bonding
environments as possible. One system, which has not
previously been studied by solid state nmr, is the carbon-
nitrogen linkage of the imine bond. In order to determine the
orientation of the *c and !N chemical shift tensors in the
imine fragment, samples of a representative compound,

benzylideneaniline (la), were prepared. This compound was

[:;j Compound R

ia H
Hw c"N
1b OCH,
1c NO,
R

chosen since it is easy to prepare with selective isotopic
enrichment (e.g., **C or !°N) at either or both of the imine
carbon or nitrogen. The "isolated" spin-pairs (e.g., c,N

13

and c,'N) may then be investigated by c and N dipolar-

chemical shift nmr spectroscopy to fully characterize both
chemical shift tensors. A further advantage of this compound
is that x-ray diffraction results indicate that Jla
crystallizes in the monoclinic space group P2;/c¢ with four

crystallographically equivalent molecules per unit cell [131].
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This is important since difficulties in analyzing powder nmr
spectra where crystallographic nonequivalence is present are
avoided [55a]. The results reported in this section of the
thesis represent the first example where both the orientation
and magnitude of the carbon and nitrogen chemical shift
tensors of a "localized" imine bond have been determined. A
previous study on all~-trans-retinylidenebutyl-{ 3Nj-imine [132]
provided only the magnitude of the imine nitrogen chemical
shift tensor. Both carbon and nitrogen chemical shift tensors
determined for la will be compared to recent experimental
results on the oxime moiety {55b] as well as with other
chemical systems containing carbon or nitrogen involved in a
double bond.

The second part of the discussion of the imine system
will focus on the variation of the three principal components
of the °N chemical shift tensors in several related compounds.
Specifically, the nitrogen shielding properties of two
substituted benzylideneanilines 1b and 1ic , three
naphthylideneanilines (2) and two salicylideneanilines (3)
will be examined. The compounds indicated in 1 and 2 provide
an opportunity to examine the influence of substituents on the
magnitudes of the three principal components of the |
chemical shift tensor whereas the compounds indicated in 3
provide an opportunity to examine the influence of hydrogen

bonding on the °N chemical shift tensor.
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[;:] Compound

R
H\C4N 2a H
2b OCH,
l::"::’ 2c CN
R
Compound R
He //N 3a H

ﬁ
:E 0] 3b Cl
R

A.2 Experimental

The benzylideneaniline (1), naphthjlideneaniline (2) and
salicylideneaniline (3) samples were prepared by refluxing an
equimolar mixture of the appropriate aldehyde and aniline in
toluene using a Dean Stark apparatus for the removal of water.
For la, the benzaldehyde-’C (99.6 %) and aniline-*N (95 $)
were procured commercially (MSD Isotopes, Montreéal, Canada) .
The “C=N and *c=!'N samples of la were prepared solely from
the respective isotopically enriched materials whereas a
separate sample of ¥C=N la enriched with 20 % !N was
prepared by mixing aniline-*N with aniline prior to the
reaction. The naphthaldehydes used for the preparation of the
compounds in 2 were synthesized by Mr. J. Hilborn, Dalhousie

University. Salicylaldehyde and 4-chlorosalicylaldehyde were
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purchased from the Aldrich Chemical Company. Before preparing
N enriched samples of 1, 2 and 3, natural abundance samples
were synthesized. Carbon-13 nmr spectra of chloroform
solutions indicated that with the exception of 2a and 2b, all
samples were very pure. The impure samples of 2a and 2b were
further purified by column chromatography on silica gel (3
parts methanol:1 part ethyl acetate).

Carbon-13 and N solid state nmr spectra were recorded
at 50.32 MHz and 20.30 MHz respectively using a Bruker MSL-200
spectrometer (B,=4.7 T). Samples (~300 mg) were ground to a
fine powder and packed into rotors (7 mm o.d., 18 mm long)
made from either aluminum oxide or zirconium oxide. Nmr
spectra were acquired at 293 K under the conditions of the
Hartmann-Hahn match and with high-power hydrogen decoupling.
The ®/2 pulse widths were in the range 3.5-6.5 us for **c, N
and ‘H. All Cp nmr spectra were recorded using the FLIPBACK
pulse sequence [105] with recycle times of 7-80 s. The
contact times for the N nuclei of the various imines studied
were optimized from mas nmr experiments (v, = 2-4 kHz) .
Typical values of t., for compounds 1, 2 and 3 were found to
be 4-6 ms. These optimum values for t. were then used for
acquisition of the respective stat’c !°N nmr spectra. The
acquisition time for all cp/mas nmr spectra was approximately
50-200 ms; the corresponding times for the static samples were
15-35 ms. For the static samples of ]Ja, sensitivity

enhancements corresponding to 50 Hz and 100 Hz of line
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broadening were applied to the C nmr spectra and N nmr
spectra respectively prior to Fourier transformation. For the
remaining samples, sensitivity enhancements were applied as
determined from the acquisition time (i.e., (AT)).
Carbon-13 chemical shifts were referenced with respect
to tetramethylsilane by setting the observed chemical shift
of the methylene carbon of external adamantane at 38.56 ppm
[133]. Adamantane was also used to establish the Hartmann-
Hahn matching condition. Doubly enriched ammonium nitrate was
used to optimize the Hartmann-Hahn matching condition for the
N cp nmr experiments. Nitrogen-15 chemical shifts were
referenced with respect to NH;(2), 0 ppm (293 K). This was
accomplished by setting the observed °N chemical shift of the
ammonium ion signal of external ammonium nitrate at 23.8 ppm.
The theoretical powder nmr spectra were calculated using
the interpolation scheme of Alderman et al. [134] based on the
equations II.31-II.36. The simulation routine was modified
by Mr. B. Power to include the calculation of the *C static
nmr spectrum based on equations I1.32, II.35 and II.36. The
simulation routine can also include the effects of an
isotropic and anisotropic J tensor. However, for la the
isotropic 'J(*’c,'™N) coupling is only =7.2 Hz [135]; therefore,
it was assumed that the anisotropy in J is small and it was
subsequently neglected in all simulations. The theoretical
spectra were convoluted with a Gaussian line broadening

function, g(v), for an improved fit to the experimental nnmr
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spectra. Calculations of the c-"N cp/mas nmr spectra were
carried out using the method of Hexem et al. [88]. The
simulation routine for calculating these '*C nmr spectra was
supplied by Professor S.J. Opella, University of Pennsylvania.

All computations were performed on a VAX 8800 computer.

A.3 Results and Discussion

Dipolar-Chemical Shift NMR Experiments on Benzylideneaniline

The static *C nmr spectrum for the doubly isotopically
enriched c,™N sample of la is shown in figure IV.la. The
shape of this nmr spectrum is typical for an isolated °c,N
spin pair with an asymmetry parameter of the carbon chemical
shift anisotropy approaching unity. Initial estimates of the
three principal components of the carbon chemical shift tensor
were obtained from the static c nmr spectrum for the *c,N
sample of la (vide infra). The magnitude of the dipolar |
interaction constant, R, for the ¥¥¢,' N pair was calculated to
be -1606 Hz based on the ry bond length, 1.24 % 0.02 A,
determined by x-ray diffraction experiments [131]. The first
attempts to simulate the static *C nmr spectrum for the '*c,®®N
spin pair allowed the magnitudes of the three principal
components and the values of the Euler angles a and g to vary
while constraining the bond length to 1.24 A. After numerous
computer simulations, the values of a and g were determined
to be 75 + 7° and 76 + 7°, respectively. The simulated °c

static nmr spectrum based on these values of a and § is shown
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Figure IV.1

The (a) experimental and (b) calculated C nmr spectra of a
solid powder sample of la where botih the imine carbon and
nitrogen are c (99.6%) and >N (95%) enriched, respectively.
The spectrum results mainly from the carbon involved in the

imine bond with only a small contribution from the other

twelve carbons in the molecule.
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Figure IV.1
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in figure IV.1b and the **C chemical shift parameters derived

from figure IV.l1 are indicated in table IV.1.

Table IV.1

Carbon-13 and Nitrogen-15 Chemical Shift Parameters and

Dipolar Coupling Constants for the Imine Bond.

Nucleus R 511 822 baa 8ia0 a B A Ne
13cu15y 1606 235 167 79 160 75 76 156 0.88
15N13¢ 1606 610 321 65 332 42 78 545 0.92
R x (1N) 1 a® go ats ges €S
1Be.14N 1145 -4.45 0.64 90 49.5 0 76 46

Further simulations of the C nmr line shape which allowed the
bond length to vary indicated that for every change of 0.01
i in the bond length the value of a changed by 1° and that of
B changed by 2°. For example, if B is restricted to be 90°
(i.e., &8;; is perpendicular to the HCN piane), then the value
of rcy determined from the calculated C nmr spectrum is 1.32
;\ (R'=-1332 Hz) and the value of a is 83°. Although this value

of ry is 0.08 A longer than the value reported from x-ray
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diffraction experiments [131], it should not be rejected
without a proper consideration of the possible sources of
error associated with the dipolar-chemical shift nmr
technique.

Derivation of bond lengths from observed dipolar coupling
constants in nmr spectra is often complicated by contributions
from effects other than the direct dipolar interaction. Since
both nuclei being investigated in this system are second row
elements, the influence of anisotropy in J is anticipated to
be negligible [20]. Molecular motion such as librations may
reduce the static value of R; however, for a rigid system such
as benzylideneaniline motional effects are expected to be
small.A Cross-relaxation has been shown to reduce the
magnitude of the observed dipolar splittings [136]; however,
when this effect is present, it is made obvious by the
characteristic "hump" in the line shape at orientations close
to the magic angle but causes only a small distortion on rest
of the line shape. The presence of one or more of these
effects will tend to reduce the observed value of R, leading
to longer derived bond lengths. Consequently, bond lengths
derived from dipolar coupling constants obtained from nmr
spectra should be considered as upper limits. Furthermore,
as R and the angles a and 8 are highly covariant (equation
II.32), the values quoted for these angles will also
correspond to lower limits. Thus, for the imine carbon of

benzylideneaniline, the value for § is 76°, where it should be
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understood that if the influence of motional averaging is
taken into account g will increase.

For the c,N sample of la the basic features of the
static C nmr spectrum are quite different (figure IV.2a).
In this case, the “C spins are dipole coupled to a spin 1
nucleus and three subspectra are discernibie in figure IV.2a.
Also, the magnitude of the dipolar coupling constant is
decreased by a factor +v(™N)/v('*N), 0.7129, such that R is
1145 Hz. 1Initial attempts to simulate this nmr spectrum were
made using the parameters previously described for the °c,¥’N
sample of la (see table IV.1l) under the condition of the
high-field approximation [23-35]). The resulting calculated
¥¢ static nmr spectrum under these circumstances is shown in
figure IV.2b. Close examination of figure IV.2 indicates that
there are significant differences between the experimental and
calculated “*c rmr spectra when the dipolar coupling constant
is restricted to 1145 Hz. In particular, the dipolar
splittings at both the §,; and §.; regions of the experimental
nmr spectrum are equal (figure IV.2a) whereas the calculated
®C nmr spectrum predicts unequal splittings (figure IV.2b).
When the value of R was allowed to vary, an adequate fit
between the experimental and calculated nmr spectra was found
when the bond length was increased to rg=1.29 A. In this
case, the values of a and § were determined to be 80° and 85°,
respectively. It should be noted that this result is in

disagreement with the x-ray results [131] and the
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Figqure IV.2
The (a) experimental and (b) calculated *C nmr spectra of a
solid powder sample of la where the imine carbon is enriched
with 13C (99.6%). The high-filed approximation was assumed
for the N nucleus when calculating spectrum (b). The *
indicates the 1low-frequency shoulder due to the natural

abundance contributions from the other twelve carbons in 1la.
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forementioned arguments; therefore, it was concluded that the
high-field approximation is not strictly valid at B,=4.7 T for
the N nuclei of the imine bond of la.

In order to circumvent the high-field approximation,
precise information on the magnitude and orientation of the
*N efqg tensor is required. Unfortunately, data of this type
is currently unavailable in the literature for la. However,
information on the N efg tensor has been reported for two
closely related compounds. NQR results exist for the "“enol"
form of salicylideneaniline (3a) [137], providing the
magnitude of |x|, 4.026 MHz, and ny, 0.238. The orientation
of the N efg tensor is not available for this compound. One
would expect the values of |x| and n, to be somewhat larger
in la, as the intramolecular hydrogen bonding in 3a may reduce
these quantities. Microwave data exist for the parent imine,
methyleneimine (H,C=NH) [138], although only the inertial axes
values of the N efg tensor are reported. There is
insufficient information to determine the components of the
efg tensor in the principal axis system, which is essential
to the analysis of the ’C static nmr spectrum for the ¥¢,N
spin-pair. Gerber and Huber [139] performed high-level ab
initio calculations of the N efg tensor in a series of simple
molecules, including methyleneimine. Their results were
reported in the inertial axis system, allowing direct
comparison to microwave data, and included off-diagonal

elements, often not available by experiment. Diagonalization
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of the complete '*N efg tensor in the inertial axis system
provides x, 7, and the orientation of the N efg principal
axis system with respect to the inertial axes [140]. The
calculated inertial axes values for the N efg tensor for
methyleneimine [139] are in excellent agreement with
experiment [138], and indicate that in the principal axis
system x=-4.445 MHz and 14=0.64, with V,; oriented 53.9° off
the inertial "a" axis. This places the principal component
of the N efg tensor 49.5° (8°) from the N-C bond in the
symmetry plane of the molecule, or approximately along the
direction of the nitrogen lone pair.

The validity of these theoretical results for the “N efg
can be tested by performing a *C cp/mas nmr experiment on la
and observing the nature of the resulting asymmetric doublet.
Using the N theoretical results described above the splitting
of the °C isotropic resonance signal was calculated [88] to
be approximately 104 Hz. The corresponding splitting observed
in the c cp/mas nmr spectrum for la was 90 + 20 Hz, in good
agreement with the calculations. It should be noted that
variation of x and n, by amounts of + 1.0 MHz and + 0.3,
respectively, caused changes in the calculated splittings by
+ 50 Hz. Although the splitting of 90 Hz may at first appear
small considering |x| is over 4 MHz, the orientation of V,, is
almost 50° from the dipolar vector, close to the magic angle.
Thus, the theoretical N parameters derived from the results

of Gerber and Huber ([139] were assumed to be a reasonable
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model for la.

The N efg tensor for methyleneimine derived from the
theoretical data was then used to calculate the '°C static nmr
spectrum for the ¢, N spin-pair of la according to equations
II.31, 35 and 36. The result of this calculation is shown in
figure IV.3b together with the experimental *C nmr spectrum
(figure IV.3a); comparison indicates extremely good agreement
between the experimental and simulated *C nmr spectra assuming
the bond length is rg=1.24 A. The orientation of the ¢
chemical shift tensor is equivalent to that used to generate
figure IV.2b, where the values of ¢, g% and +*° are 0°, 76°
and 46°, respectively. The angles o’ and ﬁD were determined to
be 90° and 49.5°, respectively, based on both the cp/mas and
static best-fit simulations. The only significant difference
between the calculated and experimental line shapes in figure
IV.3 occurs at the low frequency peak in the §,, region. The
extra intensity of this peak in the experimental 1line shape
is probably due to contributions from natural abundance !*c
nuclei at the 12 other carbon sites in la. A small shoulder
at approximately 0 ppm also arises from these sites (labelled
by * in figure 1IV.3a).

In summary, the orientation of the !*c chemical shift
tensor has been determined via the effect of ¥¢,“N and
“c,"N dipolar coupling on the ¥C static nmr line shapes.

The °c,N spin pair analysis provided two of the three

angles needed to unambiguously orient the C chemical shift
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Figure IV.3
The (a) experimental and (b) calculated *C nmr spectra of a
solid powder sample of la where the imine carbon is enriched
with C (99.6%). The theoretical N efg parameters for
methyleneimine (table IV.1l) were used in the calculation.
The * indicates the low-frequency shoulder due to the natural

abundance contributions from the other twelve carbons in 1la.
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tensor in the molecular frame of reference. The third angle
was determined by consideration of the influence of the N
quadrupolar interaction on the *¢,'N dipolar coupling which
in turn is manifested in the observed C nmr powder pattern.
The magnitude and orientation of the !N efqg tensor was
approximated using theoretical results for methyleneimine,
which should be reasonable within + 0.5 MHz for y and + 0.2
for ng. These YN efg parameters successfully modelled the
asymmetric doublet observed for the imine carbon of 1la in *°c
cp/mas nmr spectra. The estimated errors in the principal
components of the carbon chemical shift tensor are + 2 ppm,
while the errors in o, g% and 4 should be less than + 4°.
The calculations indicated that the line shape is extremely
sensitive both to the values of these angles and to the sign
of x for N. Thus, it can be concluded that the sign of y is
negative in benzylideneaniline, a fact not normally accessible
by NQR experiments [141].

The chemical shift anisotropy for the imine carbon of la
(156 ppm) is somewhat smaller than the values observed for
olefinic carbons (typically 200 ppm) [48,120,121,125], carbons
of ketones or aldehydes (typically 195 ppm) [48,120,121] or
thioketones (approx. 335 ppm) [32]. The only other compound
containing the RR'C=NR'' functional group for which the carbon
chemical shift anisotropy has been reported is E-acetophenone
oxime [55b] where A§ is 196.5 ppm. The asymmetry parameter

observed for the imine carbon of la, n,=0.88, resembles that
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of the carbon of the olefins, oximes and the amide group in
peptides [142] much more closely than ketones, aldehydes or
thioketones.

Intuitively, one would expect that the orientation of
the carbon chemical shift tensor of la would be similar to
other double bonded systems such as ketones, olefins and
particularly the oximes. Theoretical calculations at both
semiempirical [143] and ab initio levels [120,144-148] predict
that the most shielded component, 6;,, should be oriented
perpendicular to the RHC=X plane. In fact, this is observed
in simple clefins and symmetrical ketones (and thicketones)
where B=90° and the §,, component is perpendicular to the
olefinic and the carbonyl (thiocarbonyl) planes, respectively
[32,48,121,125]. For la f=76 + 4°; however, it is important
to note that both the N-aryl and C-aryl rings are twisted out
of the imine plane by 55° and 10°, respectively [131].

The orientation of the §,; and §,, principal components
of the ’C chemical shift tensor of la would be expected to
be quite similar to those observed for E-acetophenone oxime
[55b]. In the latter compound §,, was found to deviate by
about 20° from the C=N bonding axis; similar deviations have
been reported for §,, of the '*C shift tensor of acetophenone
[149]. For la, §,, was found to deviate by about 15° from the
C=N bond and the least shielded component, §,,, was found to
be oriented approximately perpendicular to the C=N bond in

analogy to results for the C=C and C=0 fragments. Comparison
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of the orientational parameters derived for the imine carbon
of la with those of theoretical calculations on methyleneimine
[(144] indicates good agreement between experiment and theory.
The theoretical results predict that the least shielded
component is approximately perpendicular to the C,N dipolar
vector (i.e., a2=85.8°), and that the most shielded principal
component, §;;, is oriented perpendicular to the HCN plane
(i.e., B=90°. Given the differences in symmetry and
complexity of the two systems the slight deviations of the
Euler angles a and g are not surprising.

Finally, it is interesting to attempt to correlate the
observed shielding components with electronic transition
energies available from ultraviolet spectroscopy. For
formaldehyde, benzophenone and thiobenzophenone, Kempf et al.
[32] have demonstrated that in these RR'C=X systems,
variations in the shielding component directed approximately
parallel to the C=X double bond are dominated by the n-x*
transition energy. That is, as the energy difference
decreases, this component becomes more paramagnetic and the
chemical shielding decreases (i.e., §,, of this principal
component becomes more positive). For the ketone, aldehyde
and imine moieties the §,, component of the C chemical shift
tensor is approximately parallel to the double bond as already
discussed whereas in thiobenzophenone the 1least shielded
component, §,,, is oriented parallel to the double bond [32)].

The observed value of §,, in la and the reported value for the
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n+r* transition energy (32000 cm™) [150] are consistent with
this qualitative relationship between 8 and AE.l,. proposed
previously [32].

The static N nmr spectrum of the doubly isotopically
enriched °c,’N sample of la is shown in figure IV.4a. a
sample of singly N enriched la provided the three principal
components of the !°N chemical shift tensor (see table IV.1).
Employing these values with a constraint on the dipolar
coupling constant, R, -1606 Hz, the optimum values of « and
B were determined to be 42° and 78°, respectively. The
calculated N static nmr spectrum utilizing these parameters
is shown in figure IV.4b. The estimated errors associated
Wwith @ and B are + 2° and those for the three principal
components of the >N chemical shift tensor are + 2 ppm.

The principal components of the *N chemical shift tensor
in la are in good agreement with the values previously
reported for all-trans-retinylidenebutyl-[**N]-imine [132)
(6,,=653 ppm, §,,=339 ppm and §,3=40 ppm; original data has been
referenced to “NH,(2)). The values for 811, 62, and §,, in the
two compounds only differ by 43, 18 and -25 ppm respectively;
therefore, the orientation of the N chemical shift tensor in
the two compounds is expected to be very similar. On the
basis of the data in table IV.1 it is apparent that the most
shielded component of the N chemical shift tensor is
approximately perpendicular to the imine plane (8=78°). The

twist of the N-aryl (55°) out of the imine carbon-nitrogen
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Figure IV.4

The (a) experimental and (b) calculated N nmr spectra of a
solid powdered sample of la where the imine nitrogen and
carbon are both enriched with N (95 %) and “c (99.6 %),

respectively.
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bond plane is probably responsible for the observation that
B<90°. The value of «, 42°, indicates that the approximate
orientation of the least shielded component of the nitrogen
shift tensor is either along the N-Cy,,, (N-aryl) bond axis or
parallel to the orientation of the nitrogen lone-pair. For
molecules containing dicoordinate nitrogen atoms, ab initio
molecular orbital calculations consistently predict that the
intermediate component of the shift tensor, 82, is
approximately parallel to the orientation of the nitrogen
lone-pair [144,146,151]. On this basis, it is concluded that
§;; of the N chemical shift tensor of benzylideneaniline is
oriented approximately along the N-Cje (N-aryl) bond axis.
The theoretical calculations of the !®N shielding tensor tend
to overestimate the paramagnetic contribution to the shielding
of the least shielded principal component, §;;, of the imine
nitrogen. For example, the calculations predict that §,, of
methyleneimine is over 150 ppm greater than the corresponding
value for 1la. Similar results have been reported for
theoretical and experimental N chemical shift anisotropies
of trans-azobenzene [55a].

The general orientation of the nitrogen shift tensor
determined for la is in good agreement with that obtained by
dipolar-chemical shift nmr experiments on two related
molecules, E-acetophenone oxime and trans-azobenzene [55)].
For the oxime, a=52 * 2° and =90 % 2°; similarly, for the two

crystallographically nonequivalent molecules of trans-
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azobenzene, a=37 t 5°, B=83 % 5° (site 1) and a=46 *+ 5°,
B=78 * 5° (site 2).

Finally, it is interesting to once again attempt to
correlate variations in the chemical shift with electronic
transition energies. For a dicoordinate nitrogen, variations
in the principal component of the shielding tensor which is
in the RN=X plane but perpendicular to the orientation of the
nitrogen lone-pair are associated with changes in the n-wx*
transition energy [20]. For la, trans-azobenzene [55a],
E-acetophenone oxime [55b] and the "Ybent" nitrosyl 1ligand
(152] the least shielded principal component of the !*N tensors
(8,;) is oriented in this manner. The n-+n* transition enerqgy
increases in the following order {20,152) :

N=0 < RN=NR' < RN=CR'R'' < HON=CRR'
Thus, one would anticipate that the oxime moiety would have
the most shielded §,, principal component and the nitrosyl
ligand the least shielded §,, principal component of their
respective N chemical shift tensors. When referenced to
external liquid ammonia (293 K) the chemical shifts of the
§,; component are 1239 ppm {152], 1032 ppm [55aj, 611 ppm and
560 ppm [55b] for the nitrogen of the nitrosyl 1ligand,
trans-azobenzene, benzylideneaniline and E-acetophenone
oxime, respectively. Although there are obviously factors
other than the n-x* transition energy which are responsible
for variations in §,,, the basic qualitative feature of

decreased shielding of the §;; principal component with
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decreased energy of the n-~7* transition is apparent.

Variation of the Nitrogen Chemical Shift Parameters

in Several Compounds Containing an Imine Moiety

The nitrogen-15 chemical shift anisotropies obtained from

static cp **N nmr spectra of the imines depicted in 1, 2 and

3 are shown in table IV.2. For the remainder of this section,
it will be assumed that the orientation of the N chemical
shift tensors in 1, 2 and 3 does not vary substantially. That
is, 633 is approximately perpendicular to the HCN plane, 6§, is
oriented in the direction of the nitrogen lone-pair and §,, is
oriented slightly off the N-C,,, (N-aryl) bond axis.

The influence of varying the substituents of the aryl
rings of aromatic imines on 'H, C and N nmr parameters
(e.qg., &, and J,,) in solution has been well studied [153~-
157)]. Two investigations have focused specifically on the
three benzylideneaniline derivatives depicted in 1 [153,155].
The principal conclusions of this work were : (1) the
influence of para substituents on the C-aryl ring on the imine
carbon chemical shift is small and i= opposite in direction
to what would be anticipated based on the nature of the
substituents; (2) substituents on the N-aryl ring do not
systematically influence the imine hydrogen or carbon chemical
shifts; (3) the *N chemical shifts provide evidence that the

Cc-aryl ring is conjugated with the imine C,N double bond.
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Table IV.2
Nitrogen-15 chemical shift parameters of several compounds

containing an imine moiety. All chemical shifts are in pPpm.

Compound $12 652 813 Sie0 Aé No
la 610 321 65 332.0 545 0.92
lb site I 594 313 43 316.7 551 0.97

site II 615 321 22 319.6 593 0.99
lc site I 628 332 43 334.5 585 0.98
site II 674 343 2 339.6 672 0.98
2a 612 327 45 328.2 567 0.99
2b 595 321 65 327.0 530 0.95
2c site I 632 309 74 338.3 558 0.81
site II 647 334 50 343.6 597 0.94
site IIT 660 334 45 346.3 615 0.92
3a 537 318 48 301.0 489 0.86
3b 514 308 17 279.7 497 0.78

The normal approach to account for substituent effects in
aromatic systems is to consider the influence of the
substituent on the nature of the electronic charge at various
nuclear sites. This is most easily visualized with the aid

of resonance structures. Thus, for the p-methoxy derivative
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of benzylideneaniline (1b), the resonance contributor of most

importance was postulated to be 1bi [153,155]. The empirical

H\ ¢N.c \ /. .
C f
74 Mé
1b 1bi

validity of these "charge" effects were manifested in the N
isotropic chemical shifts reported by Buchanan and Dawson for
compounds la, 1b and l1lc dissolved in CDCl; [153]. For
example, the resonance form 1bi suggests that the imine
nitrogen will have a slightly negative charge associated with
the presence of the electron donating methoxy substituent on
the para position of the C-aryl ring. Thus, one would
anticipate that the °N resonance frequency of 1b would occur
at a lower frequency (i.e., greater shielding and lower §,,.)
than the corresponding value for the parent compound, la. 1In
fact, the observed 5N chemical shift for 1b was over 8.5 ppm
to low frequency of la [153]. Similar arguments for electron
withdrawing para substituents on the C-aryl ring such as a

nitro group (1c) indicate that the nitrogen of the imine bond
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in this situation will have a slight positive charge relative
to the parent imine, la. The N chemical shift in cDcl, for
lc was reported to be over 12 ppm to high frequency of the
corresponding value in l1la [153] supporting this simple
qualitative description.

For solid imines where the »N chemical shift is

anisotropic, a slightly different approach must be taken to

interpret the influence of resonance forms such as 1lbi on each

of the three principal components of the shift tensor.
According to equation II.18, each of the quantities <r™>,, AE,
and C;3 can, in principle, effect the shielding properties of
each §,;. Sardashti and Maciel have recently interpreted para
substituent effects on the three principal components of the
15N chemical shift tensors of several benzonitriles [122] in
terms of variations in the atomic orbital coefficients, Cy,.
This type of approach will be used for the interpretation of
substituent effects in the imine systems depicted in 1 and 2.

In order to determine how resonance contributors such as
1bi will influence each oi" it is necessary to consider which
molecular orbitals of the imine system are associated with
each §,,. Pople's expression for of (equation II.18) indicates
explicitly that each oz,is related to energy transitions which
are restricted by the atomic orbital coefficients Cj;3 to MO's
in the plane perpendicular to each principal axis. Here, the
"y" direction is perpendicular to the HCN plane and the "“2"

axis is in the direction of the nitrogen 1lone pair of
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electrons. For the nitrogen of the C,N bond of the imine
moiety, &,; 1is oriented approximately along the 2p, atomic
orbital direction and the pertinent electronic excitations are
those involving 2p, and 2p, atomic orbitals in o, n and ¢
MO's. The intermediate principal component, 8,2, 1s associated
with 2p, and 2p, atomic orbitals involved in o, o*, T, and m,
MO's. The contributions of of to the least shielded principal
component, §,,, is dependent on the 2p, and 2p, atomic orbitals
involved in o, ¢, n, =, and 7, MO's.

Consideration of the resonance contributor 1bi indicates
that electron donating substituents on the para positions
would be anticipated to increase the effective negative charge
along the 2p, atomic orbital direction. on this basis, one
might expect that the principal components of the nitrogen
shift tensor which are oriented perpendicular to this axis
would show significant variations depending on the nature of
the para substituent present. For example, in terms of the
resonance contributor 1lbi, the p-methoxy group present in 1b
has the effect of lowering the 2p, atomic orbital coefficient
in the x; MO and increasing C,; for the ¥, MO. Assuming that
the larger paramagnetic contribution to §,, is associated with
the n-+x, transition energy (i.e., BErwy < OEos £ Ep o),

(4 » » p
variations in o;; are related to :
P
On « GGy

Since Cay is anticipated to decrease with the presence of an
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electron donating group at the para position of the C-aryl
ring, the nitrogen §,, value of 1b should decrease relative to
the corresponding value for la. Conversely, the presence of
an electron withdrawing group at the para position of the
C-aryl ring as for lc will increase the effective positive
charge at the nitrogen thereby increasing the 2p, orbital
coefficient in x;. In this case, the 8;; principal component
would be expected to increase relative to the corresponding
value for the unsubstituted imine. For 1b (site 1), 1a and
lc (site 1) §,, increases from 594 ppm to 610 ppm to 628 ppm
and this observation is consistent with the qualitative
arguments based on C,,. For the naphthylideneanilines 2b, 2a
and 2c (site II), the values for 8,; also increase from 595 ppm
to 612 ppm to 647 ppm, respectively. Since §,, of the imine
nitrogen shift tensor is also associated with transition
energies involving the x§ MO, it too should follow a similar
trend in shieldings as observed for the least shielded
principal component. In this case, however, the associated
energy, AE,..;, is anticipated to be larger than AE”@, and
therefore smaller variations in 8,2 would be expected. For 1b
(site 1), 1a and Jc (site 1), the observed values of §,,
increase from 313 ppm to 321 ppm to 332 ppm. Analogous
results were observed for the naphthylideneanilines indicated
in table IV.2. The apparent discrepancies concerning site II
of 1b and l¢ and sites I and ITI of 2¢ will be discussed

later.
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The salicylideneanilines (3) provide an interesting
opportunity to examine the effects of hydrogen bonding on the
imine N chemical shift tensor. High-resolution *c ard H
solution nmr experiments [158] have been used to investigate
compounds similar to 3 although no !*N nmr experiments have
been reported to date. Variable temperature nuclear
quadrupole resonance (ngr) experiments on 3 have been used to
study the thermochromic and photochromic behaviour associated
with the 'H transfer from the oxygen on the C-aryl ring to the
imine nitrogen [159]. At room temperatures, the solids
studied in this report are present exclusively as the O-
protonated moieties depicted in 3.

Allen and Roberts [160] have reported a solution nmr
study of hydrogen bonding effects on a series of ®N enriched
benzylideneanilines. Their N nmr results indicated that the
isotropic chemical shifts are highly dependent on the choice
of solvent [160]. For example, the N chemical shifts (&,,.)
for the imines investigated were observed to decrease by
approximately 8 to 28 ppm upon changing the solvent from
chloroform to trifluoroethanol or trifluorocacetic acid [160].
Consideration of the structure of 3 in the solid state [161]
indicates that intramolecular interactions of the hydrogen of
the C-aryl ring hydroxy group with the nitrogen lone-pair
would be anticipated. On this basis, one would expect that
this type of interaction would tend to stabilize the nitrogen

lone pair and therefore increase the n-x* transition energy.
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Since §,, of the imine N chemical shift tensor is dependent
on this transition energy, a significantly decreased value of
§,, for both 3a and 3b as compared to 1 would be anticipated.
Comparison of the §,, values in table IV.2 indicates that
indeed §,, of the ®N chemical shift tensors of 3a and 3b are
more shielded than the corresponding values in la by 75 ppm
and 96 ppm, respectively. This provides further support that
§;; of the nitrogen shift tensor in the imine system is highly
dependent on the n~r* transition energy.
Finally, it is interesting to point out the utility of
N cp/mas nmr for studying crystallographic and polymorphic
effects in solid imines. It has been demonstrated in the past
by numerous x-ray diffraction experiments that substituted
benzylideneanilines often crystallize in several different
forms [131,162,163]. For example, Nakai et al. [163] have
characterized triclinic, monoclinic and orthorhombic forms of
p-dimethylaminobenzylidene-p-nitroaniline. The principal
differences between these three forms are the twist angle of
the N-arvl ring and the length of the C,N imine bond. For the
solids studied here, three of the eight compounds show some
type of solid state effect in their respective *N nmr spectra.
For example, the N cp/mas nmr spectrum lc consists of two
well resolved resonance lines (=5 ppm separation) as indicated
in figure IV.5. Subsequent analysis of single crystals of

this material obtained from methanol, provided the reason for
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Figure 1IV.S

A N cp/mas spectrum for compound lc obtained at a spinning

speed of 2.0 kHz.
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this observation. The space group was determined to be
monoclinic P2,/n with two crystallographically nonequivalent
molecules per unit cell. The principal differences between
the two independent molecules of the P2,/n space group (site
I and IT) are the different imine C,N bond lengths, 1.26 i.and
1.23 i, and the different torsional angles of the N-aryl
rings, 24.6° and 41.4°, respectively. Minkin et al. [164] have
demonstrated that the nitrogen lone-pair orbital becomes less
energetically stable the closer the N-aryl ring is to being
planar. That is, the AE,.,.. gap decreases the more planar the
benzylideneaniline (i.e., smaller torsional angle). In view
of the previous arguments, the §,, principal component of the
more planar form was anticipated to have the greater N
chemical shift. Comparison of the two §,, values for 1b in
table IV.2 indicates a difference of 46 ppm for the two
crystallographically independent sites. On the basis of
energy considerations, the ®N chemical shift parameters for
site II of lc were assigned to coincide with the higher
frequency §,, as indicated in table IV.2.

A second example of the influence of the solid state
structure on the N cp nmr spectra of the imines investigated
was observed for p-methoxybenzylideneaniline (1b). 1In this
case, two isotropic !°N signals were observed in the cp/mas nmr
spectrum which differed by approximately 3 ppm. This sample
forms a powder when allowed to solidify from methanol and

therefore single crystal investigations could not be pursued.
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However, the intensity of the two signals in the N cp/mas nmr
spectrum of 1b are approximately equal thereby suggesting that
the two signals arise due to a crystallographic effect and not
poiymorphism. More specifically, it would be unlikely for two
polymorphs to cystallize from the same solution in a 1:1
ratio. The similarity of the N chemical shift parameters
derived for 1b and lc suggest that similar crystallographic
effects may be present in the two compounds. On this basis,
the N chemical shift anisotropy of 1lbh with the higher
frequency §,;; principal component (site II) is most likely
associated with a more planar form. That is, site II of lb
is expected to have a smaller value for the torsional angle
of the N-aryl ring than site I.

The 4-cyanonaphthylideneaniline derivative (2¢) provided
the most interesting *°N cp/mas nmr spectrum of the imines
investigated (figure 1IV.6). Close inspection of the nmr
spectrum indicates at 1least three different isotropic
resonance signals. The two highest frequency resonances are
similar in intensity and most likely correspond to a single
polymorph which is exhibiting crystallographic nonequivalence
similar to compound 1c¢. The 1lowest frequency resonance
signal, §,,,=338.3 ppm, has a higher !°N signal intensity than
the other two isotropic resonances and most likely corresponds
to a different crystallographic form. The static N nnmr
spectrum for a powdered sample of 2¢ contained three

overlapping powder patterns which were difficult to assign.
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Figure 1IV.6
A N cp/mas nmr spectrum of 4-cyanonaphthylideneaniline

spinning at a speed of 2.72 kHz.
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Comparison of the shoulders and discontinuities in the static
nmr spectrum with the observed isotropic signals permitted
only the assignment of the signals as indicated in table IV.2.
The N chemical shift parameters of 2c which are associated
with the lowest isotropic chemical shift have a significantly
different asymmetry parameter from the other two chemical
shift anisotropies (e.g., 7,=0.81 versus 7,>0.90). This low
value of 15, is also different from the corresponding values
for the benzylideneanilines and naphthylideneanilines in table
IV.2 and provides further evidence that the lowest frequency
isotropic N resonance arises from a slightly different

polymorphic form of 2c.

A.4 Summary

Using the technique of dipolar-chemical shift nmr
spectroscopy, both the magnitudes and orientations of the
principal components of the imine carbon and nitrogen chemical
shift tensors in benzylideneaniline have been determined. The
relative orientations of the three principal components of
both shift tensors are consistent with those determined for
related molecules. Comparison of the magnitudes of the three
principal components of both tensors with ab initjo Mo
calculations on methyleneimine indicate reasonable agreement
between experiment and theory for the imine *c shift tensors
but less satifactory results for nitrogen. Since the high-

field approximation is not strictly valid for the imine B, N
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spin-pair at 4.7 T, it was necessary to use expressions which
describe the orientational dependence of the three allowed °C
nmr transitions in terms of the N electric field gradient.

The presence of the nitrogen lone pair has been shown to
have a significant effect on the least shielded principal
component, §,;;,, of the imine nitrogen shift tensor. More
specifically, it was demonstrated that substituents, hydrogen
bonding and the conformational orientation of the N-aryl ring
all influence the least shielded element of the nitrogen shift
tensor. This is attributed to variations of the n-r*
transition energy and the otomic orbital coefficients
associated with these energy levels. Finally, the experiments
described here have demonstrated the sensitivity of °N cp/mas
nmr for investigating polymorphism and crystallographic

effects of several solid imines.

B. Characterization of the Nitrogen-15 and Phosphorus-31
Chemical 8hift Tensors for a Novel S8ystem Containing a

Nitrogen-Phosphorus Triple Bond

B.1 Introduction

Recently, Niecke, Nieger and Riechart [165] reported the
synthesis of the first stable compound with a nitrogen-
phosphorus triple bond. The iminophosphenium cation, 4, was
characterized by P, ¢ and 'H nmr in toluene/benzene-d; and

benzene-dy solutions as well as by x-ray crystallography
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[165]. The x~ray diffraction results indicate that this

system crystallizes from toluene with one molecule of toluene

- -+

N=P AICI4

4
as solvate. The orthorhombic unit cell (Py.) contains eight
crystallographically equivalent molecules. The CNP bond angle
is approximately 177° with a N,P bond length of 1.47S A (165].
This combination of near 1linear geometry and short N,P
internuclear separation was observed to be consistent with the
bond length calculated for PsNH' (ry=1.476 A) [166]; thus,
Niecke et al. [165] argue that the N,P bond of 4 has a high
degree of triple bond character.

Although c chemical shift tensors have been reported
for numerous systems in which carbon nuclei are involved in
multiple bonding [12,55b,115-126] analogous results for
nitrogen chemical shift tensors (55a,115,116,119,122,127-130)
and phosphorus chemical shift tensors (115,124,128,167]) have
been lacking. 1In addition, it has become apparent that while
theoretical calculations of *C chemical shift parameters have

become reasonably accurate [115,120,148,168-170], it is often
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difficult to obtain accurate theoretical values for the three
principal cowponents of N and *'P chemical shift tensors,
particularly when these nuclei are involved in multiple bonds
[115,144-147,151,168-172].

In order to characterize the nitrogen and phosphorus
chemical shift tensors in a system containing a N,P triple

bond, the iminophosphenium cation 4 has been prepared with

and without !°N isotopic enrichment for study by solid state
5y and P dipolar-chemical shift nmr spectroscopy. This
represents the first example where a molecule containing a
multiple N,P bond has been studied by solid state nmr
spectroscopy. The derived nitrogen and phosphorus chemical
shift parameters for 4 will be compared to experimental and

theoretical results for several compounds containing nitrogen

and/or phosphorus involved in a triple bond.

B.1 Experimental

The samples of 4 were prepared by Dr. Mel Schriver in a
glove box under an inert atmosphere according to the published
results of Niecke et al. [165]. The 1,3,5-tri-t-butylbenzene
and 2,4,6-tri-t-butylaniline were procured commercially
(Aldrich Chemical Company). Nitrogen-15 enriched (85 %) HNO,
was purchased from the Sigma Chemical Company and was reacted
with 1,3,5-tri-t-butylbenzene to form 2,4,6-tri-t-butyl-""N-
nitrobenzene [173]. This sample was then reduced as outlined

in ref. 173 to give the corresponding *°N enriched amine for
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preparation of 4. It was determined by *P cp/mas nmr (vide
infra) that samples of 4 produced according to the procedure
in ref. 165 were a mixture of solvated and non-solvated
material. Pure samples of the toluene solvate of 4 were
prepared by recrystallization of the crude product from
toluene. Prolonged evacuation of the samples was shown to
cause partial solvate dissociation.

Nitrogen-15 and *’P solid state nmr spectra were recorded
at 20.30 MHz and 81.03 MHz, respectively, on a Bruker MSL-200
nnr spectrometer (B,=4.7 T). Samples were ground into a fine
powder (~300 mg) and packed into zirconium oxide rotors (7 mm
o.d.) in the glove box. Rotors were topped with solid caps
that had been coated with a medium tipped felt marker around
the inner edge to form an air tight seal. Samples packed in
this manner were found to be stable on the lab bench for
periods in excess of one month. All nmr spectra were acquired
with high~power hydrogen decoupling and ‘H, N and *P x/2
pulse widths of 2.5-5.5 us. For the N nmr experiments, the
conditions of the Hartmann-Hahn match [65] were optimized
using a sample of doubly *N enriched NH,NO,. Nitrogen-15
chemical shifts are referenced with respect to NH;(¢) at
0 ppm by setting the observed chemical shift of the *NH] ion
of NH,NO, at 23.8 ppm (293 K). A sample of NHH,PO, was used
for optimizing the conditions for the *P cp nmr experiments.

Phosphorus-31 chemical shifts were referenced with respect to



144
H,PO, (85%) at 0 ppm by setting the observed chemical shift of
NH,H,PO, at 0.81 ppm (293 K). Contact times of 8-10 ms were
used for all N and *'P cp nmr experiments. The cp/mas nmr
spectra were acquired with mas speeds of 1-4.5 KkHz with
acquisition times of approximately 50-400 ms. The static cp
3p nmr spectra were acquired with the Hahn-echo cross
polarization sequence depicted in figure III.2 [99-101]. This
was necessary in order to alleviate spectral distortions
associated with the recovery time of the nmr spectrometer.
For samples of 4 typical delays between the end of the contact
pulse and the ¥ pulse were 30 us. The filter width was opened
to its maximum value of 2 MHz to reduce the dead time
associated with filter ringing. Acquisition times for the N
and *P static nmr spectra were approximately 30 ms.
Sensitivity enhancements corresponding to line broadenings of
5 Hz and 70 Hz were applied to the mas and static FIDs,
respectively, prior to Fourier transformation. Calculation
of theoretical powder nmr spectra were performed as outlined

in section IV.A.2 on the basis of equation II.32.

B.3 Results and Discussion
Nitrogen-15 NMR Spectra

A N cp/mas nmr spectrum of the N enriched sample of 4
is shown in figure IV.7. The isotropic chemical shift for 4,

§1,=248.1 £ 0.5 ppm, consists of a well resolved doublet from
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Figure IV.7
The N cp/mas nmr spectrum for an !N enriched sample of 4.
The isotropic chemical shift of a small amount of impurity is

labelled with an asterisk (*).
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which a spin-spin coupling of 'J(!°N,*P),, =36 *+ 2 Hz was
determined. The observation of a simple doublet is consistent
with the x~ray diffraction results which indicate that this
systenm crystallizes with eight crystallographically equivalent
molecules per unit cell [165]. This is advantageous since
crystallographic nonequivalence can cause difficulties when
analyzing nmr spectra of static powdered samples {55a]. The
5N cp/mas nmr spectrum also indicated that a small amount of
impurity was present in this sample (i.e., small asymmetric
doublet at 52.4 ppm). Based on the intensities of the
respective N nmr signals, the relative amount of this
impurity is small and therefore it should not lead to
significant distortions in the static N nmr spectrum of this
sample.

The static N nmr spectrum for the isotopically enriched
sample of 4 is shown in figure IV.8a. Inspection of this nmr
spectrum indicates six well defined discontinuities
characteristic of a non-axially symmetric chemical shift
tensor powder pattern split by dipolar coupling with a spin
1/2 nucleus. Based on the N,P bond length determined from
single crystal x-ray diffraction experiments [165]), 1.475 i,
the direct dipolar coupling constant, R, for the *N,%P spin
pair was calculated to be -1538 Hz (see equation II.25). 1If
the dipolar coupling constant is constrained to -1538 Hz and
one assumes a negligible anisotropy in J, then computer

simulations of the line shape based on equation II.32 indicate
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Figure 1IV.8
The (a) experimental and (b) simulated N nmr spectra of a

solid powder sample of *N enriched 4.
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Figure IV.8
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that @=45.0 + 2.0° and 8=16.4 + 2.0°, respectively. This value
of B places the most shielded principal component of the °N
chemical shift tensor 16.4° off the N,P bond axis. However,
on the basis of local symmetry and results reported for
related molecules [115,116,119,122,127-130], one might
anticipate a g value equal to 0°. The N nmr data can
accommodate this possibility if it 1is assumed that the
effective dipolar coupling constant, R, is different than
the value calculated on the basis of x~ray diffraction data.
Two mechanisms by which the apparent dipolar splitting would
be reduced are : (1) contributions from anisotropy in J and
(2) averaging due to molecular motions (i.e., librations and
vibrations). To account for these effects one can write an
effective dipolar coupling constant, R', in terms of an order
parameter, S, an anisotropic spin-spin coupling, AJ, and a
static value for the dipolar coupling constant, R.

R = S{R-AJ/3) [IV.1]
Simulations of the static N nmr spectrum shown in figure
IV.8a with B=0 indicates that R is % 1353 + 35 Hz. 1In
determining this value of the effective dipolar coupling
constant it was found that computer simulations of the
observed splittings in the N static nmr spectrum could be
improved slightly by assuming that J(¥°N,%'P),,, is positive.
However, given the inherent line width of the !°N static nmr
spectrum and the small magnitude of J(’N,*P),.,, 36 t 2 Hz,

any definitive conclusion about the sign is tenuous.



151

If one assumes B=0 and no motional averaging such that
S=1, then AJ can be calculated from equation IV.l. Since the
value of R based on x-ray crystallographic results is -1538
Hz and R can be positive or negative, AJ can be calculated to
be -555 Hz or -8763 Hz. These two values for the J anisotropy
are very different and since the nmr experiment is only
sensitive to the absolute value of the effective dipolar
coupling tensor (equation IV.1), a definitive assignment can
not be made. However, considering the fact that ['3(“N,%p) |
is only 36 Hz and that the indirect coupling involves a first
row element, it is difficult to envisage a J tensor where Jj
and J, are different by over 8000 Hz. Other authors have
encountered the same dilemma [39,167,174); this author makes
a tentative conclusion that the effective dipolar coupling
constant for the 'N,*P spin pair is negative and this
assumption imposes an upper limit on AJ of -555 Hz.

An alternative explanation for the observed reduction of
the dipolar coupling constant, R, for the N,'P spin pair of
4 is the presence of vibrational and librational motions
(i.e., S»1) [175-178]. Henry and Szabo ([177] have
demonstrated that vibrations which affect the AX internuclear
separation and librations which influence the orientation of
the dipolar vector can significantly decrease the magnitude
of the dipolar coupling constant, R. They concluded that
librational averaging of the dipolar interaction is more

important than vibrational averaging particularly as the size
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and torsional flexibility of the molecule increase. If it is
assumed that Bf=0 and AJ is negligible, then the 12% reduction
in R from that calculated on the basis of the x-ray bond
length must be attributed to motional averaging. Detailed
x-ray diffraction data for the toluene-solvate of 4 have not
been published so that librational information is currently
unavailable. However, x-ray diffraction results for the
structurally related p-benzenediazonium sulphonate indicate
that the largest amplitude librations occur about the
N-N-C1-C4-S direction with a mean angle of 8 * 1° [179]. If
it is assumed that the symmetry axis of 4 traces the surface
of a cone, then the half angle of the cone, ¢, may be
estimated from equation IV.2.

cos?y = 25_;_3 [IV.2]

Application of equation IV.2 with the values of R and R'
previously discussed indicates a value for y of 16.4°. It
should be noted that this represents the maximum value of the
angle ¥ for a single mode of libration in the absence of
anisotropy in J. The effective dipolar coupling constant for
the N,”P spin pair is presented together with the N
chemical shift parameters and isotropic J in table IV.3. The
calculated N static nmr spectrum using these values is shown
in figure IV.8b. The estimated errors in the three principal
components of the N chemical shift tensor are + 3 ppm. Note,

however, that these values are reported as determined from the
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Table IV.3

Nitrogen-15 and phosphorus-31 chemical shift parameters for

the iminophosphenium cation, 4.

Nucleus 811 522 833 8150 As R' \ B s
5N = 31p 400 366 -21 248.3 421  -1353 436 0 0.13
(248.1)
3lp w 15y 308 196 <273 77.0 581  -1353  +36 0 0.32
(78.5)
3p m By 308 196 -273  77.0 581 960 -24 0 0.32
(78.5)

nmr spectrum in figqure 3a and are not corrected for
librational averaging.

The three principal components of the N chemical shift
tensor of compou: d 4 were converted to an absolute shielding
scale [180] and are tabulated in table IV.4. The nitrogen
shielding parameters for several other compounds containing
nitrogen involved in a triple bond are included in table IV.4
for comparison. With the exception methyl isocyanide, all of
these compounds contain a nitrogen which is bonded to one atom
only. To this author's knowledge, nitrogen chemical shift
parameters for compounds similar to 4 are presently

unavailable.
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Table IV.4
Absolute nitrogen chemical shielding parameters for several

compounds containing nitrogen involved in a triple bord,®

Compound 013 Oz Oa3 Lo JPN Ao
4 =156 =122 266 -3.3 421
HCN obs.[181) =215 =215 348 =27 563
CH,CN obs.[116] -142 -142 346 21 488
CH,NC* 10 10 370 130 360
N=N obs.[129] - - - - 603
obs.[182) =319 =319 335 -101 654
PsN obs.[115,128] -698 -698 350 =349 1047
calc.[171] -849 ~849 341 =452 1190
CeHCN calc.[151) -216 =181 247 =50 463
p-t-butyl-
CsH.CN obs.[122] =149 =130 243 =12 392

a. Chemical shift principal components may be obtained from
the expression : §,,= 244.6 - oy,
b. Experimental results from liquid crystal studies. Reported

error in ac is + 70 ppm.



155

As demonstrated in section IV.A and by several sources
in the literature [20,122,144,151], the orientation dependence
of nitrogen shieldings are primarily associated with
variations in the paramagnetic term. For linear molecules for
example, oF is zero when the C, axis is oriented parallel to
B,. Variations in the nitrogen shielding along this symnetry
axis will arise solely from the o¢® term. Thus, the most
shielded principal component of the nitrogen shielding tensor
cf linear or pseudolinear molecules should be relatively
constant. If the molecule is not perfectly linear, the
paramagnetic term may contribute to o,,. From the data in
table IV.4, it is clear that o,, is relatively constant for the
nitrogen nucleus in simple diatomics, acetonitrile and
methylisocyanide. In fact, o0,, for these molecules is close
to the nitrogen free atom value determined by Malli and
Froese, 325.5 ppm {26). When the molecular symmetry decreases
as in 4, the most shielded principal component of the !N
chemical shielding tensor; o,,=265 ppm, is significantly
smaller than the corresponding values for the simpler
molecules in table IV.4. The implication of this result is
that the paramagnetic contribution to o,; of 4 is probably
greater than =50 ppm.

Although the presence of a methyl group in acetonitrile
and methylisocyanide does not significantly influence the
magnitude of 0,, compared to the corresponding values in HCN,

N, and PN, the perpendicular components of the shielding
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tensor for CH,CN and CH,;NC change substantially. For exanmple,
o, (0, and 0;) of the !N chemical shielding tensor of
acetonitrile is more shielded than the corresponding value
for HCN by over 75 ppm. Further reduction of the molecular
symmetry, as for 4, leads to the observation of nonequivalent
values for the o, and 0, components of the Uy chemical
shielding tensor, -156 ppm and -122 ppn, respectively. 1In
addition, these values are substantially larger (i.e. » Smaller
o) than the perpendicular principal components of the
nitrogen shielding tensors of N=N and N=P, ~-319 ppm and -698
ppm, respectively. Since the magnitude of these principal
components are related to o-x* transition energies [171], this
observation suggests that AE,4 increases from NsP to N=N to
4.

Finally, it is interesting to point out the similarity
of the three principal components of the nitrogen shielding
tensor of 4 to the corresponding results reported for
p-t-butylbenzonitrile [122]. For example, the most shielded
principal components (033) differ by only 22 pPPm in these
systems whereas the differences for o,; and og,, are only 7 ppm
and 8 ppm, respectively. Note however, that the comparison
of the o0,, and o, nitrogen tensor elements of 4 to those of
the benzonitrile derivative may be fortuitous since the
orientations of the perpendicular components in these systems

are not known.
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Phosphorus-31 NMR Spectra
The phosphorus-31 cp/mas nmr spectrum for the **N enriched
sample of 4 is shown in figure IV.9. The isotropic spin-spin
coupling constant, '7(*N,%P),,, could be determined directly
from figure IV.9 and was found to be 35 * 2 Hz in close
analogy to the value observed in the *N cp/mas nmr spectrum.
The large breadth of spinning sidebands suggests that the 3'p
chemical shift anisotropy is quite large. 1Indeed, the width
of the static *P nmr spectrum in figure IV.1l0a exceeds 600
ppm. In acquiring the static *P nmr spectrum it was found
that a Hahn-echo [99-101] was essential in order to alleviate
severe distortions in the line shape. This can be attributed
to the fact that the P nucleus of the N,P bond has three
strong contacts (316 pm) [165] with the chlorine nuclei of the
tetrachlorocaluminate counterions. Chlorine has two
magnetically active isotopes with spin 3/2 and the direct
dipolar coupling constants, Ry;, can be calculated (see
equation II.25) to be 151 Hz and 126 Hz for coupling with *c1
and ¥cl, respectively. This leads to a very fast decay of the
time domain P FID (i.e., the signal completely decayed in
less then 400 us), and hence to substantial line broadening
in the Fourier transformed nmr spectrum.
In analogy to the interpretation of the °N static nmr
spectrum, a value for the effective *N,%P dipolar coupling
constant of -1353 Hz (assuming 'J(°N,%P),,, is +36 Hz) was

anticipated. Indeed, the observed dipolar splittings in
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Figure 1IV.9
The P cp/mas nmr spectrum for a N enriched sample of 4.
The isotropic chemical shift of a small amount of impurity is

labelled with an asterisk (*).
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Figure IV.10
The (a) experimental and (b) simulated *'P static nmr spectra

of a solid powder sample of N enriched 4.
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figure IV.1l0a are consistent with this wvalue. The three
principal components of the *'P chemical shift tensor obtained
from these simulations are tabulated in table 1IV.3; the
simulated static P nmr spectrum is shown in figure IV.10b.
The value for g is zero degrees in analogy to the N nmr
results. This places the most shielded element of the 3'p
chemical shift tensor along the N,P bonding axis and is
consistent with intuitive argquments based on symmetry. Line
broadening of 800 Hz was applied to the simulated P static
nmr spectrum in order to accurately portray the experimental
P static nmr spectrum. For the corresponding *N static nmr
spectrum (figure IV.8b), line broadening of only 200 Hz was
sufficient for accurate spectral simulation. In view of the
previous discussion, this observation can be attributed to
the influence of intermoclecular dipolar interactions involving
the chlorine nuclei of the tetrachloroaluminate counterions
and the nitrogen and phosphorus nuclei in neighbouring
molecules.

A sample of unenriched 4 (i.e., containing an "isolated"
“N,*'P spin-pair) was the initial sample to be prepared in
this laboratory for study by solid state nmr. When a 'p
cp/mas nmr spectrum of this sample was obtained, it was
surprising to observe two independent sets of spinning
sidebands with isotropic chemical shifts of 78.5 ppm and 64.8
ppm (figure IV.11). Upon recrystallization of this sample

from toluene, only a single isotropic resonance was observed
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Figure IV.11

Phosphorus-31 cp/mas nmr spectrum of a solid sample containing

a mixture of the toluene-solvated and non-solvated 4.
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at 78.5 ppm. This is similar to the %P chemical shift
reported by Niecke et al. for 4 dissolved in a solution of
toluene/benzene-d;, §6,,,=79.3 ppm [165]. Interestingly,
prolonged evacuation of the sample vesicle containing the
recrystallized compound 4 resulted in an increase in the
intensity of the lower frequency P nmr resonance signal,
§:,0=64.8 ppm. Thus, it was concluded that the higher
frequency *'P nmr resonance (§,,,~78.5 ppm) is associated with

the toluene-solvated iminophosphenium cation 4

studied by
x-ray diffraction [165) whereas the lower frequency *'P nmr
resonance arises from non-solvated 4. Further attempts to
isolate the non-solvated material in pure rorm have been
unsuccessful although the solvated species can be prepared
readily with reasonably high purity (figures IV./ and IV.9).
Acquisition of a static *P nmr spectrum for a
recrystallized “N,%P sample of the toluecne-solvate of 4 was
performed in similar fashion to that for the N,'P sample.
Using a value of §=0 and the §,, values in table IV.3, the
effective dipolar coupling constant for the N,*P spin-pair
was determined to be 960 Hz. 1In determining this value of
R', a value for 'J(N,”p),,, of -24 Hz which was calculated
from the corresponding value observed for the N enriched
sample of 4 was assumed. The ratio observed for the effective
dipolar coupling constants, R'(N,”'P) versus R'(*N,*P) is
1.409 which compares very well to the value determined from

the ratio of y('*N)/y(*N), 1.403. Therefore, it was concluded
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that the *!'P chemical shift tensor parameters in table IV.3 are
reliable and that the high-field approximation [33-35] is
valid for the N nuclei involved in the N,P bond of 4. That
is, the magnitude of x(*N) is expected to be small (<2 MHz)
and therefore the P nmr results for the N,*P spin-pair
could be accurately interpreted based on equation II.32. This
conclusion is also consistent with previous results for
methylisocyanide [127,183,184] which indicate that x(!*N) in
these systems is less than 1 MHz. Finally, based on the
arguments presented for the *N nmr results, it was anticipated
that librational motions would be more important in reducing
the dipolar coupling constant, R, than is AJ. However, if no
motional averaging (i.e., § = 1) and a value for R=1097 Hz
(rm = 1.475 A) are assumed, then aJ for the N,%P spin pair
can be calculated to be 411 Hz or 6171 Hz if the value of R'
is taken to be positive and negative, respectively. On the
basis of earlier discussions, this author concludes that an
upper limit on the J anisotropy for the N,%P spin-pair is
approximately 411 Hz.

There are very few cases in the literature where °'p
chemical shift tensors for compounds containing P(III) centres
involved in multiple bonds have been reported [115,128,167].
To this authors knowledge, the only experimental values for
the P chemical shift parameters of the phosphorus centre of
a N,P triple bond are those determined for the diatomic

molecule, N=P, from gas phase microwave data [115,128]. The
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absolute *'P chemical shielding parameters for this compound
(experimental {115,128] and theoretical [171]) as well as the
experimental P nmr results for 4 and theoretical [171]

results for P=P are tabulated in table IV.5.

Table IV.5

Absolute phosphorus chemical shielding parameters for 4 and

two diatomic molecules, N=P and P=P."

Compound Oy Oas 033 [« J Ao

4 21 132 601 251 580

P=N obs.[115,128] -406 -406 970 53 1376
calc.(171) -497 -497 966 -10 1463

P=P calc.[171] -934 -934 969 -299 1903

a. Absolute shielding constant of H,PO, (85 %), 328.35 ppm
determined relative to o,, of PH,, 594.45 ppm [185].
Relative chemical shifts can be obtained from the

expression : §,, = 328.35-0,

The most shielded principal component of the P chemical
shielding tensor, o0,,, for the linear molecules N=P and P=P is
approximately 970 ppm. This is very close to the value for
the free P atom, 961.1 ppm [26), and is consistent with

previous discussion of *N shieldings. As the symmetry of the
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molecular environment dJecreases, such as for compound 4,
shielding of the o0,; principal component decreases to 601 Ppm.
The implication of this result is that 0,0 for the o,
principal component of the *'P chemical shielding tensor of 4
and in fact, the paramagnetic contribution to 033 is probably
greater than -350 ppm. The 0y, and o¢,, principal components of
the *P chemical shielding tensor of 4 are considerably
different (over 100 ppm) and this is reflected in the value
of the asymmetry parameter, 1n,=0.32 # 0.02. The 3P chemical
shielding anisotropy for 4, 581 * 4 ppm, is significantly
smaller than values of 1376 ppm and 1903 ppm previously
reported for the diatomic molecules N=P and P=P, respectively.
The results in table IV.5 indicate that this difference is
primarily associated with changes in the perpendicular
components (i.e., o,; and 0,). As previously discussed, the
perpendicular components are dominated by paramagnetic
contributions from low lying o-x* transition energies [171].
Thus, in analogy to the N nmr results, the %'p shielding
parameters suggest that the AE,.,. transition enexrgy for
compound 4 is larger than the corresponding values for N=P and
P=P. It is interesting to point out that the magnitude of the
3p chemical shielding anisotropy reported here, 581 + 4 ppn,
is intermediate to values reported for P{(III) centres involved
in single and double bonds {167]. Accordingly, the observed
isotropic *P chemical shift, $,50=78.5 ppm, follows the same

empirical trend (i.e., 6§, (P-X) < 8150(PEX) < 6,,,(P=X)) and



169
Niecke et al. used this to help interpret their solution 3!p

nmr data of 4 and its precursor [165].

B.4 Summary

Dipolar-chemical shift solid state nmr spectroscopy has
been used to characterize the N and %P chemical shift
tensors for a novel system (4) containing a N,P triple bond.
The presence of librational motion has been postulated to
account for the decrease in the observed value of the dipolar
coupling constant, R, with perhaps a small but indeterminate
contribution from AJ. Analysis of the nmr spectra indicates
that the most shielded principal component of both the 3N and
P chemical shift tensors, &,, is oriented parallel to the
N,P bond axis. The N and *'P chemical shift anisotropies for
4 are 421 + 4 ppm and 581 + 4 ppm, respectively. Comparison
of the results obtained here with chemical shift tensors
reported for the nitrogen and phosphorus centres in related
compounds suggests that the electronic environment around the
N,P moiety of 4 is similar to other systems containing
nitrogen or phosphorus involved in a triple bond.
Interestingly, the asymmetry of the molecular environment in
4, has a substantial affect on the three principal components
of both the N and *P chemical shift tensors. The most
striking example of this is the implication that the most
shielded component of the *'P chemical shift tensor for 4 has

a paramagnetic contribution in excess of -350 ppm. It is
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hoped that the information provided here will stimulate the
interest of theoreticians to investigate nitrogen and
phosphorus shielding parameters in more complex organo-

phosphorus and organo-nitrogen compounds.

C. HEigh Resolution Carbon-13 and Nitrogen-15 Solid State

NMR Studies of the Tetracycline Antibiotics

C.1 INTRODUCTION

The discovery of the tetracycline family of antibiotics
in the late i940's marked the beginning of a new era in the
treatment of bacterial infections [186-188]. Since that time,
scientists have been concerned with characterizing their
detailed structural and conformational properties in both the
solid [189-202] and solution states [203-216]. The underlying
objective has been to understand how the antibiotics work at
the molecular level and what structural features may enhance
their jn vive antibacterial activity. The detailed structures
of several solid tetracyclines which are relevant to this
thesis are indicated in table IV.6.

X-ray diffraction experiments have revealed definitive
evidence of the existence of several stable forms of the
tetracyclines in the solid state. Crystal structures have
been reported for tetracycline hexahydrate (TCt) [189,190a],
tetracycline urea tetrahydrate (TCUREA) [191], oxytetracycline

dihydrate (OTCt) [190a], anhydrous oxytetracycline (OTC°)
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[190], anhydrous thiatetracycline (6-STC) [192], 5-12a-
diacetyloxytetracycline (DIAOTC) [193], and the hydrochloride
salts of tetracycline (TCHCl) [194], oxytetracycline (OTCHCl)
[195], chlortetracycline (CTCHCl) [196], doxycycline (DOXYTC)
[197], and demeclocycline (DEMTC) [198]. The hydrobromide
salt of oxytetracycline (OTCHBr) has also been investigated
by x-ray crystallography [199]. Although several other
members of the tetracycline family have been investigated by
x-ray diffraction, the hydrochloride salts of rolitetracycline
(ROLITC) [200], minocycline (MINTC) [201] and thiatetracycline
(6-STC) [192b] have not been studied by diffraction
techniques.
The x-ray diffraction results have indicated that the A
ring of anhydrous oxytetracycline exists in a neutral "enol"
form (5a) whereas the dihydrate of oxytetracycline exists

exclusively in an ionized "keto" form (5b) [190]. The

H, NCH,)

N O2
~H
i
y/
/\(I: /
. N
Will \W4

oTC’®

5a 5b

principal differences between these two tautom:rs are the site

O.

of protonation of the A ring, the conformation about the
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Ci.a—Cy2s bond axis and the relative amounts of intermolecular
and intramolecular hydrogen bonding. OTC®° has been shown to
exist with the N,N-dimethylamino nitrogen not protonated as
in 5a whereas OTC: is present in the solid state with a
hydrogen bonded to the N,N-dimethylamino group as in 5b.
Conformatiocnal differences between OTC® and OTC+ are primarily
associated with the orientation of the A ring relative to the
approximately planar B, € and D rings. For OTC°, the A ring
is flipped up and oriented at approximately 110° with respect
to B, C and D rings. In this conformation, the N(CH,;), group
is directed above the B, C, D plane and the dihedral angle,
H-C,-C,,-H, 1is approximately 170° [190]. OTCt on the other
hand, adopts a conformation where the A ring is oriented
closer to the approximate plane of the B, C and D rings. In
this case, the *N(CH,),H group is directed below this plane and
the dihedral angle, H-C,-C,,~H, is approximately 74° [190].
The difference in the conformations of OTC® and OTCt can,
in part, be attributed to significant differences in the
hydrogen bonding exhibited by these two tautomers. More
specifically, Stezowski et al. [190] have demonstrated that
OTC® displays a substantial amount of intramolecular hydrogen
bonding and is much less polar in nature than OTC+ which
exhibits a significant amount of jintermolecular hydrogen
bonding. For example, the N(CH,), group of OTC° is not
involved in hydrogen bonding whereas the 'N(CH,;),H group of

OTCt exhibits intermolecular hydrogen bonds with the solvated
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water molecules [190]. Other members of the tetracycline
family of antibiotics such as 6-STC [192a] and DIAOTC (193]
have been shown to exist in the neutral enol form in the solid
state whereas the hexahydrate of the parent compound, TCt, has
been shown to be present exclusively in the ionized keto form
[189,190]. In all reported cases, the x-ray data of a number
of tetracyclines has indicated that the stuctural form
represented by 5a, is associated with the conformation having
a large H-C,~C,,~H dihedral angle of approximately 170°. An
analogous structure-conformation relationship has been
reported for the solid state structures of the various
hydrated tetracycline free bases [190,192,216].

The N,N-dimethylamino nitrogen of the hydrochloride salts
of TC, OTC, CTC, DEMTC, DOXYTC, and the hydrobromide salt of
OTC have been shown [194-199] to be protonated in the solid
state. These salts display an overall conformation which is
similar to that described for TCt and OTC:t [189,190a). The
main difference between the various hydrochalide salts is the
conformation of the A ring amide substituent as depicted in
5¢ and 5d. The hydrochloride salt of DOXYTC crystallizes from
aqueous ethanol with two crystallographically unique molecules
per unit cell [197]. One of the two nonequivalent sites in
DOXYTCHCL exists in conformation Sc¢ while the other is in
conformation 54 [197]. The only other known example of this
phenomenon for the tetracycline family was the observation of

two different amide conformations for single crystals of
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OTCHBr [199]. From the available x-ray data [194,198], TCHCl
and DEMTCHC1 have been shown to exist with opposite
conformations of the amide substituent; the hydrochloride salt
of TC being in conformation 5¢ and DEMTCHC1 being in
conformation 5d. The conformation of the amide substituent
of the remaining tetracyclines in table IV.6 will be discussed
later.

In contrast to the x-ray diffraction results, there has
been no definitive evidence for the existence of the enol (5a)
and keto (5b) structural forms of the tetracyclines in
solution. However, on the basis of vicinal spin-spin
couplings, °J(H,,H,), observed in high-resolution 'H nnr
experiments, several authors have demonstrated that the
conformational integrity of the tetracyclines are maintained
in (CD,),S0 and pyridine-d; solutions {209,211c¢,192¢c]. For
example, Gulbis and Everett observed significantly larger

°J(H,,H,,) values for the anhydrous forms of TC, OTC and CTC
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dissolved in (CD;),SO as compared to the corresponding values
observed for their respective hydrochloride salts in (CD,),SO
[211c]. Based on the forementioned H-C,~C,.-H dihedral angles
deduced from x-ray diffracvion results for these compounds
[189,190,194-196], Gulbis and Everett concluded that the
conformations in (CD,;),SO are similar to those reported in
their respective crystal structure analyses.

A previous investigation of several solid tetracyclines
in this laboratory demonstrated the utility of high-resolution
solid state *C cp/mas nmr for distinguishing the enol and keto
forms of the tetracycline free bases [202]). The basis of this
method relied on the '°C cp/mas line shapes observed for those
carbon atoms which are bonded to a nitrogen [58,83-90]. This
provided a method for monitoring the state of ionization of
the A ring although it does not study the site of protonation
directly. The work of Mooibroek and Wasylishen [202] has been
extended in this thesis to include several other structurally
important members of the tetracycline antibiotics not
previously investigated.

To date there has been no N nmr data presented for the
tetracycline antibiotics in either the solid or solution
state. Given the inherent sensitivity of !N chemical shifts
to subtle changes in the local electronic environment [217],
it was anticipated that this method would provide a sensitive
probe of the site of protonation of the A ring of the

tetracyclines. To this end, the solid tetracycline
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antibiotics indicated in table IV.6 were examined by natural
abundance ®N cp/mas solid state nmr. To determine if the
structural integrity of the tetracyclines are maintained when
dissolved in solution, °N nmr spectra of several derivatives
were investigated in (CD;),SO0 and pyridine-ds; solutions for
comparison to the results from the solid state N cp/mas

experiments.

C.2 Experimuntal

The hydrochloride salts of OTC, CTC, DEMTC, DOXYTC and
MINTC and the free base hydrates of TC and OTC were purchased
from the Sigma Chemical Company. The hydrochloride salt of
TC was purchased from the Aldrich Chemical Company. ROLITCHCL
was supplied kv C. Marcotte of the Pharmaceutical Division of
Hoescht Company in Montreal. The anhydrous form of
oxytetracycline, OTC®°, was prepared by azeotropic distillation
cf a toluene solution of the dihydrate, OTC: [190]. DIAOTC
was prepared by the addition of acetic anhydride to a solution
of OTC® in anhydrous dioxane [218]. The 1:1 tetracycline urea
adduct was precipitated from a saturated aqueous solution of
urea by the addition of tetracycline hexahydrate [219]. A
sample of 6-STCHCL was supplied by R. Kirchlechner of Merck
Company in Darmstadt, West Germany. For completeness,
additional solid samples of the hydrates of TC and OTC and the
hydrochloride salt of DEMTC were all crystallized according

to the methods outlined in their respective x-ray studies
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[189,190a,198]. Purity of the prepared samples (i.e., oTC®
and DIAOTC) was checked by the appearance of their respective
solid state c cp/mas nmr spectra.

Ccarbon-12 and N nmr spectra of solid samples were
recorded on a Bruker MSL-200 spectrometer operating at 50.32
MHz and 20.30 MHz, respectively. The tetracycline samples
(500 mg) were ground into fine powder and packed into
cylindrical rotors (7 mm o.d.) made from aluminum or zirconium
oxide. Hydrogen cross polarization to the *c and N nuclei
was performed under the conditions of the Hartmann-Hahn match
with ¢, ™ and 'H %/2 pulse widths of 3.5-5 us and contact
times of 3 to 5 ms. All nmr spectra were acquired with high-
power hydrogen decoupling and mas rates of 3-5 kHz. For the
o npr experiments, approximately 500-1000 transients were
acquired with recycle times of 4-6 s. For the *N cp/mas nmr
experiments, approximately 5000 transients were required to
obtain a S:N ratio of about 10:1. This was readily obtainable
over night with recycle times of 4 to 6 s. Prior to Fourier
transformation, sensitivity enhancements corresponding to 5
Hz and 20 Hz of line broadening were applied to the *C and N
FIDs respectively. For the dipolar dephasing nmr experiments,
decoupler windows of 40 to 100 us were used for all samples.
The solid state *C cp/mas umr spectra are referenced with
respect TMS at 0 ppm by setting the observed '°C chemical shift
of the methylene carbon (CH,) of adamantane at 38.57 ppm

[133]. Nitrogen-15 cp/mas nmr spectra are referenced with
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respect to NH;(2) (293 K) at 0 ppm by setting the ammonium ion
signal of doubly isotopically enriched *NH,®NO, at 23.80 ppm.

Samples for N solution state nmr were prepared as
saturated solutions in (CD;),S0 (c.a. 1 M) or pyridine-d; just
prior to obtaining the nmr spectra. Solution nmr spectra were
recorded on a Nicolet-360 nmr spectrometer with ‘H and °N
operating frequencies of 361.05 MHz and 36.61 MHz,
respectively. With the exception of OTC®°, all !°N spectra were
acquired using the INEPT pulse sequence [220,221] with a delay
time between 'H n/2 and ® pulses of 2.78 ms and a delay time
for refocussing the N signals of 2.25 ms. The N nmr
spectrum of OTC° in (CD,;),SO was acquired using bilevel
broadband decoupling and a delay of 30 s between acquisition
of transients. The N nmr spectrum of OTC® in pyridine-d, was
acquired using a single pulse experiment without hydrogen
decoupling and a recycle time of 30 s. The N x/2 pulse
length was typically 60 to 65 us. Signal averaging on the
order of 5000 to 10000 transients was employed for all
samples. Line broadening of 15 Hz was applied to all FIDs
prior to Fourier transformation. ’N nmr spectra were
referenced with respect to liquid NH; (293 K) by setting the
observed N chemical shift of external formamide at 112.3 ppm
[222].
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C.3 RESBULTS8 AND DISCUSSION

Carbon-13 CP/MAS NMR Spectra

The carbon-13 chemical shifts for several tetracycline
antibiotics not previously discussed in ref. 202 are given in
table IV.7. The *C chemical shifts determined for a sample
of OTC® are included in the table for discussion.

Typical high-resolution '’C cp/mas nmr spectra are shown
for 6-STCHCL and TCUREA in figure IV.12. The *C cp/mas nmr
spectra were assigned using dipolar dephasing nmr experiments
and by comparison to reported solid [202] and solution
[210,213,214a,215] *C nmr results. In some cases, carbons
directly bonded to nitrogen could be assigned on the basis of
their asymmetric 1line shapes. The only significant
differences between the c assignments reported here and those
previously reported by Mooibroek and Wasylishen [202] are with
respect to C;, C,, C, and C,. Recent solution C nmr
experiments performed on a °C enriched sample of tetracycline
[215] indicated that the previous assignments of €, and C;
should be interchanged as should those of C;, and C;;. The
assignments in table IV.7 have included this consideration.
With the exception of OTCHBr, the *C line widths observed for
most carbons were approximately 10 to 15 Hz. The 1line
broadening observed for the hydrobromide salt of OTC was
sufficient that the high frequency resonances could not be
adequately resolved for assignment. This line broadening can

be attributed to the influence of intermolecular dipolar
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Pigure IV.12

Carbon-13 cp/mas nmr spectra for (a), {(b) 6-STCHCL and (c),
(d) TCUREA-4H,0. The nmr spectra (b) and (d) were acquired
using the dipolar dephasing pulse sequence with a delay of
50 us.
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Figure IV.1l2a and b
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Fiqgure IV.1l2c and d
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interactions of the *C nuclei with the bromide counterions.
The analogy of this observation to the results reported for
the iminophosphenium cation, 4, in section IV.B is noted.

As already mentioned and demonstrated in figures II.13
the “c cp/mas nmr line shape for a carbon nucleus bonded to
a quadrupolar **N nucleus is sensitive to both the orientation
and magnitude of the efg tensor. For an approximately
tetrahedral N nucleus such as the 'N(CH,;),H nitrogen, 5b, the
magnitude of the principal component of the efg tensor (V,,)
is usually less than 1 MHz [223]. Under these circumstances,
deviations from the high-field approximation are small at
B;=4.7 T and the line shapes observed for the carbon nuclei
bonded to this nitrogen should be reasonably sharp. This is
clearly demonstrated for the €, and *N(CH,),H resonances in
figure 1IV.13b where line widths of less than 40 Hz are
observed for these carbons. For the enol tautomer, 5a, the
N,N-dimethylamino nitrogen is not protonated in the solid
state and V;; of the nitrogen efg is anticipated to be quite
large (i.e., >3.5 MHz) [224]. Thus, the °C resonance signals
for C, and N(CH)), in this case should be substantially
broadened or split into asymmetric doublats. This was
observed in the *C cp/mas nmr spectra for DIAOTC (figure
IV.13d) which is known from single crystal x-ray diffraction
experiments [193] to be present exclusively in the enol form.
The magnitude of the splitting of the C, resonance in figure

IV.13d is approximately 126 Hz. This compares very well with
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Figure 1IV.13
Selected regions of the °C cp/mas nmr spectra of (a), (b)
6-STCHCL and (c), (d) DIAUTC showing the residual dipolar

splittings of the CONH,, C, and N(CH,), carbon signals.
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Figure IV.13
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the reported splitting of 116 Hz for the C, resonance signal
of OTC° [202]. Obviously then, C cp/mas solid state nmr
provides a reasonable method for distinguishing the o0-
protonated (5a) and N-protonated (5b) tautomeric forms of the

tetracycline free bases.

N:itrogen-15 NMR Spectra

The **N chemical shifts of several tetracycline
antibiotics are given in table IV.8. Since only two N
resonance signals were present in most of these compounds,
assignment of the resonances was straightforward. Without
exception, the high frequency resonance was assigned to t*e
amide nitrogen.

The **N cp/mas nmr spectra provided two distinct methods
of distinguishing between the neutral ("enol") (5a) and
ionized ("keto") (Sb) forms of the tetracycline free bases in
the solid state. First, the N chemical shift of the
N,N-dimethylamino nitrogen is expected to be sensitive to the
state of ionization of the nitrogen. For example, in solution
nmr studies of a series of 15 tertiary amines, the average *N
chemical shift of the ionized amine was 12.8 ppm to high
frequency of the free base [225,226]. Comparison of the N
nmr results for ionized OTCt and the free base OTC® in table
IV.8 indicate that the chemical shift of OTC: is 13.9 ppm to
high frequency of the corresponding value for OTC. The

corresponding *N cp/mas nmr spectra are shown in figure IV.14a



Table IV.8B
Nitrogen-15

antibijotics.

chemical shifts of

state measurements in (CD;),SO.
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several tetracycline

The values in parentheses indicate solution

Nitrogen
Compound 15N (CH,), CO*NHR Other
TCHC1 44.9 (46.1) 113.0 (111.6)
TC+ 41.8 107.5
TCUREA 43.4 107.2 81.9
OTCHC1 43.5 (44.3) 113.3 (111.5)
OTCHBr I 41.4 a
II 45.7 111.6
OoTCt 41.6 (b) 105.6 (108.9)
orc’ 27.7 (25.3) 109.5 (109.3)
(22.3 (c)) (108.5 (c))
CTCHC1 45.3 113.1
DEMTCHC1 45.7 111.6
DOXYTCHC1 I 41.4 105.5
II 45.3 111.6
MINTCHC1 41.9 99.8 49.8
ROLITCHCL 34.9 113.6 79.9
74.8
6-STCHC1 41.7 111.7
DIAOTC 20.6 104.6

a. Not resolved due to line broadening.

b. Not observed in the solution nmr spectrum.

c. Single pulse experiment in pyridine-ds.
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Figure IV.14
Nitrogen-15 cp/mas nmr spectra of (a) OTCX (b) and (c) OTC’.
The nmr spectrum in (c) was acquired with the dipolar

dephasing pulse sequence with 7,,=65 us.
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and IV.14b for OTC+ and OTC®, respectively. It should also be
pointed out that the N chemical shift of OTC®° is similar to
that observed for the N,N-dimethylaminoc nitrogen of DIAOTC
(8,,,=20.6 ppm). This is an important observation since as
already mentioned, x-ray diffraction experiments [133] have
concluded that DIAOTC exists exclusively in the enol form.

Applying the dipolar dephasing nmr experiment to the
nitrogen nuclei of several of the compounds in table IV.6
provided an alternative method for studying the state of
ionization of the A ring. The N nmr spectrum obtained for
OTC® using this pulse sequence is shown in figure IV.1l4c.
Comparison with figures IV.1l4a and IV.14b indicate that there
is no N resonance signal cbserved for the amide nitrogen in
the nmr spectrum of OTC° acquired with the dipolar dephasing
pulse sequence [106,107]. This was not surprising since this
nitrogen is strongly dipolar coupled toc two hydrogens and
therefore the corresponding signal dephases rapidly during the
time 7. Of greater significance, the resonance signal
corresponding to the N,N-dimethylamino nitrogen of OTC®° was
still present in this nmr spectrum (figure IV.l4c). Analogous
results were obtained when a dipolar dephasing *N nmr
experiment was performed on a sample of DIAOTC confirming that
both OTC® and DIAOTC exist exclusively in the enol tautomeric
form in the solid state.

The **N chemical shifts for TCKCl, OTCHCl, OTCt and OTC®

in (CD;).SO and pyridine-d; solutions are given in parentheses
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in table IV.8. Preliminary N nmr experiments were performed
with the INEPT pulse sequence without hydrogen decoupling
(221] on samples of OTCHCL dissolved in (CD,;),S0. This solvent
was chosen since relatively concentrated solutions of OTCHCl
could be prepared (c.a. 1 M) and because previous 'H nmr
experiments indicated that its conformational integrity is
maintained when dissolved in this solvent [21lc]. It is
important to point out that the INEPT experiment is a
polarization transfer technique which depends on the presence
of a spin-spin coupling (J) between the nuclei involved. 1In
this study, polarization transfer was from the directly bonded
hydrogens to the nitrogen and therefore a J(!°N,!H) coupling
is essential for the INEPT nmr experiment to be applied
successfully. Since no previous N nmr investigations of the
tetracyclines have been reported, a value for J(!°N,'H) for
the amide and protonated N,N-dimethylamino nitrogens was
assumed to be similar to that reported for formamide (i.e.,
approximately 90 Hz) [130]. This value for J('°N,'H) was then
used to calculate the spin dephasing delay time (1/4-J)
required for performing the INEPT nmr experiment {220,221].
Subsequent acquisition of a N nmr spectrum of OTCHCl in
(CD;),SO, provided a hydrogen coupled N nmr spectrum. 1In
this nmr spectrum, the amide resonance signal was a 1:0:-1
triplet with a 'J(N,'H) of 95 Hz whereas the low frequency
signal for the N,N-dimethylamino resonance was observed as a

1:-1 doublet with a J(}*N,'H) of 62 Hz. The average of these
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two values was then used to calculate the spin dephasing delay
for further N nmr experiments performed with the INEPT
sequence and hydrogen decoupling.

Inspection of table IV.8 indicates that the observed N
chemical shifts of the tetracyclines in solution are similar
to the corresponding chemical shifts observed in the solid
state. In addition, both TCHCl1l and OTCHCl exhibited a signal
due to the N,N-dimethylamino nitrogen in their respective
solution N nmr spectrum. Since a resolvable spin-spin
coupling between hydrogen and nitrogen is essential for the
INEPT experiment to work [220,221], it can be concluded that
TCHC1 and OTCHCl exist exclusively with the N,N-dimethylamino
nitrogen protonated in (CD;),SO. More importantly, the low
frequency resonance signal was not observed when a !°N solution
nnr spectrum of OTCt was acquired under identical experimental
conditions as those for the hydrochloride salts. Based on
this observation, it can be concluded that the N,N-dimethyl-
amino nitrogen of OTCt in (CD,),SO does not have a resolvable
13(**N,'H) spin-spin coupling. This situation could result if
either the nitrogen is not protonated or if it is involved in
rapid hydrogen exchange. The !°N nmr spectra of OTC® dissolved
in (CD;),SO and pyridine-d; solutions were acquired with and
without hydrogen decoupling, respectively. For both of these
samples, the '*N nmr signal observed for the N,N-dimethylamino
nitrogen was a single line with a vy;2 of less than 5 Hz. The

observed N chemical shifts for the N,N-dimethylamino nitrogen
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in (CD;),SO and pyridine-d;, 25.3 ppm and 22.3 ppm,
respectively, compare reasonably well with the corresponding
value determined for OTC° from solid state cp/mas nmr, 27.7
ppm. Thus, based on the similarity of N chemical shifts in
the solid and solution states and on the results fron the
INEPT experiments, it can be concluded that the structural
integrity of the two tautomeric forms represented by 3a and
Sb is maintained in (CD;),SO and pyridine-d solutions. Also,
a similar conclusion is valid for the hydrochloride salts of
OTC and TC.

The N cp/mas nmr spectrum for DOXYTCHCl is shown in
figure IV.15. Two independent sets of isotropic resonances
are apparent for the amide and protonated N,N-dimethylamino
nitrogens of this sample. The observation of two sets of
isotropic °N resonances is consistent with the reported
x-ray diffraction results for this compound {197]. The
chemical shift difference observed for the dimethylamino
nitrogen resonances was approximately 4 ppm whereas for the
amide nitrogens, the chemical shift difference was
approximately 6 ppm. For OTCHBr, which also displays two
crystallographic nonequivalent forms {199], the 5N chemical
shifts of the N,N-dimethylamino nitrogens were also different
by approximately 4 ppmn. For this sample, the amide resonance
signals were significantly broadened such that both N
chemical shifts could not be resolved. Several hydrochloride

salts of the tetracycline family of antibiotics have been
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Pigure IV.1S5

A nitrogen-15 cp/mas nmr spectrum of DOXYTCHCI.
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shown to exist in the solid state with only a single
conformation of the amide substituent. For example, TCHCl and
OTCHC1l have been shown to exist in the solid state with the
amide nitrogen oriented cis to the oxygen at c-1 (5¢)
[194,195]. On the other hand, DEMTCHCl1l has been shown to
exist with the opposite conformation of the amide substituent
(i.e., amide nitrogen trans to 0-1 as in 5d) [198]. Although
the N chemical shifts of solid TCHC1 and OTCHC1 are
approximately 1.4 ppm and 1.7 ppm to high frequency of the
corresponding value for DEMTCHC1 (table IV.8), the small range
of N chemical shifts for the amide nitrogen prevents any
definitive assignment of the amide conformations in these
systems. 1In addition, it is not possible with the data in
table IV.8 to distinguish unequivocally between the two amide
conformers of DOXYTCHCl.

Several other points regarding the °N cp/mas nmr spectra
should be discussed. The N signal observed at 81.9 ppm for
the 1:1 tetracycline urea adduct provided definitive evidence
for the formation of an adduct in the crystalline solid. This
value compares well to the N chemical shift determined for
a saturated solution of urea in H,0/ethanol, 76 ppm [227].
For MINTCHCl, an additional nitrogen signal was observed at
48.9 ppm. This was assigned to the N,N-dimethylamino nitrogen
attached at the C-7 position of the aromatic D ring. When a
dipolar dephasing cp/mas nmr spectrum of this compound was

obtained, neither N,N-dimethylamino nitrogen exhibited a !°N
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nmr signal. This provides definitive evidence that both of
these nitrogens are protonated in the solid state. Finally,
the N cp/mas nmr spectrum of ROLITCHCl consisted of single
resonance lines for the N,N-dimethylamino and amide nitrogens,
however, a doublet of peaks (separated by ~5 ppm) was observed
for the nitrogen of the pyrrolidine ring. One possible
explanation is the presence of two conformations of the A ring

amide substituent in this sample.

C.4 Summary

High-resolution **C cp/mas nmr spectra of the tetracycline
antibiotics demonstrate the capabilities of modern solid state
spectrometers for obtaining well resolved *C nmr spectra of
powdered solids. In particular, the resolution was sufficient
to resolve and assign most of the 21 carbon resonance signals
for the tetracyclines. The only modification of the earlier
reported ’C assignments involved interchanging the C, and C,
resonance signals and interchanging the C; and C,; signals.
The line shapes observed in the *C cp/mas nmr spectra for
those carbon nuclei with directly bonded nitrogens provided
an indirect method for monitoring the structural form of the
tetracyclines in solid samples.

Natural abundance °N cp/mas nmr has proven to be a viable
method for studying the structural forms of the tetracycline
free bases in the solid state. The inherent sensitivity of

the N chemical shifts to N-protonation effects and the
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conclusive evidence obtained with the dipolar dephasing
experiments provide an even more sensitive probe of the
structure of the A ring than C cp/mas nmr experiments. In
addition, comparison of solid state **N chemical shifts with
corresponding values in (CD,;),SO and pyridine-d; solutions
provided the first definitive evidence that the structural

integrity of the tetracyclines are maintained in solution.



V. Conclusions

This tnesis has been concerrned with several applications
of solid state nmr to the study of spin I=1/2 nuclei in solids
of chemical interest. The underlying theme has been the study
of the anisotropic nature of spin interactions in solids and
how one can tailor an experiment such that the information in
the nmr spectrum will reflect specific internal Hamiltonians.
of primary importance to this thesis is the nuclear shielding
properties of several spin 1/2 nuclei - *c, **N and *P. Since
chemical shielding is closely associated with the electron
density distribution around the nucleus, characterization of
shielding tensors serves as a fundamental source of
information regarding the nature of the local electronic
environment.

Dipolar-chemical shift nmr of "isolated" spin-pairs has
proven to be a useful technique for determining chemical shift
parameters of nuclei from nmr spectra of static powder solids.
The investisation of the carbon chemical shielding properties
in benzylideneaniline demonstrated the need for the nmr
experimentalist to consider possible influences of all
internal Hamiltonians on the nmr spectrum. More specifically,
when a quadrupolar nucleus such as N is a member of the
"jsolated" spin-pair under investigation, then the simple
description of nmr interactions as first order perturbations
of the Zeeman energy levels may not be strictly wvalid. The

benefit of recognizing this fact allows one to obtain accurate

201
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information from a thorough theoretical interpretation of the
dipolar-chemical shift nmr spectrum. Thus, for the imine
carbon of benzylideneaniline, the interpretation of the
shielding parameters when the magnitude of the N electric
field gradient was taken into account allowed the complete
specification of the orientation of the carbon chemical
shielding tensor. Obviously, it would be of interest to
investigate the %c,N spin-pair of benzylidene-aniline at
higher magnetic fields since this would help reduce spectral
distortions due to a break-down of the high-field
approximation.

The nitrogen chemical shift parameters determined for
several imines have provided further evidence that the
chemical shielding of a nucleus is often characteristic of the
type of molecular fragment being investigated. Excluding the
salicylideneanilines, the most shielded principal component
of the imine nitrogen shift tensors, ¢é.,,, was observed to vary
from 2 ppm to 74 ppm; similarly, the intermediate component,
822, varies from 309 ppm to 343 ppm and the least shielded
principal component, §,,, varies from 594 ppm to 674 ppm. It
was demonstrated that the minor variations in each §,, can be
interpreted in terms of variations of their respective
paramagnetic term. The influence of only a modest number of
substituents was sufficient to establish some basic
qualitative trends between the imine nitrogen shielding and

the atomic orbital coefficients, Cja. Clearly, a more detailed
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approach with a larger number of substituents and/or molecular
orbital calculations could be pursued. In addition, this type
of investigation does not need to be restricted to the N
nucleus of the imine system since other nuclei in a variety
of molecular environments should be equally susceptible to
the influence of substituents.

The solid state nmr results for the iminophosphenium
cation demonstrated that other factors can play a significant
role in the dipolar-chemical shift nmr experiment. For
example, it was shown that both librational motions of the
moiety of interest and contributions from an anisotropic J
tensor can, in principle, modify the effective dipolar
coupling between nuclei. For second row elements, the
anisotropy in J has been assumed to be negligible but for
indirect couplings involving heavier elements such as
phosphorus, this assumption may not be valid. Since the
dipolar-chemical shift nmr spectrum is only sensitive to the
absolute value of the total dipolar interaction, it is
difficult to obtain accurate values for internuclear
separations from observed dipolar splittings. It would be
informative to measure the dipolar coupling constant for the
N,P spin-pairs of the iminophosphenium cation as a function
of temperature. This may provide useful information on the
relative contributions of librations and AJ to the effective
dipolar coupling constants.

Contrary to popular belief, natural abundance °N nmr can
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be used to examine the structural properties of larger
biomolecules. The N nmr results for the tetracycline
antibiotics exemplify this fact and demonstrate the utility
of solid state nmr for bridging the gap between the x-ray
crystal structure and the molecular structure in solution.
That is, the observed N chemical shifts have been used to
demonstrate that the structural integrity of the solid
tetracyclines is maintained when dissolved in (CD,),SO
solutions. Although the structure and conformation of these
antibiotics have now been completely specified, no definitive
evidence for the existence of an equilibrium between the two
forms in solution has been described. This problem could be
addressed by examining high-resolution 'H nmr spectra of the
tetracyclines dissolved in mixed solvent systems such as
pyridine-d.,/D,0.

In closing, I would like to stress a final point to those
desiring to perform experimental solid state nnmr. The
importance of optimizing the initial set-up procedure on the
nmr instrument is often the key to unlocking the internal
Hamiltonians which can then manifest themselves in the nmr
spectrum. A judicious choice of experimental parameters which
are consistent with the limitations of the nmr instrument and
are suitable for the sample under consideration can "make or
break" the success of the nmr experiment. In other words, it
is up to the nmr experimentalist to recognize and manipulate

the internal Hamiltonians lurking within solid samples.
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