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PREFACE

This volume consists of authoritative accounts of four different areas of
NMR spectroscopy. The appropriate literature surveys were completed in
1981.

Each of these reports covers aspects of NMR which have not been
previously reviewed as such in this series. Professors Wasylishen and Fyfe
present a comprehensive account of the rapidly growing area of high
resolution solid state NMR studies. This is followed by a valuable contri-
bution from Dr Kowalewski on theoretical aspects of spin-spin couplings.
Dr Siedle covers recent aspects of boron NMR while dynamic NMR in
inorganic and organometallic chemistry is dealt with by Dr Mann.

It is a great pleasure for me to record my appreciation of the diligence
shown by these contributors in the preparation of their reports.

University of Surrey G. A. Webb
Guildford, Surrey September, 1981
England
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I. INTRODUCTION

With the development of multinuclear FT NMR spectrometers, and the
cross-polarization (CP) and magic angle sample spinning (MASS) tech-

* Present address: Department of Chemistry, Dalhousie University, Halifax, Nova Scotia
B3H 4H6, Canada.
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2 R. E. WASYLISHEN AND C. A. FYFE

niques, there has been considerable recent interest in high-resolution NMR
studies of solids. There are several obvious advantages to studying solids.
For exampie, one can study materials that are relatively insoluble (shales,
coals, zeolites, etc.). Solid-state NMR provides an opportunity to study
systems in the absence of intermolecular exchange (individual species). In
addition, solid-state NMR allows one to investigate the nature of the
solid state and provides a bridge between X-ray data and solution NMR
studies.

Techniques used to obtain high-resolution NMR spectra of solids and a
variety of applications of these techniques have been reviewed.'° The
purpose of the present report is to provide an update of the earlier reviews.
It is written from the viewpoint of experimental chemists, and is therefore
presented using terminology familiar to chemists. The reader is assumed
to be conversant with high-resolution NMR of liquids®'>® and basic pulse
NMR techniques.?’*° [For some other recent reviews see p. 287.]

In order to understand some of the problems that one must deal with
in order to obtain high-resolution NMR spectra of solids it is necessary
first to consider the important interactions that a nuclear spin encounters
in a solid (Section II). Many of these interactions are averaged by rapid
molecular motion in solution, so most experimental chemists are generally
not concerned with them. Experimental techniques used to obtain high-
resolution solid-state spectra are discussed in Section III. In order to be
effective these techniques must either remove or average various nuclear
spin interactions in the solid state. Section IV deals with applications of
high-resolution NMR. Specific applications are discussed according to the
particular nucleus observed. High-resolution NMR studies of abundant
spins (*H and '°F) are not discussed here.

II. NUCLEAR SPIN INTERACTIONS IN SOLIDS

A typical nuclear spin Hamiltonian is exemplified by
H=Hz+Hy(t)+ Ho+ Hp+ Hcs+ Hother (1)

The first two terms describe “‘external’ interactions of the spins with the
static and the rf fields, both of which are controlled by the experimenter.
The remaining terms depend upon the fundamental characteristics of the
nucleus under observation and its environment. Below we consider each
term for a hypothetical two-spin system I and S; more detailed discussions
are available in the monographs by Mehring,' Haeberlen,” and Andrew.’

A. The Zeeman term (Hz)

The Zeeman term results from the interaction of the nuclear magnetic
moment, wu,, of nucleus t with the applied static field, Bo. Hence, the
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operator Hz can be written as
HZ=_Zﬁt'§0=_ZYth§0'it (2
t t
where I, is a spin operator and ¥, is the magnetogyric ratio of nucleus t.
The applied field is generally chosen to lie along the z-direction. From the
general properties of spin angular momentum, H for a two-spin system
can be written as

ﬁz= _'YlhBsz—'YShBogz (3)

where I, and §, represent the components of the nuclear spin in the
z-direction. For an applied field, By, of 2:349 tesla, values of the Zeeman
interaction (in MHz) are given in Table 1 for some of the common nuclei
discussed in this review.

TABLE 1

NMR properties of the important nuclei discussed in this review.

Quadrupole
Natural Magnetogyric ratio moment NMR frequency
Isotope abundance Spin ¥y (107 rad T 's™Y) Q (107%m?) (MHz)
'H 99.985  1/2 26-7510 100-000
’H 0-015 1 4-1064 2:86x1073 15351
B¢ 1.108 1/2 6-7263 25-145
14N 99-635 1 1.9324 1.93x1072 7-224
15N 0-365 1/2 -2-7107 10-138
g 100-000  1/2 25-1665 94094
29gi 470 1/2 -5.3141 19-867
31p 100-000  1/2 10-829 40-481
3Cu 69-09 3/2 7-0904 —0-211 26-606
55Cu 30-91 3/2 7-5958 -0-195 28-394
Mg 12-86 1/2 -5.6699 21209
g 12-34 1/2 —~5-9330 22:193
1780 7-67 1/2 -9-5303 35-626
U19%gn 868 1/2 ~9.9707 37291
195py 337 1/2 5-7505 21-414
1%°Hg 16-86 1/2 4-7690 17-91

B. The radio frequency term (H,)

In NMR spectroscopy transitions between energy levels are generally
induced by an applied rf field, By, which is applied perpendicularly to the
static field direction,

B.= B, cos wt 4)
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where B, is the amplitude and w = 27w is the frequency. Assuming that
By is the applied field along the x-direction, then

H,= —Yiflérf * fx(i) (5)

From time-dependent perturbation theory the probability, P,,.., of a transi-
tion per unit time between two states, m and m’, is

P = 72B12|(mlfxlm')l2 6(me"_V) (6)

where (m|I,Jm') is zero unless m =m'+1 and 8(¥mm —v) is the Dirac
delta function. The frequency, »,,., corresponding to the energy differences
between m and m' is given by

V,,.m'=y—m'—m| N
27
Note that only the Zeeman interaction has been considered; other interac-
tions discussed below slightly modify the resonance frequency given in
equation (7).

C. The quadrupolar term (Hg)

This interaction is important only in the case where the nucleus has a
spin I >1/2 (Table 1) and hence a quadrupole moment Q. For a single
spin I,

Ho=1-0.T (8)

where Q =[eQ/2I(2I —1)k]V and V is the electric field gradient tensor
at the nuclear site. The trace of V is zero, and Vj; = Vj; thus {V,;} has five
independent elements, three of which specify the orientation and two that
indicate the magnitude and shape of the field gradient. In the principal
axis frame of V;;, in which {V;;} is diagonal, equation (8) becomes

e’qQ

Ho= 1011

[3L2-I*+q>-1,)] 9

where the magnitude and shape of the field gradient are specified by
eq = V(| V| »| Vil >|Vy,|) and 7, the asymmetry parameter, is defined
as (Vyx— Vyy)/ V. Two limiting cases are generally discussed, Hz » Hq (the
so-called high-field case) and H, « Hq (low-field case). For Hz = Hg calcu-
lations of an energy level diagram are tedious. The nuclear quadrupole
coupling constant, e>Qq/h, is symbolized by .

In the high-field case (e.g. 2H) the quadrupolar Hamiltonian serves as a
perturbation on the larger Zeeman interaction. Using perturbation theory
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to the first order, the energy shifts for the I =1 system are given by
h
AEq= —:9(3 cos? §—1+1 cos 2¢ sin’ 8)(m>—2/3) (10)
where vo=(3/2)x and 6 and ¢ are the standard polar angles which specify
the orientation of the principal axis of the electric field gradient in the
laboratory frame of reference. For n =0,

AEQ=’%(3 cos? 6—1)(m2—2/3) 11)

where @ is the angle between By and the principal axis of the field gradient.
An energy level diagram for this situation is shown in Fig. 1. For a single

Q=0 @>1

ms=-] ———ﬂ:

m={ —_———

FIG. 1. Energy levels for a spin =1 nucleus in a large magnetic field and an axially
symmetric electric field gradient. Each transition is shifted by |hv/4(3 cos”9 —1)| relative to
its position in the absence of an electric field gradient.

crystal, the NMR spectrum for a spin I =1 nucleus interacting with an
axially symmetric electric field gradient is a doublet of separation Av, where

Av=(3/4)x(3 cos*> 8—1) (12)

Note that the two lines of the doublet coalesce when the angle between
the electric field gradient and the applied field, Bo, approaches 54°44'8"
(the “magic angle” where cos® § = 1/3). This is a general result regardless
of the value of I.

For a powder sample, one must average equation (12) over all possible
values of 6. The resulting powder pattern for an axially symmetric electric
field gradient is shown in Fig. 2. The central doublet separation is (3/4)y,
corresponding to 8 =90° in equation (12). The outer features just below
the base line are separated by (3/2)x and correspond to 8 =0° and 180°
in equation (12).
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e— (3/4) y ——>

_— —_

L3 (372)x —>]

FIG. 2. NMR spectrum for a powder sample of I =1 spins with an axially symmetric
electric field gradient.

Typical quadrupole coupling constants for °H in carbon—-deuterium bonds
are 150-200 kHz. Nitrogen-14 quadrupole coupling constants are generally
much larger, ranging from 0 to 5 MHz. Experimental aspects and values
of nuclear quadrupole coupling constants are discussed and tabulated in
several texts.>>17*

D. The dipole-dipole term (Hp)

For a substance containing two different magnetic species, I and S, of
magnetogyric ratios y; and vs,

Hyp = Hyu+Hss+ His (13)
In the discussion that follows we are particularly interested in the last term

of equation (13), H;s, which for two isolated spins I and S may be written
as

His= ”;ZS#I‘ .D-§ (14)

where r is the distance between the two spins I and S, which have com-
ponents (I, I,, I,) and (Sy, Sy, S2), and D is the dipolar coupling tensor. In
the Cartesian coordinate system,

1 (r*—3x%) —3xy —3xz
D=5 -3xy (*-3y) -3yz (15)
r —3xz —3yz (r*-3z%
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FIG. 3. Axis system and polar coordinates for I-S dipolar coupling.

The trace of D is clearly zero, also it is axially symmetric; D, = D5,
Di3=Ds,, and D,3= Dj3,. In the principal axis system, r lies along the
z-axis, all off-diagonal elements are zero, and

(oo
D=0 1 0 (16)
"lo 0o -2

It is useful to transform equation (14) to spherical polar coordinates (Fig.
3). In this coordinate system equation (14) may be decomposed into six
terms as follows:

H,s=%h2(A+B+c+D+E+F) 17)

where A =I,5.(1-3 cos® 8;s) and expressions for the other terms can be
found in a number of standard texts.'™ Only the A term commutes with
the Zeeman operator, hence this is the only term that we need to consider
in calculating an energy level diagram (to the first order) for an isolated
two-spin system. Operating on the product functions |aa), |aB), |Ba), and
|BB) with Hz+ HR, it is trivial to show that two transitions are allowed for
spin I and two for spin S. Thus for the case of two isolated spins, I and S,
in a single crystal the two lines are separated by

1:—;’—%2(1 —~3 cos? fis) (18)
For a powder sample one must average over all possible orientations; a

line shape analogous to that shown in Fig. 2 is obtained. Typical Bc-'H
dipolar interactions are 10-40 kHz.*
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Expressions for Hy and Hss in equation (13) are analogous to those
given for His in equation (17). For like spins the B terms in equation (17)
also commute with the Zeeman Hamiltonian and must be considered in
calculating the energy level diagram. For a two-spin homonuclear dipolar
interaction between spin number one and spin number two,

A=(1-3cos’ )21, (19)
B=—-(1/4Y1-3cos’ )(I,",+1," L") (20)

where I" and I are the shift operators, I* =1, +il, and I =I,—il,.
I''la)=0,I"|B)=|a), I |a)=|B), and I |B) = 0. Note that the A term does
not shift the nuclear spin quantum numbers m; and m, but that B alters
both nuclear spins by 1. The term B is sometimes referred to as the
“flip-flop”” or exchange term and is particularly important because it pro-
vides an efficient path for the spin-lattice relaxation of abundant spins.
Note that for a two-spin homonuclear system two transitions separated by

2
(3/2) ’;—’3h2(1 ~3 cos? 6) 1)

are allowed. For more complex systems it is often impossible to explicitly
calculate the energy level diagram and the resulting frequency spectrum.
In such cases it is possible however to use the van Vleck method of moments.
Excellent discussions of this procedure are available elsewhere.'>?%%’

E. The chemical shielding term (Hcs)

It is well known that electrons modify the field experienced by a nucleus.
The shielding produced at a particular nuclear site may be described by
the Hamiltonian

Hes=hyl -6+ B (22)

where & is a dimensionless tensor of rank two called the chemical shielding
tensor. In large static magnetic fields & is symmetric and six quantities are
required to specify it. It is always possible to find an axis system (called
the principal axis system) in which all off-diagonal elements are zero, thus
one can describe o in terms of three principal values, a1, 022, o33, and
three angles which specify the orientation of the principal axis system.
Experimentally it is possible to obtain ¢, 022, and 33 for a spin 1/2
system directly from a powder pattern provided that dipolar interactions
are small or eliminated. Theoretical powder patterns for a general shielding
tensor (011 =022 # 033) are shown in Fig. 4. In reporting principal com-
ponents of the chemical shielding tensor we use the convention o3 <02, <
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(a) (b)

Tiso Tiso

FIG. 4. Chemical shielding powder pattern: (a) axially symmetric (011 = 022 # 733); (b)
arbitrary second-rank tensor (o1 # 037 # G33).

o33. For an axially symmetric shielding tensor one can define the chemical
shielding anisotropy, Ao, as

Ao=0—0o, (23)

where o is along the symmetry axis. For non-symmetric shielding
tensors the definition of Ao is ambiguous. Some workers have defined
Ao =01,—(1/2)(622+033) while others have defined Ac=
33— (1/2) (011 + 022).

Single-crystal studies are generally required in order to establish the
orientation of the principal axis with respect to the molecular axes. An
excellent discussion of the experimental procedure has been given by
Veeman®® and by Weil et al.*’

Theoretical®®*™*° and experimenta shielding tensors and
anisotropies have been summarized. The general review by Appleman and
Dailey is highly recommended.*°

11,9,36,40

F. Other interactions and summary

Other interactions include the indirect electron-coupled spin-spin inter-
action

H;=#l-Js+§ (24)

where Jis is a second rank tensor (not necessarily traceless); also included
is the spin-rotation interaction, Hsg, where

Hgg=hi-C-J (25)

Hi;gy represents the couplings of the nuclear spins with the magnetic moment
produced by the angular momentum of the molecule. The spin-rotation
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constant C is a second rank tensor whose trace is non-zero. In solids Hsg
is generally unimportant and hence is neglected in the discussion that
follows.

It is interesting to point out that, with the exception of Hp and Hj, all
the terms in equation (1) represent the sums of single-spin Hamiltonians;
the latter two terms couple, in principle, every spin of the sample with all
the others.

In the above discussion we have used Cartesian tensors to represent the
various interactions. Often it is more convenient to use irreducible tensors.
These permit one to write the spin Hamiltonians, H,, for the different
couplings, A, in a common form

2 1
H=C"Y Y -)"T\mRl-m (26)
=0m=—1

where C* is a constant specific to each interaction, T},, are spin products
built out of two vectors, and R}_,, are coupling tensors. (See references
1 and 9 for excellent discussions of irreducible tensors.) Another convenient
way of expressing the magnetic dipolar and quadrupolar Hamiltonians has
been discussed by Pettitt,*’

In liquids, where molecules are generally undergoing rapid ‘‘isotropic”
reorientation, the second rank tensor interactions discussed above are
averaged. Under these conditions the electric field gradient tensor, V, and
the dipolar coupling tensor, D, vanish because their traces are zero. The
isotropic average of the shielding tensor, &, is (1/3) Tr{oy}, i.e.

Oiso = (1/3)(011+ 022+ 033) (27)

Similarly the isotropic indirect spin-spin coupling is (1/3) Tr{J;}. Thus
under conditions of rapid isotropic reorientation the Hamiltonian describing
the “internal” interactions of our two-spin system reduces to the familiar
high-resolution Hamiltonian, H, used to describe the NMR spectra obtained
in liquids, i.e.

H =—tyBo(1 - o) I, ~ hysBo(1 —os)S,+ hJisl - § (28)

If the object of an NMR experiment is to obtain a high-resolution
spectrum on a rigid sample (e.g. powdered solid) then one must develop
and apply techniques that reduce the effective internal Hamiltonian to one
approaching that given in equation (28). For a spin 1/2 species, S, this
implies that one must reduce all of the dipolar interactions with a given S
nucleus to essentially zerd. Also the chemical shielding and indirect
spin-spin coupling interactions must somehow be completely averaged.

[Some further recent references to theoretical aspects of the technique
are included in the list on p. 287.]
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III. EXPERIMENTAL TECHNIQUES USED TO OBTAIN
HIGH-RESOLUTION NMR SPECTRA OF SOLIDS

In this section we present a brief qualitative description of the experi-
mental techniques that have been used to observe some dilute spins, S, in
the presence of abundant spins, I (generally 'H or '°F). By dilute we mean
a system where homonuclear S-spin dipolar interactions are quite small,
e.g. 1kHz. This condition is satisfied for '*C in almost any carbon-
containing molecule since the natural abundance of >C is only 1:1%.
Similarly it generally applies for any spin 1/2 nucleus with the exception
of 'H and '°F. Even in the case of *'P (natural abundance 100%), >'P->'P
dipolar interactions are generally less than 1 kHz unless the phosphorus
atoms are chemically bonded to one another. In the discussion that follows,
both I and S will be assumed to have spin 1/2 unless otherwise stated.

A. High-power decoupling and cross-polarization (CP)

By applying a strong rf field to the I-spins in a pulsed or continuous
fashion, the I-S dipolar interaction is removed. Qualitatively the rf irradi-
ation forces the I-spins to change their spin states rapidly compared with
the I-S dipolar interaction, and thus ‘“decouples” them from the S-spins.
Decoupling is a coherent averaging of the I-S dipolar interaction in spin
space as opposed to the incoherent averaging process that occurs due to
random motion in liquids. In some ways it is analogous to the proton
decoupling used in NMR studies of liquids except that much larger decoup-
ling fields are required. Typically I-spin decoupling fields of 40 kHz or
more are required to eliminate I-S dipolar interactions. Because of the
heating that results from rf fields of this magnitude they are generally not
left on continuously for more than 200 ms.

Continuous I-spin decoupling is generally more effective than pulsed
decoupling; also, as one might expect, on-resonance decoupling is more
effective than off-resonance decoupling. Spin decoupling dynamics are
discussed in the original literature*>*? and in Section 4.4 of the monograph
by Mehring.!

In addition to removing the I-S dipolar coupling, the I-spin decoupling
field, B, can also be used to enhance the sensitivity of a dilute spin, S,
by a cross-polarization (CP) technique. The object of this technique is to
transfer polarization from the more abundant I species, which in thermody-
namic language has a high heat capacity, to the S system which has a small
heat capacity (Fig. 5). Recall that exchange of Zeeman energy is not
normally permitted by the I-S dipolar interaction (i.e. the ] and S systems
are ‘““‘insulated” from each other). Polarization transfer can be accomplished
in more than one way;"**™*® the most common technique is to allow both
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is

4}

Lottice

FIG. 5. Thermodynamic picture of I and S reservoirs.

the I and S spins to precess in their respective rotating frames at some
common frequency,

v1B11=7vsB1s (29)

Under this condition, known as the Hartmann-Hahn condition, the Zeeman
levels in the rotating frame are matched and effective coupling between
the I and S spins occurs via the dipolar interaction.

Experimentally, one possible sequence of events for establishing contact
between the I and S spin systems and observing the S spins is summarized
below and in Fig. 6:

(1) Establish I-spin polarization in the static field B,.

(2) Spin-lock the I-spin magnetization along Bi,;.

(3) Establish I-S contact with a Hartmann-Hahn match by applying an

rf field B, s to the S-spins for some time ¢..

(4) Turn off B, s and record the S-spin FID.

(5) Turn off B, and repeat the sequence.

Two important questions are: (i) What parameters govern Tis, the
cross-relaxation rate, and hence the efficiency of ‘“‘communication’ between
the I and S spin systems? (ii) What is the gain in sensitivity realized in
using a CP procedure such as that outlined in Fig. 6?

The rate of CP is related to a number of parameters, the most important
being the I-S second moment (T'is < M5 ). Thus in a *C NMR experiment
one would expect a non-protonated >C nucleus to cross-polarize much
more slowly than a methylene carbon. Since experimentally observed
second moments depend on molecular motion, one might, for example,
expect the carbon of a rapidly reorientating methyl group to cross-polarize
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903 8,

I channel 1 decoupling

*—cﬁmc'—i— Acquisition time ————|

S channel

FIG. 6. Cross-polarization timing diagram.

at a rate quite different from that of a carbon associated with a rigid methyl
group (this is indeed observed). Typical 'H-*C CP times, Tcn, vary
between 10~* and 107%s. The dynamics of cross-relaxation are discussed
by Demco, Tegenfeldt and Waugh*® and summarized by Mebhring.!

The S-spin magnetization established in the rotating frame after a single
CP contact with Hartmann-Hahn matching, compared with that observable
in the applied static field By after 5 X Ts, is approximately (y1/ys).*® This
ratio is 4 (16 in time) for S='2C and I="H. If the I-spin magnetization
decays slowly in the rotating frame (i.e. if the T} pl is long) then it is possible
to repeat the contact and observe steps 3 and 4 above before re-establishing
I-spin polarization (step 1). Although a further gain in sensitivity can be
achieved by this procedure it is generally not used in practice because it
requires the By field to be on for excessive lengths of time.

A further important advantage of the CP technique is that it allows one
to use recycle times of the order of T;' instead of T;°. In practice, T;" is
generally much longer than T, so in a given time period one can accumulate
many more FIDs using the CP technique than with conventional /2 S-spin
pulses.

As already mentioned, there are a number of variations in the procedure
mentioned above for establishing CP. These techniques are discussed by
Pines et al.*® and by Mehring."

Specifications for a CP spectrometer have been presente
Pulse programmers,”'~* probes,”* and receivers*® are discussed in a number
of recent references. Readers interested in building a spectrometer should
consult the above references and recent issues of journals such as Review
of Scientific Instruments and Journal of Magnetic Resonance. [Further recent
references are in the list on p. 287.]

10,14,15,18,48,50
d.
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B. Magic angle sample spinning (MASS)
1. Influence of rapid sample spinning on Hamiltonians

The first technique used to reduce dipolar interactions was proposed
independently by Lowe>’ and by Andrew et al.>® It involves physically
spinning the sample about an axis that is approximately 54°44'8" with
respect to the applied static field By (Fig. 7). If the rate of sample spinning

w,

FIG. 7. Orientation of field and spinning axis vectors for magic angle sample spinning
experiment.

is large compared with the dipolar interaction, the time-averaged dipolar
Hamiltonian is scaled by 1/2(3 cos® 8 —1). In high-resolution S-spin NMR
with high-power I-spin decoupling, MASS is useful in reducing dipolar
interactions between S-spins and other dilute spins (including other S-spin
homonuclear interactions). Such interactions are usually small (<0-5 kHz)
and readily averaged to zero by MASS. An exception occurs when the
S-spin is dipolar coupled to a quadrupolar nucleus (Section IV.A.2).

One of the most important results of MASS is that it reduces the chemical
shielding powder pattern to the isotropic value provided that the rate of
spinning, v,, is comparable to the shielding anisotropy in frequency units.
Therefore, under high-power I-spin decoupling and MASS, one observes
a single peak for each chemically distinct S-spin at its respective Larmor
precession frequency. For nucleus t (an S-spin),
= Bo(l-0) (30)

g
where all the symbols have their usual meanings. It is customary to express
the relative shielding of nuclei in terms of their chemical shifts. Both IUPAC
and ASTM have recommended that the chemical shift, &, should be
reported on a dimensionless scale and defined as

V‘=

Vi— VR
8=——=x10%=
VR —OR

IR Tt 105~ (g — o) X 10° (31)
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where R refers to a reference standard. Ideally it would be desirable to
reference all isotropic chemical shifts with respect to that of the bare nucleus
(an absolute scale). Although considerable progress has been made in
establishing absolute chemical shift scales,”*** theoretical and experimental
problems still exist, and experimentalists generally prefer to use reference
standards. Tetramethylsilane is the accepted reference in 'H, *C, and *°Si
NMR; both nitromethane and anhydrous liquid ammonia have been used
to reference '°N chemical shifts. Phosphoric acid (85%) is generally used
to reference *'P chemical shifts. In contrast to solution NMR studies it is
often necessary to use external references for solids, hence measured
chemical shifts should in principle be corrected for bulk susceptibility
differences. In practice these corrections are generally estimated to be less
than 1 ppm (for >C) and hence are often ignored.

If nucleus t is scalar coupled to some other nucleus k, one observes a
splitting, J,. =(1/3) Tr f, in the MASS NMR spectrum of t. Here Jy is the
isotropic scalar coupling which corresponds to that measured in solution
studies.

In general, MASS reduces the magnitude of all symmetric second-rank
tensor interactions to one-third of their trace provided that the rate of
rotation is comparable to the interaction energy in frequency units.>***

2. MASS combined with high-power decoupling and CP

The effect of MASS on the *'P NMR spectrum of triphenylphosphine
is illustrated in Fig. 8. The spectra were obtained with high-power proton
decoupling and CP. The relatively sharp peak observed with MASS has
an isotropic chemical shift of —7-2 ppm, which is within the range of *'P
NMR chemical shifts (—5-4 to —8-0 ppm) observed for triphenylphosphine
in solution studies.®* Despite the increased S/N ratio and resolution
obtained with high-power decoupling CP/MASS, one also loses informa-
tion. Heteronuclear dipolar interactions and hence potential structural
information are lost with dipolar decoupling. The principal values of the
chemical shielding tensor are averaged by MASS. Ideally one would like
to have available experimental techniques that would allow one to obtain
high-resolution NMR spectra and yet retrieve the dipolar and anisotropic
shielding information. Significant progress has been made in extracting
anisotropic chemical shielding information from NMR spectra with spin-
ning; work ip this area is summarized below. Recently progress has been
made in obtaining chemical shift resolved dipolar spectra.®*>¢*~"!

(@) Recovering shielding anisotropies from high-resolution solid-state
spectra. Three different techniques have been suggested for obtaining
chemical shielding anisotropies (CSA) from the high-resolution NMR
spectra of solids: (1) slow magic angle sample spinning, SMASS;"” %2 (2)
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(a)

(b)

ST, U

—

1

100 50 0 -50 ~100 ppm
FIG. 8. *'P NMR spectra (34 MHz) of triphenylphosphine, PhyP: (a) with MASS; (b)
without MASS. Spectra were obtained with high-power 'H decoupling and CP.

off-magic angle sample spinning, OMASS;”"""®#384 and (3) rotation syn-

chronized rf pulse techniques.®*

When the sample spinning speed is reduced so that v, is less than the
CSA,””"® the isotropic peak is flanked by spinning sidebands spaced at
the spinning frequency (Fig. 9). Herzfeld and Berger®®> have recently
developed a convenient graphical procedure for extracting the principal
components of the chemical shielding tensor from the intensities of the
spinning sidebands. The method is easy to apply and in principle requires
the analysis of a single SMASS spectrum. We have found, however, that
two or three spectra obtained with SMASS at different spinning frequencies
are required for reliable estimates of the principal components of &.

Rapid but off-magic angle sample spinning results in a scaled powder
pattern which can also be analysed to obtain the principal components of
individual chemical shielding tensors.””’®®* The OMASS technique has
recently been used to obtain shielding anisotropies of the carboxy and
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{a)

(c)

200 100 0 -100  -200 ppm

FIG. 9. Solid-state >'P NMR spectra of triphenylphosphine oxide, Ph;P=0 (34 MHz): (a)
stationary sample; (b) slow MASS, v, = 1'5 kHz; (c) MASS, »,,, = 3-0 kHz.

methylene carbons in poly(ethylene terephthalate),®* and to separate the
tensor components of the methylene resonance in cis- 1,4-polybutadiene.”

An elegant general technique for recovering shielding anisotropies from
high-resolution NMR spectra has been described by Lippmaa et al”’
Unfortunately this technique is time-consuming and there are a number
of practical problems in employing it,”®

(b) Useful pulse sequences. Here we mention a few pulse techniques
which can be used in high-resolution NMR studies of solids to improve
the S/N ratio, aid in spectral assignments, and measure relaxation times.

As already mentioned, the recycle time used in CP experiments depends
on Ty" and not T,°. If Ty, is long compared with the mixing time plus the
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(a)
90° 90° 90° 90°
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FIG. 10. CP in solids with flip-back of I-spin magnetization: (a) Pulse timing for the
cross-polarization experiment with flip-back; (b) I-channel irradiation for the phase-alternated
version of the flip-back experiment.

acquisition time for observation of the S-spin FID (time #; in Fig. 10,
typically 50-100 ms) then a substantial fraction of I-spin polarization
remains at the end of the observation period. Tegenfeldt and Haeberlen®’
have suggested that a 90° pulse reversed in phase with respect to the initial
preparation pulse, 903, be applied at the end of the spin-locking pulse (i.e.
at the end of the observation period). The I-magnetization remaining at
time ¢, is thus flipped back along the static field, By, before the spin-locking
sequence is repeated. The S/N ratio obtained using this procedure has
been compared to that obtained using a single- and multiple-contact
sequence. The conclusion is that the introduction of the flip-back pulse
will never decrease the S/N ratio compared with the standard single-contact
experiment. The most undesirable situation arises when T3, is very short
(much less than Tys) and T,' is long.

Opella and Frey®® have employed the pulse sequence sketched in Fig.
11 to selectively suppress °C NMR signals from carbons with directly
bonded protons. During the delay period magnetization decays most rapidly
for carbon nuclei which are strongly dipolar coupled to protons. Since the
13C-'H dipolar interaction depends on rcy >, one can easily adjust the
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Delay

3 ¢

90° Contact time Acquisition time

3¢

FIG. 11. Pulse sequence used to suppress signals from protonated carbons in solids.

delay so that protonated carbons are completely suppressed relative to
non-protonated ones. The technique is illustrated for compound 1 in Fig.
12. Note that rapid internal motion of the methyl groups can significantly
reduce the local dipolar field, hence '>C signals from methyl carbons are
generally not suppressed in these experiments.

H,C CH,

N+~
N

! clo,

CH,0
(60}

A number of pulse sequences have been devised to measure relaxation
times in high-resolution CP experiments on solids.*’®> An inversion-
recovery experiment for the measurement of T; has been described,?’
measurement of T, has been discussed,®® and experiments designed to
measure Tl,,l, Tlps, Tio', Tis, etc. have been presented.”"“"‘92
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typtt v

200 100 (] ppm
FIG. 12. *C CP/MASS spectra (22-6 MHz) illustrating the selection of non-protonated
carbons in compound 1 using the pulse sequence illustrated in Fig. 11.
3. Experimental aspects of MASS; spinner design

Most of the rotors that have been reported in the literature are
modifications of either the conical spinner’® (Fig. 13) or the cylindrical
spinner;”’ the general features of these two systems have been reviewed.'°

\%

(a) {b)

FIG. 13. Schematic representation of magic-angle spinning systems: (a) Andrew-Beams;
(b) bullet.
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No attempt is made here to critically evaluate the spinner systems men-
tioned below.

Bartuska and Maciel’® have described a bullet-shaped rotor which uses
an Andrew-type stator (Fig. 13). Reliable spinning at 1-5-3-5kHz is
achieved with this system.”® The relative merits of the bullet system com-
pared with the conventional Andrew spinner are discussed in detail.”* Zilm
et al.’* have designed a high-speed magic angle spinner for electromagnets
which is capable of rotation rates of up to 15 kHz. The spinner design is
that of Andrew. A convenient quick-change sample spinning apparatus for
superconducting magnet systems has been described.’® The sample chamber
holds approximately 300 mg of a typical organic material. The fluted rotors
spin at rates of 3-5 kHz with air pressures of 40 psi. Fyfe, Mossbruger and
Yannoni®® have described a spinning apparatus that is convenient for
variable temperature studies (Fig. 14). This system routinely spins at 3-

” g %Qy € ]

Holder Stator Cover

FIG. 14. A spinner system suitable for variable temperature MASS studies.

4 kHz at liquid nitrogen temperature with helium as the propellant gas. A
cylindrical rotor has been reported.”>”*® This system has a number of
advantages and can be used for variable temperature operation. A high-
speed cylindrical spinner (~7 kHz) has recently been reported.®® The rotor
is supported by two air bearings.

Spinners may be constructed from a number of materials, including Kel-F
(polytrifluorochloroethylene), Delrin (polymethylene oxide), Teflon,
poly(methyl methacrylate), boron nitride,'°® and aluminium oxide. Kel-F
and Delrin appear to be the most commonly used materials, Delrin is
stronger and easier to work with than Kel-F but gives rise to a strong '*C
NMR signal at § = 89-5 ppm.™*

A simple method for measuring spinning frequency in MASS experiments
has been reported.'®’
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IV. APPLICATIONS OF HIGH-RESOLUTION SOLID-STATE
NMR STUDIES

Most of the high-resolution solid-state NMR studies on dilute spins have
been carried out on '>C, so we begin this section by dealing with this
nucleus. Most of the techniques that have been used to obtain and assign
high-resolution solid-state 12C NMR spectra are, in principle, applicable
to any other dilute spin 1/2 nucleus. In addition, the problems and limita-
tions observed in >C NMR studies apply to other spin 1/2 isotopes. Our
discussion of *C NMR is followed by a summary of applications involving
%i, *'P, ''*Cd, and some other nuclei of the spin 1/2 and quadrupolar
varieties. Applications of high-resolution 'H and '°F solid-state NMR are
not presented here. Excellent discussions are provided elsewhere.>19%71%

A. Carbon-13

After a general introduction to *C NMR, specific applications are
discussed. For convenience, these applications are discussed as they apply
to relatively small molecular solids, synthetic macromolecules, and natural
macromolecules. [For further recent references see p. 287.]

1. Introduction

The low natural abundance of *C (1:1%) and its relatively small
gyromagnetic ratio presented a challenge to early NMR spectroscopists
interested in the characteristics of this nucleus. However, the development
of double resonance and FT techniques in the late 1960s led to an explosion
of activity in >*C NMR studies of solutions. In 1972, two books devoted
entirely to >C NMR appeared which summarized this early work.'%®!"’
Also in 1972, Pines, Gibby and Waugh'®® described the proton-enhanced
dilute spin NMR technique and applied it to observe the >C spectrum of
solid adamantane. This report was quickly followed by a full paper*®
describing the technique, the necessary instrumentation, and several experi-
mental results. Later in 1973, >C double-resonance FT NMR experiments
in solids were reported.'® Below we outline some of the general characteris-
tics of *C NMR.

(a) Chemical shifts. The range of C chemical shifts is typically
250 ppm. Carbons with four neighbours (“‘sp’ carbons’’) are generally highly
shielded (8 = 0-80 ppm) while those with three neighbours (“sp> carbons”’)
are generally least shielded (8 = 100-220 ppm). Carbons with two neigh-
bours (‘“‘sp carbons”) generally have intermediate chemical shifts (§ =
70-130 ppm). Electronegative substituents (e.g. F, Cl, O) tend to deshield
a given carbon. Detailed discussions of substituent effects on 13C chemical
shifts are given elsewhere."'°
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Carbon CSA values range from approximately 0 to 400 ppm. Extensive
tables of the principal components of *C chemical shielding tensors have
been compiled.*-**%!1! Representative data from the recent literature
are collected in Table 2.

TABLE 2

Components of carbon-13 chemical shielding tensors.

Compound o111 022 033 Ref.

n-Eicosane (n-CoH,y;) CH;  166-7+2:0 171-2+2-0 189-8+2
CH, 156:0+2-:5 163-1+2-5 178-0+2-5

CH, 142:6+2-0 154-6+2-0 175:6+2-0 112

Ethylene 238+2 126+2 29+2 113,114
Acetylene 150 150 -90+5 114
Benzene —88-2 -12:0 1277 69
Ferrocene 34 34 110 115
Carbon monoxide -~122 -122 244 116
Rhg(CO),6 CO bridged -102 —296 -296 117,118

CO terminal 80 -305 -315
L-Alanine CH, 98:2 1071 120-2 119

CH 634 72:0 97-2

COOH -114:4 —55-0 -21-8
Mg(OCHs;), -74 -74 10 120

Isotropic '*C chemical shifts, measured in the solid state with MASS,
are generally within a few ppm of those observed in solution studies.'?! In
the solid, however, one often observes chemical shift non-equivalence
which would generally not be observable in solution. For example, the
solid-state '*C spectrum of p-diacetylbenzene (2) shows four peaks in the

0]
I

T
CH,C@CCH,

)

aromatic region (Fig. 15). In solution, rapid internal rotation about the
carbonyl carbon to aromatic carbon bond renders all four protonated
aromatic carbons equivalent at room temperature.

Additional peaks in the solid state can also arise because of crystallo-
graphic effects. For example, Balimann et al.'® report two equally intense
peaks separated by 2-9 ppm in the methyl region of the *C spectrum of
2,4-dinitrotoluene. Subsequent X-ray data have confirmed that there are
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FIG. 15. CP/MASS '*C NMR spectrum of p-diacetylbenzene (2) (22:6 MHz).

two non-equivalent molecules per unit cell.'>> Examples of crystallographic
effects on >'P NMR spectra are discussed in the following Section C.

(b) Scalar coupling. One-bond spin-spin couplings to protons, 'J(**C-
'H), vary from approximately 115 to 320 Hz. Because high-power 'H
decoupling is generally necessary to remove ‘H-">C dipolar interactions
in solids, scalar coupling information to protons is lost in the study of solids.
Coupling to other spin 1/2 nuclei should generally be observable, par-
ticularly to spin 1/2 metal nuclei that are known to exhibit large scalar
couplings to carbon, e.g. '*>Cd, ''°Sn, #*W, '*°Pt, *Hg, *°*T], and **’Pb.
Recently the following scalar couplings have been observed in solid-state
3C NMR: 'J(*'P-'°C) = 54 Hz in Me;PS;'® 'J(***Hg-">C) =2820 Hz in
(CF3)2Hg;123 1J(3"T1-"3C) = 5215 Hz in an aromatic system containing a
T1-C bond."® Solution values are not known for the latter compound but
the *C coupling to *'P in MesPS is 56-1 Hz in solution.'** For (CF3),Hg,
17(***Hg-"2C) is 2950 Hz in dimethoxyethane, 3225 Hz in pyridine, and
2088 Hz in chloroform.'*®

(c) Resolution in the *C NMR spectra of solids. The 13C linewidths
observed in high-resolution solid-state NMR studies are at least one to
two orders of magnitude larger than those observed in solution. What are
the factors that limit the resolution attainable in solids with high-power
decoupling and magic angle spinning? This question has been dealt with
in detail.'”**® Line broadening mechanisms are divided into those that
produce a distribution of resonance frequencies (inhomogeneous broaden-
ing) and those that derive from relaxation effects and result in homogeneous
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broadening. Two general types of solids are discussed: non-crystalline glassy
materials, e.g. a glassy polymer below T, and rigid crystalline solids.
Generally the glassy soiids exhibit linewidths of 30-120 Hz at 1-41 tesla
while rigid, crystalline materials typically have linewidths of 3—-12 Hz. The
mechanisms for line broadening and their typical, or maximum, linewidth
contribution in the MASS experiment are summarized in Table 3. The
dependence of linewidth on the applied static field (Bo), decoupling field
(B1, v1n), rotor spinning frequency (v...), temperature (T), and sample
orientation are indicated. If the linewidth has a simple power law depen-
dence on a variable the exponent is given; otherwise, the notation w, m,
and s is used to indicate weak, medium, or strong dependence. Two numbers
with a slash between them indicate power law behaviour in two limits. The
data in Table 3 are based on a sound analysis of the mechanisms that can
contribute to linewidths, and extensive experimental data. Strong >*C-'>C
dipolar interactions or dipole—dipole coupling to nuclei other than protons
are not considered by VanderHart et al.'*® but are considered else-
where. 81?7 We discuss the effect of a dipolar coupling to a quadrupolar
nucleus in the following Section 2.

For glassy materials, the lack of a fixed single conformation results in a
dispersion of chemical shifts and makes a significant contribution to the
observed linewidths. As an example of this type of broadening the
authors'?® point out that in linear polyethylene the non-crystallire carbons
(vi=14+4 Hz) are shifted by 2-36 ppm to low frequency because they
can participate in both gauche and trans bonds whereas the crystalline
carbons (»; =1-0+0-6 Hz) are confined to the frans conformation.

At the frequency of proton decoupling, »iy= yuBiu/2m, molecular
motion provides an efficient pathway for transverse relaxation and hence
13C line broadening. In practice this mechanism appears to be most impor-
tant for methyl groups in glasses.'*® Also, random motional modulation of
the CSA can make a contribution to »;."*® VanderHart ef al.'* conclude
that for glasses at 1-4 T this mechanism is not generally the dominant one
for line broadening; however, at high fields its effects can be significant.

For crystalline organic solids, all mechanisms with the exception of
insufficient decoupler power (IDP) depend at least linearly on B, (Table
3). Since IDP is usually negligible, the maximum resolution attainable for
these types of solids is unlikely to improve at higher static fields. If the
resolution at the lower field is limited by the stability or homogeneity of
By higher fields may result in improved resolution.

2. Relatively small molecular solids

(a) Orientationally disordered solids. A number of approximately spheri-
cally shaped molecules have one or more solid phases in which the molecules
are rotationally disordered.’>'** Adamantane, C;oHjs, is a classic example



Size and dependence of carbon-13 line broadening in organic solids.®

TABLE 3

Source of broadening Size of broadeningb By wvig T  Orient. Misc.
Glasses
Conformational inequivalence 2-6 ppm 1 m 0
Packing effects 1 m ?
bond distortion ?
variation in local susceptibility 0-5-2 ppm
Motional modulation of the C-H coupling 4 kHz max. 0 -2/0 s w Mcu®
Motional modulation of the resonance frequency 200 Hz max. at 15 MHz 2/0 s w Ao’
via chemical shift anisotropy
1 kHz max. at 50 MHz
Crystalline solids
Magic angle mis-setting 2:47% of non-spinning linewidth per 1 m S Ao
degree
Rotor instability <0-3 ppm 1) 0 0 0
Anisotropic bulk magnetic susceptibility 1 ppm max. 1 0 0 m Ax,
Off-resonance proton irradiation 2 -2 m m Mcy®, o
Aoy 0-1-12Hz
distribution of oy 1-60 Hz
Insufficient decoupling power Sudden onset for decoupling fields much 0 m m m Mcy®
below 40 kHz

¢ For power law dependence, the exponent or range of exponents is given. Temperature (T) dependence is weak (w), medium (m), or strong (s).
Orient. refers to whether there is a change in broadening resulting from the use of an oriented (e.g. a single crystal) as opposed to a powder sample.
b Broadening in Hz or ppm; a broadening linear in By is defined to leave the resolution in ppm independent of B.

9C
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of such a molecule. It has a high melting point, 542 K, and a solid II = solid
I phase transition at 208-6 K (AS = 1-95R)."*° The high-temperature phase
(solid I) has a face-centred cubic structure while the low-temperature phase
(solid II) is tetragonal. In solid I, molecular reorientation is rapid enough
to effectively average intramolecular dipolar interactions among the protons
and carbons to zero. Proton,’*' H,"*? and >C™** relaxation times and
quasielastic incoherent neutron scattering data’>* have been used to obtain
the temperature dependence of rotational jump times for adamantane
{r2=15 ps at 300 K).

Because of its relatively narrow 13C resonance ( vy =40 Hz) in the absence
of MASS, adamantane has proven to be an important model compound
in the development of high-resolution 13C NMR of solids. Here we briefly
outline the studies carried out on adamantane in chronological order. As
already mentioned, the first *>*C-"H CP experiments were performed on
adamantane.'®® The dependence of CP times on Bjc in adamantane was
first investigated by Pines and Shattuck.'>* A plot of Tis™* vs. B; is found
to be exponential, Tis™ ' o« exp(—yB;7sp), With 7sp =140 ps.

Adamantane was first used to investigate the dynamics of spin decoupling
in *C—{'H} experiments.*’ By considering only intermolecular *C-'H
dipolar interactions, a *C linewidth of 2105 Hz is calculated. This is
approximately twice the actual >C linewidth observed in the absence of
'H decoupling. The line narrowing is attributed to “self-decoupling” caused
by the I-I coupling. The same phenomenon was observed in AgF by
Abragam and Winter'*®* who realized that the ' Ag-'°F interaction in
AgF is influenced by the flip-flop motion of the fluorine spins. Detailed
discussions of these interactions are given elsewhere.'"*?

The influence of MASS on rates of polarization transfer from abundant
to rare spins has been investigated.'*® For adamantane, MASS significantly
modifies the rate of polarization transfer from 'H to **C spins in the CP
experiment. However, in solids where the spin speed is much less than that
required to remove the dipolar coupling among abundant spins (e.g. 'H),
the influence of MASS on polarization transfer is not dramatic regardless
of the nature of the static dipolar coupling between rare and abundant
spins.

Garroway'>’ has shown that *C-">C intermolecular dipolar interactions
are responsible for the 40 Hz linewidth observed for adamantane in the
absence of MASS. Slow sample spinning (25 Hz) at the magic angle is
sufficient to narrow the '>C linewidth to 6 Hz, the estimated field
inhomogeneity. In a separate paper, Garroway™>® has investigated the
mechanism for adamantane proton-relaxation in the rotating frame.

Recently, Rothwell and Waugh'*® have produced an expression for the
spin-spin relaxation time, T, for an S-spin dipolar coupled to an unlike
I-spin under conditions of random isotropic rotational motion and I-spin
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rf decoupling:

1 _us) 18 75 1(1+ 1) ——2 (32)

T +w1 Te
For rotational correlation times such that 7w, =1, T, " clearly takes a
maximum value. For typical laboratory proton decoupling fields, linewidths
of several hundred Hz can result when 7.= wl,H_l. Rotational correlation
times for the solid II phase of adamantane are relatively long, approximately
107%s at 150 K, hence the technique of Rothwell and Waugh is ideal for
motions on this time scale. They have demonstrated that the >C linewidths
are a maximum at approximately 153 K and are substantijally sharper 25°
above or below this temperature as predicted by equation (32). Between
temperatures of approximately 173 and 195 K the linewidth of the methyl-
ene carbon is 1-71 times that of the methine carbon. [It is interesting to
note that, in the solid I phase, T;(*>*CH)/T,(**CH,) is observed to be
1-72."*?] This same analysis was applied to hexamethylbenzene and
hexamethylethane. In each case activation energies and inverse frequency
factors calculated assuming an Arrhenius behaviour are in good agreement
with earlier proton data.

Finally it is worth mentioning that adamantane is used in several
laboratories as a standard in adjusting rf fields in order to establish the
Hartmann-Hahn condition.

Carbon-13 NMR data have been reported for several other ‘‘globular”
solids in the rotationally disordered plastic crystalline phase: pivalic
acid;'**'*® norbornadiene;'** camphor;145 camphene',146 succinonitrile;'*’
carbon tetrabromide;*® neopentane;149 tris(hydroxymethyl)-
aminomethane;'*° triethylenediamine;ls ! bicyclo[3.3.1]nonan-9-one;152
hexamethylethane;'*® 1-vinyl-o-carborane.'>* The aim of many of these
studies has been to use measured >C spin-lattice relaxation times to
characterize molecular motion in the solid phase. Because molecular motion
in the plastic phase is generally isotropic and rapid enough to average
intramolecular dipolar interactions, ‘high-resolution” spectra (vy3=
1-4 ppm) can usually be obtained with relatively low 'H decoupling fields
and without MASS. For example, the '*C spectrum of solid
bicyclo[3.3.1]nonan-9-one at 315 K (approximately 115° below its melting
point) is shown in Fig. 16. This spectrum was obtained on a commercial
*C NMR spectrometer (wy3/27 ~ 4 kHz) without MASS. In this case the
spectral resolution is sufficient to allow the measurement of the >C T,
values of each of the chemically shifted resonances and, at least in principle,
allows one to learn something about the anisotropy of the rotational
motion.'** It should be pointed out however that the NMR spectra of
quadrupolar nuclei (e.g. 2H and *N) are expected to be much more sensitive
to anisotropic motion than are 'H decoupled >*C NMR spectra.lss
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FIG. 16. '*C NMR spectrum of bicyclo[3.3.1]nonan-9-one at 315 K (22:6 MHz).

A number of salts of the general structure M*X Y™ exhibit orientationally
disordered solid phases. Recently >C and '*N sspin—lattice times of two
such salts, NaCN and KCN, have been reported.1 6

(b) Fluxional molecules; variable temperature >C NMR studies. Vari-
able temperature 3C NMR has proved to be a powerful technique for the
study of fluxional molecules in solution. In the case of solids the variable
temperature study of tetracarbonylbis(cyclooctatetraene)triruthenium(0)
(3) demonstrates the potential of the technique. The room temperature
>C NMR spectrum of 3 shows only three peaks at 6§ =64-1, 200-7, and

.Ru Ru_
oc” | Il “co
cCoO Co
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213-9 ppm from TMS. The observation of a single peak (§ =64-1 ppm)
assigned to the 16 ring carbons of the non-planar cyclooctatetraene ring'®’
indicates a rapid exchange process on the NMR time scale at 27°C. At
—180°C, motion of the cyclooctatetraene ring system is relatively slow and-
at least 6 peaks between 8 =40 and 90 ppm are resolved. X-ray diffraction
data are generally insensitive to dynamic processes measured in the solid
state such as the one measured for 3. Carbon-13 measurements over a
range of temperatures on 3 and related molecules may provide information
on the mechanism of exchange.

Wemmer et al."®® have recently demonstrated that one can obtain
information concerning exchange mechanisms from >*C NMR line shapes
in the absence of MASS. For permethylferrocene, comparison of the
theoretical and experimental line shapes indicates that cyclopentadiene
ring reorientation (4) occurs via jumps between symmetry-related orienta-

5 1

W -
4@} - ng

3
4

tions, with jumps of 27/5(72°) highly favoured over 47/5(144°) jumps
(Wi2/W;13>10). The activation energy for the jump process is
13+5 kJ mol . This value of E, is in excellent agreement with that measured
from an analysis of the zeroth order spinning sidebands under MASS.'?®

Miller and Yannoni'*® have recently reported the high-resolution *C
NMR spectrum of semibullvalene (§) at —110°C and —155°C. Five chemi-
cally shifted peaks are observed in this temperature range, indicating that
the rate of the rearrangement shown for 5§ is slow, <400 s™'. In contrast,

=Y~

the rearrangement proceeds extremely rapidly in solution (the rate constant
is 2.2x107°s™! at —110°C). The large difference in rate constants is
surprising since the arrangement apparently involves little geometric
distortion.

Temperature dependent >*C NMR spectra have also been observed for
several other molecules that are generally not regarded as fluxional. For
example, the room temperature spectrum of naphthazarin B (6) consists
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(6)

of three peaks both in solution and in the solid state.'*® The high frequency
peak is assigned to C,, C,, Cs, and Cg, and the low frequency peak to Cy
and C;o. At —160°C at least 5 peaks are observed; the low frequency line
(Cs, Cy10) remains unchanged, while the two high frequency absorptions
observed at 25°C are each split into two lines. The nature of the exchange
process is currently under investigation.161

(c) Carbonium ions. Preliminary indications are that high-resolution
solid-state ">C NMR is an important technique for the study of reactive
chemical intermediates, such as carbonium ions. The first CP/MASS spectra
of such species were reported by Lyerla et al.'®* The '*C chemical shift
measured for both diethoxycarbonium hexachloroantimonate (Fig. 17) and
heptamethylbenzenonium ion in the solid state are within 6 ppm of the
values observed in solution studies.

Recently Myhre and Yannoni'®® have reported the high-resolution B¢
NMR spectra of the reactive s-butyl cation (7) in the solid state. The cation

CH,CHCH,CH; = CH,CH,CHCH,
)

was prepared at <—85°C from a mixture of SbFs and 2-chlorobutane. The
13C spectrum obtained at —85°C with both 'H and '°F decoupling shows
two principal peaks, one at § =22 ppm (C; and C,) and the other (C; and
Cs) at =170 ppm. The '°C label is scrambled among all four carbon
positions. A resonance at § =48 ppm is assigned to the methyl carbons of
the t-butyl cation which apparently results from the rearrangement of the
s-butyl cation. No convincing evidence is found for a “static’’ s-butyl cation
at temperatures as low as —190°C,

(d) Nitrogen-containing molecules; the influence of **N. Carbon-13 res-
onances assigned to carbon nuclei directly bonded to 1N (I =1) often show
interesting splittings.'®'%''*1%4~1°7 For example, at applied fields of 2:1 T,
the C, resonance of amino acids generally shows broadened asymmetric
doublets (splitting ~100 Hz).'** Such splittings are not observed in the
MASS >C NMR spectra of compounds where N is replaced with BN
(I =1/2) or in compounds where the *N quadrupolar coupling constant
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FIG. 17. >CNMR spectrum of diethoxycarbonium hexachloroantimonate, '

is small.'® They result from rather small "*C-"*N dipolar interactions which
are not averaged by MASS. In applied fields where the nitrogen Zeeman
interaction, Hz, is not large compared with the quadrupolar interaction,
Hy, the axis of quantization of the *N spin is tilted away from B,. Under
these conditions, the ">*C-'*N dipolar interaction contains angular depen-
dent terms other than (1-3 cos® 6ss).

Typical "*N quadrupolar interactions, y, are of the order of 1-4 MHz,
while "*N Zeeman interactions are 4-3 and 14-5 MHz at B, values of 1-4
and 4-7 T, respectively. Theoretical line shapes for a >C nucleus dipolar
coupled to a N nucleus where Hq(**N) is comparable to Hz(**N) have
been presented.'®® Hexem et al.'®® have simulated MASS °C spectra for
the C, resonance in glycine assuming y =1-18 MHz (9 =0:54), ren=
1-49 A, and »(**N)=10-87 MHz. The calculated "*C spectrum appears as
the sum of three first-order quadrupole powder patterns. Two of these
powder patterns are essentially superimposed and well separated from the
third. With a 20 Hz line broadening the fine structure in the powder patterns
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is lost and two broad peaks of relative intensity 2:1 are calculated in
agreement with experiment. The calculated peak-peak separation increases
with: (a) a decrease in the “*N~">C bond length (i.e. an increase in the
1“N-13C dipolar interaction); (b) a decrease in Bo; (c) an increase in the
N quadrupolar coupling constant.

A general treatment of quadrupole effects in MASS NMR spectra has
been presented.'®” Theoretical spectra for a spin 1/2 nucleus coupled to
a spin 1 nucleus, as a function of the ratio of the spin 1 Zeeman frequency,
Z, to the nuclear quadrupolar coupling constant, y, are shown in Fig. 18.
The axes of symmetry of the dipolar and quadrupolar interaction tensors
coincide. The horizontal scale is in fractions of the dipolar coupling constant,

Z .14
g 1aee 1

—_ A I A A _— L —
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FIG. 18. Theoretical spectra for a spin 1/2 nucleus coupled to a spin 1 nucleus as a function
of Z/x.
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FIG. 19. Theoretical spectra for a spin 1/2 nucleus coupled to a spin 1 nucleus as a function
of B.

D = hyyys/ns’. Theoretical spectra, as a function of the angle 8 between
the unique principal axes of the dipolar and axially symmetric quadrupolar
interactions, are shown in Fig. 19. The appearance of the spectra depends
critically on the mutual orientation of the dipolar and quadrupolar interac-
tion tensors. Calculated spectra are also found to be very dependent on
the orientation of the spinning axis with respect to Bo. For the case of a
spin 1/2 nucleus dipolar coupled to a quadrupolar nucleus of spin 3/2, the
spectra are calculated to be more complex.

The influence of quadrupolar relaxation on spin 1/2 line shapes has not
been considered theoretically but it is known experimentally that self-
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decoupling probably accounts for the relatively sharp lines that one often
observes for a *C nucleus directly bonded to Cl.

In both of the above papers scalar coupling between the spin 1/2 and
quadrupolar nucleus is ignored. Although this generally is a good approxi-
mation for "*N-"2C, such couplings must be considered for %Cu-"'Pinterac-
tions (Section C below).

While the splittings discussed here may appear to be a nuisance they
can in fact be useful in making '>C spectral assignments'®'® (see e.g. Fig.
12). Also, they may be used to obtain accurate “*N-'>C bond lengths if
the orientation and magnitude of the nuclear quadrupole coupling constant
are known. Conversely, if rcx is known it may be possible to obtain
information about the nature of the quadrupole coupling constant.

(e) Surface adsorbed species; catalysis studies. Most >C NMR investiga-
tions of adsorbed species have involved the study of relatively mobile
rapidly diffusing adsorbates.'®®'’® Spectra from such species, e.g. olefins
adsorbed on synthetic zeolites,'”*'”? are generally relatively sharp and can
be obtained using conventional high-resolution FT' NMR spectrometers.
An interesting early application of >C NMR in this area is that by Michel
et al.'”" who demonstrated that it is possible to monitor isomerization and
polymerization of n-butene on CaNaY type zeolites. More recent applica-
tions are described in references 173 and 174.

With the development of CP techniques, 13C NMR can be used to study
more rigid systems where motional narrowing is not complete. Measure-
ment of >C CSA patterns in such systems can provide order parameters
and information regarding the nature of surfaces and interfaces.'”>™'"” The
sensitivity of '>C line shapes to the nature of the motion that an anchored
phenyl group may undergo is illustrated in Fig. 20. Analysis of proton
decoupled spectra of phenyl groups chemically bound to silica gel and
alumina indicates that motions which tend to keep the plane of the phenyl
group parallel to the substrate surface are preferred.176

Carbon-13 NMR and infrared spectroscopy have been used to character-
ize the adsorbed states of carbon monoxide on Rh dispersed on Al,05.'' 718
Carbon monoxide is believed to be associated with such surfaces in one of
three ways (8-10). Combining T; and chemical shift data, the 13CO distribu-
tions (8:9:10) for a freshly prepared 2:2% Rh on Al,O; sample are found
to be 34:44:22, It is expected that variable temperature carbon-13 T

o (0] 0] o
N / I |
C C C C
N/ ! VRN
Rh Rh Rh——Rh

® L)) (10)
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FIG. 20. Calculated proton-decoupled 13C NMR lineshapes of an anchored phenyl group.
The calculations are based on different models for the molecular reorientation motion (see
original ref. 176 for details). All phenyl carbons were assumed to have the same principal
values of the chemical shielding tensor. Lorentzian broadening =20 ppm, peak to peak.

data with MASS will be useful in characterizing the motions of CO at these
different sites.

Gay has recently used >’C NMR to study chemisorption of methanol on
MgO.'*° It is found that adsorption to give coverages of less than about
half a monolayer produces a rigidly bound methoxide-like species (Ao =
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ogj—o,.=63x2ppm). Higher coverages are reported to produce an
isotropically rotating methanol species (8 =49+ 2 ppm) in addition to the
rigidly bound species.

Quantitative analysis of chemisorbed molecules is, in principle, also poss-
ible. See the section on coals that follows for a discussion of potential
problems in using the CP/MASS techniques in quantitative analysis.

CNDO and PCILO calculations of *C chemical shifts of sorbed
molecules have recently been reported by Deininger et al.'”®

A collection of papers and references dealing with >*C NMR studies of
adsorbed species and catalysts can be found in a recently published text'”*
which is highly recommended. Additionally, NMR studies of molecules
physisorbed on homogeneous surfaces have recently been reviewed.'”®

(f) Model and biological membranes. The principles and techniques used
to study relatively rigid molecules on surfaces can also be used to study
‘“anisotropic”’ systems such as liquid crystals, and model and biological
membranes. For example, Cornell and coworkers have used the proton-
enhanced natural-abundance >C NMR spectra of phospholipid bilayers to
study the acyl chain order'®! and dynamics of carbonyl groups.'*® Spectra
of the carbonyl region of dimyristoyl phosphatidylcholine (DMPC) dis-
persed with water indicate a superposition of two individual resonances which
are assigned to the carbonyls of the ¥ and B chains. Residual carbonyl
shielding anisotropies of —25+2 and —5%2 ppm indicate that one chain
is more disordered than the other. A model for the motion of these groups,
consistent with these data, is suggested.

In a related study, proton T, and cross-relaxation times, Tcy, obtained
from variable contact proton-enhanced '>*C NMR spectra are used to
monitor lipid mobility in a hydrated dispersion of DMPC. In these experi-
ments the intensity of the ">C methylene resonances is assumed'®” to be
governed by an equation of the form

I ocexp(—t/ Ty"™)[1-exp(~te/ Tcu)] (33)

where . is the contact or mixing time, T} p_l is assumed to monitor motion
in the vicinity of w,, while Tcy values provide a measure of the residual
dipolar interaction (increases in Tcu are associated with increased
reorientational freedom). Using this approach, added amounts of
cholesterol or gramicidin A are found to restrict the motion of the
hydrocarbon chain relative to pure DMPC dispersions. The results
obtained for myelin and chloroplast membranes are discussed.

The effect of the bilayer phase transition on the carbonyl >’C CSA has
been investigated,'®* and a study of the lecithin gel to liquid crystalline
transition has been reported.'®*

In summary, it appears that proton-enhanced 13C NMR can be useful
in studying membrane systems. Such studies should complement more
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traditional *H NMR studies and allow some information to be gained when
’H labelling is not feasible.

(8) Miscellaneous studies. The sensitivity of *C chemical shifts to subtle
changes in molecular conformation is nicely illustrated in a 13C NMR study
of 1,3,5-trimethoxybenzene.'®> The three protonated ring carbons are
chemically non-equivalent in the solid state. Single-crystal X-ray analysis
indicates that the benzene rings and the three oxygen atoms are planar,
with the three methoxy carbons displaced by —0-071, 0-003, and 0:192 A,
respectively. The non-equivalence in the NMR spectrum is not resolved
for the three non-protonated aromatic resonances or the three methyl
carbon resonances.

Hill et al.'®® have demonstrated that optical purity differences can
influence high-resolution solid-state 13C NMR spectra. The /, dl, and meso
forms of tartaric acid each show unique spectra in the solid state.

High-resolution ">*C NMR spectra of solid vitamin C (11) and other
ascorbates have been discussed.'®”"'®® In [-ascorbic acid'®® the splitting of
the C;, C4, and Cs resonances is attributed to two crystallographically
independent ions which are distorted differentially in the solid state.

HO OH
gy
C—H
© (0] /
CH,OH
(11)

The MASS/CP technique has been used to characterize cholesterol and
bilirubin pigment composition of human gallstones.'®® The cholesterol
stones are found to be similar to each other whereas the bilirubin pigment
stones exhibit more variation in spectral features.

High-power 'H decoupled '>C NMR spectra of methanol enclathrated
in hydroquinone have been studied.’*®'! The *C CSA of enclathrated
methanol is 20-6+1 ppm at room temperature (rigid-lattice value is 63+
3p pm192).

One of the most exciting applications of two-dimensional (2-D) NMR
is illustrated in a recent publication.”® The 2-D technique, which separates
chemical shift and dipolar interactions, is applied to samples spinning at
the magic angle. Projection of the resulting rotational sideband spectra on
to one axis yields a normal shielding anisotropy spinning pattern while a
Pake pattern, free of shielding anisotropy eflects, results on the other 2-D
axis. In principle, these spectra permit a determination of the relative
orientations of the chemical shielding and dipolar interactions as well as
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the principal values of these two tensors. Previously this information was
available only from 2-D NMR experiments on single crystals.>>”*

3. Synthetic macromolecules

The first combined application of the MASS and CP techniques involved
a *C NMR study of several polymers.'** In order to demonstrate the
potential of CP/MASS, >*C NMR spectra of polysulphone, wood, and
ivory obtained with and without MASS were compared with spectra
obtained in solution. Since this initial report,'”®> several papers have
appeared describing applications of CP/MASS *C NMR in polymer
science. This work has been extensively reviewed.'”*'* The reviews by
Lyerla'*'® cover the literature up to early 1979 while that of Schaefer and
Stejskal'® deals with work appearing before 1978. Applications of rotating
frame relaxation times, T}, have been reviewed.***' Fleming et al.'** have
recently discussed applications of variable temperature MASS *C NMR
studies of solid polymers. The most recent reviews dealing with applications
of high-resolution NMR in solid polymers are by Schaefer and coworkers'®
and by Garroway and coworkers.'” Most of the material discussed in the
latter reviews'®'” is work carried out in the authors’ respective laboratories.
Here we only mention papers appearing in the 1980 and 1981 literature.

As well as providing structural information, high-resolution 3C NMR
studies of solid polymers can also yield dynamic information. The dynamic
information may, in principle, be obtained from rotating frame relaxation
times, T,(H) and T;,(C) which are particularly effective in probing motions
in the mid-kilohertz frequency range. For many solid synthetic polymers,
main-chain or side-chain motions lie in this frequency range and are thus
amenable to study by 7';, measurements.

The interpretation of ~C T, data is complicated because both *C-'H
spin-spin interactions and rotating frame spin-lattice processes may con-
tribute to the value of T},. Since only the spin-lattice processes provide
information on motional processes, it has been necessary to devise experi-
ments that isolate the relative contributions of the two mechanisms. Such
experiments have been devised and summarized.'® In one approach, the
average value of the polarization transfer in an adiabatic demagnetization
rotating frame experiment, (Tis(ADRF) !, provides a measure of the
spin—spin contribution to (T;,(C)) for carbon. Therefore, if the ratio
(T1,(C))/{T1s(ADRF)) is close to zero, (T;,(C)) is determined by spin—-
lattice processes; if it is close to unity, spin—spin interactions dominate
(T1,(C)). Qualitatively it appears that spin-spin processes are most likely
to be a problem for protonated carbons in rigid polymers. Examples where
spin-spin processes are important include crystalline polyoxymethylene,
crystalline polyethylene,195 and crystalline poly(ethylene terephthalate). In
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glassy polymers,196 where strong static 'H-'H dipolar interactions are
relatively small, T;,(C) is dominated by motional processes. Examples of
the latter situation include polycarbonate'®” and poly(ethylene terephtha-
lates).'*® T, » values for the protonated main-chain carbons of polycarbonate
indicate the presence of a broad distribution of high-frequency motions at
room temperature. This molecular motion in the solid state is thought to
be respons:ble for the high impact strength of glassy polycarbonate. Studies
of T,,(C) data in modified polycarbonates lend support to the hypothesis
that the impact strength of thin films is related to microscopic motion.
Veeman et al. have carried out extensive carbon spin-lattice relaxation
(T, and T;,) measurements on polyoxymethylene,'*®*'*® Delrin, and
poly(methyl methacrylates).'®® The single '>C peak observed in Delrin is
found to have two components, one amorphous the other crystalline.
Carbon-13 Ty, Ty, and NOE data measured at 45 MHz and at room
temperature with »;c =25 kHz are shown in Table 4. The differences in

TABLE 4

Carbon-13 spin-lattice relaxation and NOE data for
polyoxymethylene.”

Amorphous Crystalline

Ty, 17-5ms 3-0-6 ms®
T, . 0-75s 15s
NOE 1-7 1-3

® voc =45 MHz; v,. =25 kHz.
® 3 ms without MASS, 0-6 ms with MASS at
5-6 kHz.

BC T, and T;, for the two components result from differences in the
molecular mobility in the two phases. Motion in the amorphous phase is
relatively fast (r = 10~° s) while that in the crystalline phase is much slower.
Problems in interpreting the T,,(C) values of the crystalline component
[note that T,,(C) for this component depends on the rate of MASS] are
discussed by the authors.

Proton spin diffusion effectively averages local differences in proton
relaxation times, so direct measurement of 'H T » values in polyoxymethyl-
ene does not distinguish between the amorphous and crystalline regions.
Veeman and Menger199 show, however, that when the effects of spin
diffusion are eliminated by strong off-resonance decoupling, differences in
'H T, values for the crystalline and amorphous regions can be measured
via *C NMR spectroscopy.
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Schaefer and coworkers’*®?°! have used carbon resolved 'H T,, data
to study polymer blends®®' and the nature of the interface between phases
in a blend of polystyrene and a polystyrene—polybutadiene block copoly-
mer.”®® Values of T;, for protons attached to chemically shifted carbons
are measured by tracking the carbon magnetization as a function of the
contact time, /., in a matched single contact CP experiment. For long
contact times (¢.» Tcy) the carbon magnetization, Mc(t), can be approxi-
mated by equation (34). Thus TlpH can be obtained from a semilog plot of
Mc(t) versus t.. Proton T, data measured in this way are strongly dependent
on proton-proton spin diffusion, thus T;,” values provide a measure of
spin diffusion rates between different chemical species.

Mc(t) = Mc olexp(tc/ TlpH)](l —Tecu/ TlpH) (34)

Schaefer et al.>°® have recently measured 'H local dipolar fields (local
proton linewidths) using solid-state >*C NMR. The proton dipolar order
established by a two-pulse (Jeener Broekaert) sequence as a function of
pulse spacing, ¢, is monitored by a carbon rf pulse. For poly-(a-methyl-
styrene) proton local fields of 7 and 10 kHz are calculated for the aromatic
and methylene protons respectively. Values of the individual proton local
fields should be useful in evaluating the spin—spin contribution to carbon
Ty, results.

Carbon-13 relaxation data for highly mobile liquid-like polymers have
been discussed.’”*?* Two recent papers dealing with 3C relaxation in
such systems include one on semicrystalline polymers205 and one dealing
with molecular motion in natural rubber.*®

Annealing-induced changes in the orientation and mobility of the non-
crystalline region of drawn linear polyethylene have been studied.”” A
(180°-10 s-90°-10 s), pulse sequence is used to isolate the non-crystalline
component of the >*C NMR signal. The relative merits of the techniques
for monitoring changes in orientation and mobility are discussed.

A nice example of the conformational information available from high-
resolution *C NMR is provided in a recent study of polypropene.208 On
the basis of X-ray diffraction data, the conformation of syndiotactic polypro-
pene is thought to be an involuted helix containing two equally probable
but distinct methylene sites.®® This structure is supported by the *C NMR
spectrum which shows two peaks in the methylene region separated by
8-7+0-5 ppm. The internal methylene groups are shielded by two gauche
y carbons. The "*C NMR spectrum of isotactic polypropene shows only
three resonances due to the methyl, methylene, and methine carbons, an
observation that is consistent with some X-ray diffraction data.*'°

Fyfe et al’'' have used high-resolution '>C NMR to investigate the
structure of cured phenolic resins prepared under alkaline and acidic
conditions. The '>C NMR spectra are found to give a direct measure of
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the nature and the extent of the crosslinking. The technique of Opella,®*
which selectively suppresses protonated carbons, is used to investigate the
pattern and degree of substitution in the phenol riug.

Fleming et al.>'* have demonstrated that well resolved '*C spectra can
be obtained for solid fluoropolymers by MASS and *C{*°F} dipolar de-
coupling. Decoupling fields of at least 70 kHz are necessary to effectively
remove ‘’F-">C dipolar interactions in poly(tetrafluoroethylene) and
poly(chlorotrifiuoroethylene) (PCTFE). Although two peaks are observed
in the >C spectrum of PCTFE at 48°C, the high-field CFCI resonance
broadens and “‘disappears’ at low temperature. This differential broadening
is attributed to residual *C~Cl dipolar interactions which are not averaged
to zero by MASS,

4. Natural macromolecules

(a) Biopolymers. High-resolution solid-state 13C NMR spectra
(37-74 MHz) of a protein were first reported by Opella et al.>'* The protein
studied was the major coat protein which consists of 50 amino acid residues.
Six of these amino acid residues are aromatic (3 Phe, 2 Tyr, and 1 Try),
and contain a total of 10 non-protonated carbons. Carbon-13 spectra of
isolated fd coat proteins, fd virus (90% by weight coat protein), and
detergent solubilized fd coat protein are obtained by selectively suppressing
13C resonances due to carbons with directly bonded protons. Except for
the broader resonances observed for the solid samples, the spectra of the
non-protonated aromatic resonances are essentially the same. The single
carbon resonance assigned to C, of Try 26 appears at a slightly higher
frequency.* Opella et al”*™ point out that the solid-state spectra of proteins
can be obtained in less time than solution spectra, and that in some cases
resolution is sufficient to distinguish different types of aromatic carbons.

Carbon-13 NMR spectra of crystalline human carbonyl haemoglobin A
(HbAcO) have recently been reported.?'* The solid-state spectra obtained
at 15-1 MHz are essentially equivalent to those obtained in solution. A
resonance assigned to haem bound >CO appears at approximately & =
206-7 ppm in both the crystalline and solution samples, indicating that the
structure of HbAcO, especially in the bound CO region, is the same in
both states.

Carbon-13 NMR spectra (45 MHz) of tobacco mosaic virus have been
obtained.”"® Using a pulse sequence that suppresses carbons with long T
and short T;, values it is possible to selectively observe spectra arising
from the more mobile part of the virus.

* 1t is interesting to note that Opella et al.'® report significant chemical shift differences
between solution and powder samples of amino acids and linear peptides. For cyclic peptides,
however, differences in solid and solution spectra are negligible.
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It has recently been suggested that the protein content of solid organic
materials (e.g. plant seeds etc.) can be monitored using CP/MASS *C
NMR.*'® Peaks arising from the carbonyl resonances of the proteins (§ =
175 ppm) in these samples are well separated from other peaks (e.g.
carbohydrates), and integration of these resonances relative to others is
claimed to provide a measure of protein content.

Torchia and coworkers®'” have demonstrated that **C/'H double reson-
ance can be used to monitor the amounts of sickle haemoglobin polymer
in erythrocytes. They have also used proton-enhanced '*C spectra to
characterize the molecular motion of foetal enamel proteins®'® and collagen
backbone motion in fibrils.?*°

High-power double resonance studies (without MASS) of fibrous pro-
teins, proteoglycans, and model membranes have been reviewed.'
Lyerla”‘15 has reviewed >C NMR studies of solid biopolymers; in addition
a very recent article on NMR of biopolymers19 is highly recommended.

" CH;O% HO = HO _
5 2 O 5 2 1 O
3 Py O
HO HO CH,0OH n
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(b) Polysaccharides; wood and humic acid. Cellulose (12) a 8-1,4 poly-
mer of anhydroglucose, can be prepared in at least four different polymor-
phic forms.?*® Cellulose occurs in nature predominantly in a lattice type
characterized as cellulose I or native cellulose. The process of mercerization
or generation produces another polymorph known as cellulose II. Vibra-
tional spectroscopy suggests that the extended molecular chains of poly-
morphs I and II have different conformations.””’ The CP/MASS '*C NMR
spectra of polymorphs I and II have been presented.222 The C, resonance
of both forms, and the C, resonance of II, are split indicating the presence
of two types of glycosidic linkage. The >*C NMR spectrum of an amorphous
sample prepared by regeneration from DMSO-paraformaldehyde is dis-
tinct. The peaks are broadened and the C, and C¢ resonances are shifted
to low frequency relative to their position in crystalline samples of I and
I1. The *C NMR spectrum of native I (Whatman CF-1) is similar to that
of highly crystalline cellulose I but broad shoulders on the C, and C¢
resonances indicate the presence of some amorphous cellulose. Earl and
VanderHart**® have presented spectra of crystalline cellulose I. On the
basis of extensive Tic, Tac, and linewidth measurements they conclude
that the glucose units are in two magnetically inequivalent environments.
They also suggest that there exist two types of glucose monomer, one of
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which allows more freedom of motion or easier access to labile protons
than the other. Although a clear 1:1 “doublet” splitting is observable in
the C, resonance at all fields and a similar splitting in C,4 at higher fields,”**
recent high-field CP/MASS spectra®’*’* have not revealed clear doublet
splitting for C, of cellulose I as originally reported, and the structure of
this polymg)zr“ph is not yet entirely clear. A spectrum of cellulose II is shown
in Fig. 21.
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FIG. 21. CP/MASS '*C NMR spectrum of cellulose II (22-6 MHz).

The application of CP/MASS *C NMR for studying the primary struc-
ture of polysaccharides has been reported.’?’ Spectra of three insoluble
polysaccharides, viz. xanthan gum, its octadecylamide, and [N-(3-fluoro-
phenyl)methyl]chitosan, are presented and assigned.

Schaefer and Stejskal'®® have reported that CP/MASS °C spectra of
wood are sufficiently resolved to identify peaks associated with the major
components—celluloses, hemicelluloses, and lignin. In addition, it is poss-
ible to distinguish between different woods, for example maple and pine.
A high-resolution >*C NMR spectrum of poplar chips is shown in Fig.
22.7%° More recently Hatcher et al.**’ have reported the results of NMR
studies on ancient buried wood.

High-resolution solid-state >*C NMR has been used to characterize humic
substances (complex macromolecular compounds) found in sediments and
soils.”*® Hatcher and coworkers®*® have shown that quantifiable distinctions
between structural features of aquatic and terrestrial humic substances are
possible. It is suggested that aliphatic carbons of the humic substances
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FIG. 22. CP/MASS '*C NMR spectrum of poplar wood chips (22-6 MHz).

originate from lipid-like materials. CP *>*C NMR studies (75 MHz) of whole
soils and CP/MASS '>C NMR spectra of humic soil and a brown coal have
been reported.>*>**! Soil organic material shows considerable variation—
from highly aliphatic to moderately aromatic. The brown coal sample is
thought to be a modified lignin.

(c) Coals. In recent years there has been considerable interest in the
analysis and characterization of coal.'*'***? This interest stems in part from
the desire to find efficient ways of converting coals into more environ-
mentally acceptable fuels.

Coal is a sedimentary ‘‘organic’ rock made up of a heterogeneous mixture
of organic compounds and minerals.?** The organic part of coal is thought
to consist of complex macromolecular hydrocarbons containing oxygen,
nitrogen, suiphur, and traces of other elements. The most common minerals
in coal are kaolinite (an aluminium silicate hydrate), pyrite (FeS,), and
calcite (CaCOs).

Coals are often classified by their rank. This may be defined as the extent
to which the organic material has matured during geological time. Types
of coal in ascending order of rank are: peat, soft brown coal, lignite,
sub-bituminous coal, high volatile bituminous coal, medium volatile
bituminous coal, low volatile bituminous coal, semi-anthracite, anthracite,
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meta-anthracite, coal, graphite. The maturation or coalification process,
metamorphism, depends on several factors including the depth of burial,
pressure, and temperature. As the rank of the coal increases the carbon
content increases (from approximately 60% in peat to 100% in graphite),
and recognizable plant structure decreases (free cellulose is found only in
peat).

Petrakis and Grandy>*> have presented a good introduction to coal
analysis, characterization, and petrog-aphy. Peat and its organic chemistry
have been discussed in a similar introductory article.>** Applications of
high-resolution NMR to the study of fossil fuels have been previously
reviewed.?*?*7 In this section we concentrate on reviewing some of the
problems associated with determining f,', the fraction of aromatic carbons
in fossil fuel samples. Also, some of the detailed structural information
available from recent high-resolution 3C NMR studies is mentioned.

The first combined application of the CP and MASS techniques to the
study of coal was reported in 1977.%*® Carbon-13 spectra of anthracite,
lignite, algal cual, kerogen, and a raw oil shale sample were presented and
discussed. The *C CP/MASS spectrum of the anthracite sample shows
only one broad slightly skewed resonance which is assigned to aromatic
carbons. In contrast the >C spectrum of lignite shows two broad but well
resolved resonances assigned to aromatic and aliphatic carbons from which
the apparent carbon fraction in the aromatic region, f,', is estimated to be
72%. Figure 23 shows a “typical” '>C NMR spectrum of a lignite sample.?*’
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FIG. 23. CP/MASS '3C NMR spectrum of lignite A (Estevan, Saskatchewan) (22:6 MHz).
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During the past few years several other papers have appeared in the
literature that describe the application of high-resolution solid-state '*C
NMR to determine f,’ values in fossil fuels.>*>~**> One of the main problems
in determining accurate values of f,' is that some particular types of carbons
in the sample may be essentially isolated from protons and not as effectively
cross-polarized as others. Under these conditions f,' depends on the cross-
polarization time, ¢. (see specific examples below). For an accurate measure-
ment of f,' using the CP experiment one requires a uniform distribution
of protons throughout the sample and an approximately uniform distance
between all carbons and protons.”*’

This problem has been recognized and dealt with in a variety of ways.
Often f,' values obtained on representative samples by varying both ¢. and
the pulse repetition rate are compared with those measured using high-
power decoupling (without CP). Taking the f,' values obtained without CP
as being the ‘“‘correct” values, contact and pulse delays which give an
optimum value of the S/N ratio and reliability are selected and used in all
subsequent measurements. In a recent study of a large number of coal
samples of varying rank, Miknis and coworkers**® found that contact times
of 1 ms and pulse delays of 4 s appear to give an optimum S/N ratio and
reliability. Sample aromaticities are found to increase with increasing rank.

Other workers***?*? have suggested minimum ¢, values of 3-6 ms for
coals. On the basis of an extensive study of the influence of 7. on f.', Dudley
and Fyfe®® have found that the optimum value of f. is very sample-
dependent. Also, they find that >C relaxation times in fossil fuels are often
relatively short (52 s) because of the presence of paramagnetic species, and
conclude that 90° pulse experiments (high-power decoupling without CP)
with pulse repetition times of 5T should be used whenever possible.

Recently Taki et al.>>® have reported that, in spin-counting measurements
of the '*C content of coals of different rank, more than 95% of the carbons
are observed in anthracites while as little as 50-60% are observed in some
lower rank coals. For the latter samples it is necessary to assume that the
structural distribution of the detected and undetected >C spins are identical,
if f,' values from CP/MASS *C NMR data are accurate.

Another potential problem is that, if a sample contains inorganic carbon-
ates, olefins, or carbonyl carbons, it is possible that carbons from these
moieties contribute to signals in the aromatic region.””**>*** Recently,
Murphy et al.>>' have reported first and second moments of the aromatic
and aliphatic '>*C NMR absorptions of coals varying in rank between lignites
and anthracites. Such measurements are expected to reflect the
homogeneity of shieldings of the carbons in coals. For the lignites and
sub-bituminous coals three absorptions are resolved; the high-frequency
peak (8 =177 ppm with respect to TMS) represents 3-6% of the total
carbons and is assigned to the carbonyl carbons of quinones, carboxylic
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acids, and their derivatives. Shoulders observed on the high-frequency side
of the aromatic bands of highly volatile bituminous, sub-bituminous, and
lignite coals (6 = 160 ppm) are assigned to aromatic carbons attached to
hydroxy, alkoxy, or aryloxy groups. These shoulders are less pronounced
in the higher-rank coals since these contain less oxygen. High-, medium-,
and low-volatile bitpminous coals show only two absorptions, the aromatic
and aliphatic peaks. On the basis of f,' values measured using /.=1:5ms
and moment analyses the following conclusions are reached in this study.?*'
(1) In general, the aromatic fraction, f,', increases with increasing rank
(%C). (2) In general, the second moments (dispersiveness) of the B¢
aromatic absorptions decrease with increasing rank. Thus, with increasing
age, the aromatic species of the coal become more homogeneous. (3) The
first and second moments of the aliphatic absorptions show little correlation
with rank. This result led the authors to suggest that the processes that
convert aliphatic functionalities into aromatic functionalities during matur-
ation must occur randomly.

Spinning sidebands from the aromatic resonances can be significant,
particularly at higher applied fields. In such cases the low-frequency
sideband can be buried under the aliphatic absorption and hence distort
the apparent values of f,'.*> Corrections for spinning sidebands should
obviously be made if reliable quantitative data are required. It is important
to note that artifacts in the spectra can arise from absorptions due to
materials present in the sample rotors.”*>>*’

One can improve the spectral detail of fossil fuels by selectively suppress-
ing a particular type of carbon on the basis of differences in *C-'H
dipole—dipole couplings and differences in the intrinsic spin-spin relaxation
time, T,. Applications of these techniques have been described.?***%2

More work on model systems is required before it will be possible to
assess the full potential of '>C NMR in the study of fossil fuels. At the
present time, it appears that the determination of f,’ by CP/MASS '*C
NMR is at least semi-quantitative (accurate to within £10%).>°"

B. Silicon-29

Silicon-29 has a natural abundance of 4:7% and a magnetic moment of
approximately 20% that of the proton. Although 2°Si has an NMR recep-
tivity 2-1 times that of '>C, solution studies have been impeded by long
%Si relaxation times, and a negative nuclear Overhauser enhancement.
Dipole—dipole (**Si-'H) relaxation is particularly inefficient because of
relatively large Si—H separations. Fortunately this problem of long relaxa-
tion times is generally avoided in studies of solids by using CP techniques.

Silicon-29 chemical shifts cover a range of approximately 400 ppm.
Tetramethylsilane is the accepted reference. Substituent effects on *°Si
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chemical shifts have been investigated and discussed by many investigators.
pm—dr interactions have often been invoked to rationalize trends in 2°Si
shielding which differ from those observed for *C. Semi-empirical MO
calculations of *°Si shielding constants reproduce qualitatively some of the
trends observed in 2°Si NMR. Detailed discussions of such calculations,
empirical correlations between *°Si and various parameters such as
Hammett o constants, substituent electronegativity, ¢tc. have appeared
elsewhere?**>*® and are not presented here.

Results of the first 2>Si NMR study on solid silicon compounds which
used CP techniques were reported®®’ in 1972. Values of the >°Si shielding
constants measured at —186°C are given in Table 5. In general the *°Si
shielding anisotropies are relatively small. As noted previously for >C
shifts, average >°Si shieldings do not change appreciably on sample melting.
In some cases, it appears that the crystal symmetry is responsible for
deviations of the shielding tensor from axial symmetry. For example, in
an isolated CH3Si(OCH3); molecule one would expect an axially symmetric
shielding tensor; however, in the solid o, and o5, differ by 12 ppm.

TABLE 5
Silicon-29 chemical shielding parameters in organosilicon compounds.”

Compound o1 T2 033 Ao'b &° O'id
(CH3),Si 0 0 0 0 0 0
(CH,3)3SiOCH,4 -33 -31 8 -19 -17
(CH3),Si(OCHa,), -12 -12 35 47 4 25
CH,3Si(OCH;); 23 35 68 42 41-5

Si(OCHa3)4 80 80 80 0 80 79-5
((CH3):Sils,CH -8 4 18 5
(CH,)3SiCsHs5 -2 4 29 10 4:5
[(CH,),Si,O -16 -8 14 -3 -4
[(CH,),Si0)s -8 0 62 18 10°
[(CH,),S8i0], 4 4 53 49 20 20

¢ All values are in ppm (+3) relative to solid TMS; positive values are to low frequency of
TMS.
* A = oy— o, for axially symmetric shielding tensors.
:5' =(1/3)o11 + o2+ 033).
o; is the isotropic shift in the neat liquid referred to liquid TMS.
¢ Solution in benzene.

Recently *°Si shielding anisotropies have been reported for two solid
silicates,””® one containing the Si,0,°” anion and the other the SigO50°~
anion. On the basis of the observed shielding anisotropies and estimated
geometries about the Si atoms in these anions, the authors conclude that
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the most shielded direction corresponds to the shortest Si—-O bond. Also,
it is suggested that the direction of highest 7-bond character coincides with
the direction of maximum shielding of the Si nucleus. Clearly further
experiments, including single-crystal studies, are required to investigate
the generality of these suggested trends. >°Si shielding anisotropies for a
few other organosilicon compounds have been reported by Lippmaa et al.>*°
[For further recent references see the list on p. 287.]

High-resolution solid-state >Si NMR studies appear to have considerable
potential in studying systems of practical importance. For example, solid-
state 2°Si NMR has been used to study the surface of silica gel, silica
attached species, and aluminosilicates including zeolites. Below we outline
the results of these studies.

High-resolution *°Si NMR provides a powerful technique for studying
the surface of silica gel. Only silicon atoms near the surface are expected
to be effectively cross-polarized by protons and hence observable in reason-
able experimental times. Si atoms buried below the surface are expected
to have exceedingly long relaxation times making their observation difficult.
The *°Si CP/MASS spectrum of silica gel SG-2 has been reported (Fig.
24).260 The three resonances have been assigned on the basis of 296i
chemical shifts reported in earlier studies on silicate-water glass solutions.>®"
Assignments made on the basis of solution studies are supported by the
*Si-'"H CP times, T(Si-H), given in Table 6.

A
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FIG. 24. CP/MASS 2°Si NMR spectrum of silica gel SG-2 (11-88 MHz);*** 1014 scans,
20 ms contact times, 1 s repetitions.
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TABLE6

Summary of cross-polarization relaxation results on silica gel.

Structural type® 8si® Tsin® (ms) Typn” (ms) M,
(HO),Si*(0Si=), -90-6 2:3+0-2 20-3+1-4 6302
HOSi*(0Si=), -99.8 2:920-1 22:1+0-8 21-7+0-4
Si*(0Si=), -109-3 12717 21%F 18-8+0-5

? The silicon nucleus of interest is indicated by an asterisk.

® Chemical shifts in ppm with respect to liquid Me,Si; higher numbers correspond to lower
shieldings.

€ 296i—'H cross-polarization relaxation time in milliseconds.

< Proton spin-lattice relaxation time in the rotating frame in milliseconds.

¢ Magnitude of the maximum available magnetization in arbitrary, relative units.

f Asthe cross-polarization time for *Si(OSi=), is rather large, an accurate measure requires
that the radio frequency fields be extremely well matched over the entire sample; hence, the
value 12-7 ms should be considered qualitative.

£ This value was chosen as an average of the other two T,y values and used as a constraint
on the least-squares analysis for this peak. In an unconstrained analysis the value 33 £9 was
obtained for T,,y; the corresponding Ty and M, values were 9:0+2-1 ms and 13-9+1.7,
respectively.

Si and '*C CP/MASS spectra of four different silica-attached species
have alsp been assigned,?®*> complementing earlier work on '*>C spectra of
surface-attached species.'”” The 2°Si NMR spectrum of a sample pre-
pared by the reaction of (CH3)3SiCl with silica gel consists of three peaks.
One at —15-4 ppm (high frequency with respect to TMS) is assigned to the
Si(CH,); group in a silica-attached species of the type =SiO-*Si(CH,),.
Two peaks at approximately 100 and 109 ppm are observed in all »si
spectra and are assigned to HO*Si(OSi=), and Si*(OSi=), respectively.?*’
A sample prepared from the silylating agent (CH;0)3SiCH,CH,CH,SH
shows a large peak at 56-6 ppm which is assigned to the Si, atoms shown
in structure 13. The *°Si spectrum of a species presumed to have structure
14 shows a resonance at —12-7 ppm.

=S8i—0
O—Sli,,CHZCHZCHZSH
ESi/ OCH,
13
i 18
0—Si—CH,CH,CH,NH," 'OZC—(li—NH—C
(|3H3 Ph NO,

14)



TABLE7

Silicon-29 isotropic shifts (ppm from Me,Si) in solid silicates.

Type of Q° Q! Q? Q’ Q*
Si-O single end middle  branching  crosslinking
Compound tetrahedra tetrahedra  group group site group
NaH,SiO, single —66-4
Na,H,Si0,4-5H,0 single —-67-8
CaNaHSiO, single -73-5
(CaOH)CaHSIiO, single -72-5
Zn4(OH)2[Si207]-H20 double =779
(hemimorphite)
Cas(OH)6[Si,04] double -82:6
K4H,[Si,045] cyclotetra -87-5
Ca,(OH),[Si0;] single chain —86-3
(hillebrandite)
Ca,(OH),[Si;00] single chain -86-5
(foshagite)
Ca;[Si;Og) single chain —88-0
(wollastonite)
Ca,NaH[Si;0y] single chain -86-3
(pectolite)
Cag(OH),[Sis0,7] double chain —86-8 -97-8
(xonotlite)
Mg3(OH)2[Sl4010] layer -98-1
(talc)
(Me4N)g[SigOz0] double 4-ring —99.3
(Et4N)6[Si5015] double 3-ring -90-4
Si0, 3-D spiral, 6-rings -107-4
(low quartz)
(low cristobalite) -109-9
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TABLE 8

Silicon-29 isotropic shifts (ppm from Me,Si) in solid aluminosilicates.

Q3. .. AP ot
Al/Si ratio
Compound in lattice 1A1° 0 Al 4 Al 3Al 2 Al 1Al 0 Al
Al,(OH),[Si 040) -91.5
(pyrophyllite) —95-0
KAIZ(OH)Z[AlSi3010] 1/3 —84'6c
(muscovite) —86-7°
SiO, -107-4
(low quartz)
Na[AlSi;Oqg] 1/3 -92-5  -96-7
(albite) -104-2
K[AIlSi;O5] 1/3 -95°¢ —98°
(orthoclase) -101°
K[AISi;Og] 1/3 -95°¢ —98-2°¢
(adular) —100-5°¢
K[AISi;O5] 1/3 -95.7° —96-8°
(sanidine) —100-9¢
Naz[Alzsigolo]'szo 2/3 -87-7 -95-4
(natrolite)
KNa,[AISiO4]4 1/1 -84-6 —88-44
(nepheline)
Ca[Al,51,05] 1/1 -83-1°
(anorthite)

¢ Six-coordinated aluminium.
® Four-coordinated aluminium.
¢ Broadened lines.

< Signal of low intensity.

SAI'TIOS 40 YN NOILLNTOSTIA-HOIH
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Finally the spectrum of a commercially available stationary phase known
as Spherisorb C;g has resonance peaks at 64:9, 54-7, and —16-0 ppm.
These peaks are assigned to Si atoms at the silica surface in which (a) three
=Si-O- groups and a carbon of the alkyl group, (b) two =Si-O- groups,
an OH group, and an alkyl group, and (c) one =Si—O- group and three
alkyl groups are attached.

Lippmaa and coworkers’®®> have recently reported the results of
CP/MASS ?°Si NMR studies on solid silicates and aluminosilicates. The
results obtained at 39-74 MHz using a Bruker CXP-200/300 spectrometer
are given in Tables 7 and 8. The linewidths are usually 1-2 ppm. Recycle
times of only 1-2s are used for many of the samples; however, some
samples, particularly those without protons, require recycle times of up to
30s.

The total range of *°Si chemical shifts observed in the silicates is approxi-
mately 60 ppm. The shifts appear to fall into distinct ranges depending
upon the nature of the silicon-oxygen tetrahedra. Increasing condensation
from the single to double tetrahedra, to chains and cyclic layered structures,
and finally to three-dimensional frameworks leads to low-frequency shifts.
Similar trends are observed in solution studies. The effect of replacing Si
by Al on neighbouring 2°Si chemical shifts is illustrated in Table 8>°° and
Fig. 25. Going from quartz (zero Al neighbours) to nepheline or anorthite
(a central Si atom joined through oxygen bridges to four Al atoms and
vice versa), a high-frequency shift of approximately 23 ppm is observed.
Because the *°Si chemical shifts fall into five distinct ranges depending on
whether a given SiO,*” tetrahedron is linked, via oxygen bridges, to four,
three, two, one, or zero AlO,>” tetrahedra, and are essentially independent
of the cation, high-resolution solid-state °Si NMR offers a powerful tech-
nique for studying the ordering of Si and Al in solid aluminosilicates
(feldspars, feldspathoids, and zeolites). Previously, the detailed distribution
of Siand Al in these important compounds®®* has been difficult to determine
experimentally because of the similar X-ray scattering properties of Si and
Al, and the difficulty in preparing single crystals of adequate size and quality.

From ?°Si data, Engelhardt et al.”®?% concluded that in zeolite Linde
A, which is very important commercially, the ordering is Si(3Al) contrary
to what had been previously thought.”** This means that in this zeolite,
which has Si/Al=1-0, each Si atom is linked, via oxygen bridges, to three
Al atoms and one other Si atom and vice versa. Thus some Al-O-Al
bonding must exist in this zeolite, and Loewenstein’s rule,?®® which states
that aluminium atoms cannot occupy neighbouring tetrahedral sites, is
violated. A new structure for Linde A that is consistent with the *’Si NMR
results has been recently suggested.”

It is interesting to point out that in zeolites X and Y, which have the
same building blocks (sodalite cages) as Linde A but only differently joined,
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FIG. 25. MASS 2°Si NMR spectrum of the zeolite analcite (79:46 MHz).

Ramdas er al.?%” have found that Loewenstein’s rule is obeyed for Si/Al=
1-0-3-0. However, these conclusions were based on the chemical shift of
a single peak, using the previously determined shift ranges for the assign-
ment of the coordination around silicon, and are ambiguous. Recent investi-
gations®®® of zeolite ZK-4, which has the zeolite A structure but with
Si/Al>1, gave *°Si NMR spectra that clearly showed five peaks and
confirmed the Si(4Al) ordering in zeolite A, the shift of the Si(4Al) peak
being outside the previously determined range for this coordination. Care
must obviously be taken in situations where only single peaks are observed.

Klinowski et al.?®® have also used 2°Si NMR to study a new material, a
silicate analogue of zeolite Y. This is prepared by replacing the Al in the
structure by Si using a solid-state method. The four peaks in the i NMR
spectrum of zeolite Y collapse to a single extremely sharp Si(OSi), peak
at —~107-4 ppm which corresponds exactly to the chemical shift of silicon
in pure quartz.?®®
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The structure of silicate anions in tetraethylammonium silicates and their
aqueous solutions has been examined using *°Si-'H CP/MASS tech-
niques.”’® For two crystalline TEA/Si silicates with molar ratios of 0-67
and 1-26, chemical shielding anisotropies, o, — oy, of 60 and 110 ppm
respectively are reported.

Recently *°Si CP/MASS NMR spectra for two plasma-deposited amor-
phous silicon-hydrogen films have been reported.””! The spectra show the
gross features expected from the vibrational spectra assignment of the
polysilane local environments in one of the films. The lack of significant
line narrowing on MASS is taken as evidence for a range of chemical shifts
for Si in these films (v =508 ppm with MASS and 81:5 ppm without
MASS).

C. Phosphorus-31

Phosphorus-31 has a natural abundance of 100% and a relatively large
magnetic moment making it a particularly sensitive nucleus for NMR
studies. Several monographs and reviews on *'P NMR are available.>’>"*”°
Some of these deal specifically with biochemical applications of >*'P NMR,*’®
some with organometallic’’® and transition metal phosphine complexes,””’
while others are more general. [For further references see p. 287.]

1. Chemical shifts

The most common reference in >'P NMR studies is 85% phosphoric
acid, H;PO,. *'P chemical shifts range from approximately 250 ppm on
the high-frequency side to 460 ppm on the low-frequency side of H3;PO,,
a total range of approximately 700 ppm. Phosphorus chemical shifts have
been empirically related to a number of variables including oxidation state,
bond angles, electronegativity of substituents, and 7-bonding character of
the substituents. Generally P(v) compounds have a relatively small chemical
shift range, § = 100 ppm to § = —50 ppm compared with P(111) compounds
which have shifts over the full range. Some additivity relationships seem
to work reasonably well in the absence of #-bonding but a discussion of
these is outside the scope of this review.

Chemical shielding anisotropies range from a few ppm in free phosphorus
to 200 ppm or more in phosphine oxides. Mehring' and Appleman and
Dailey® have compiled tables summarizing early measurements of CSA.
In Table 9 we present some of the more recent results. Recently, ab initio
calculations of the *'P magnetic shielding tensor in the phosphate group
have been reported.””*
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TABLE 9
Principal values of phosphorus-31 shielding constants® and chemical shielding anisotropies,
Ao

Compound o1 [* 7] O33 Ao a Ref.
KH,PO, -16-6 -1-1 11 15 —6-2 280
P, —-405 281
Ba(C2H5PO4)2 —60 282
Cayo(OH),(POy)g (calcium -19 -4 15 -2-8 283
hydroxyapatite)
CaHPO,-2H,0 (brushite) -70 12 53 -1-7 283
Ca(H,PO,),'H,0 -49 1 48 0-0 283

-59 7 66 4-6
5'-AMP (Na salt) -78 . 29 29 -107 -7 284
5'-AMP (free acid) =77 -8 83 -1 284
Poly A -89 -24 110 -1 284
Dipalmitoylphosphatidyl cho- -81 -20 105 1-3 285
line (DPPE)
Dipalmitoyllecithin (DPL) -131-0 345 97-6 0-4 286
DNA -85 =25 109 -0-3 284,287
P(CHs,); +8 289
P(C¢Hs)3 23 289, 290
OP(CHs;); 174 289
OP(C¢Hs); 280 289,290
SP(CH,)s3 112 289
SP(CeHs)s 112 289
N85P3010 182 291
OPF, 278 292
O S
[ \P</ -13 109 243 113 293
O CH,

@ All values of shielding constants are given in ppm relative to 85% H3PO,, taking low
frequency as positive. Note that positive & values correspond to negative values of the chemical
shift, &.

® Ao = oy~ o, where ay is along the symmetry axis.

2. Scalar coupling

Scalar coupling constants, "J (*'P-X), can be very useful in characterizing
phosphorus compounds.?’>”° Typical one-bond scalar couplings to some
spin 1/2 transition metals are: 'J(W-P), 200-500 Hz;**> 'J(Rh-P), 80-
150 Hz;*** 'J(Pt-P), 1200-5000 Hz.>’®*°° These couplings are generally
relatively easy to resolve in CP/MASS experiments and can be very useful
in identifying geometric isomers in the solid state. Splittings of *'P spectra
due to quadrupolar nuclei such as **Cu and **Cu in the solid state are
difficult to interpret.
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3. Applications

A number of early high-resolution *'P NMR experiments were carried
out on solids without high-power proton decoupling or CP.**¢7*°! Such
solids generally do not contain protons (e.g. phosphides etc.) hence MASS
alone is sufficient to effectively eliminate weak dipolar interactions and
average any CSA. One interesting example is the >'P NMR spectrum of
phosphorus pentachloride.?*® The spectrum obtained with MASS gives two
well resolved lines at 91 ppm and —281 ppm with respect to external H;PO,.
The high-frequency resonance is assigned to [PCl,]" while the low-
frequency resonance results from [PClg]”. In carbon disulphide solution,
PCls gives rise to a single resonance at —80 ppm and is thus thought to
exist as a molecular compound instead of an ion pair. Most of these early
applications of MASS have been reviewed.**’

1P NMR studies have been carried out on a number of orientationally
disordered *'P-containing solids (plastic crystals). For P,S; a high-resolution
AXj; spectrum is observed at 420 K, over 25° below its melting point,
without any line-narrowing techniques.**> The spectrum is consistent with
the known structure of P,S; (15).>%

/P\
s”/
&
P_ —

\P/
(15)

Tv—w

Detailed line-shape®®* and relaxation®® studies have been carried out
on white phosphorus, P,. In the plastic phase (196-317 K) a single sharp
symmetric line is observed indicating rapid molecular motion, while at the
lowest temperature studied (4-2 K) an axially symmetric powder pattern
is observed with Ao = oy— 0o, = —405+ 10 ppm. Between 80K and 120K
line-shape analysis indicates molecular jump rates that are within an order
of magnitude of Aw =27vAc (234 kHz in the study of Spiess ef al>*).
3P relaxation studies of the reorientation of PH; and PDj; in the liquid
and plastic crystalline phases have been reported.**® Proton and *'P spin-
lattice times have been measured for solid trimethyl phosphate,
(CH30)3P=0, between 77 and 305 K.>*’

3P NMR without CP or MASS has been used to identify PF¢  ions in
a graphite intercalation compound®® resulting from the reaction (35). A
possible side-reaction of the graphite fluorination, reaction (36), can be

NO,PFs+nC — NO,(gas)+C, PFs~ (35)
C,"PFs~ — C,F+PF; (36)
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postulated without any change in stoichiometry. No evidence for the pres-
ence of PF;s is obtained, and furthermore, dominance of reaction (36) would
give no mechanism for the enhanced conductivity of the graphite intercala-
tion compound. The relatively sharp *'P resonances [8 = 128 ppm, 'J(*'P-
'“F) =708 + 20 Hz] result from rapid tumbling and translational diffusion
of the PF¢ ion.

Using MASS Andrew et al.**' have observed two chemically shifted
resonances in the >'P spectrum of NasP3;0;, a linear triphosphate. Chemical
shift differences in aqueous solution and the solid (8so1ution — Ssotia) are too
large to be accounted for in terms of bulk susceptibility differences, and
the authors suggest that the low-frequency shifts observed in solution are
due to an effective increase in coordination number of the phosphorus by
water.

Calcium phosphates occur naturally in bone and teeth and are particularly
difficult to characterize. Recently, Rothwell et al.?®* have examined the
utility of *'P CP/MASS to characterize a variety of calcium phosphates
including hydroxyapatite, Ca;o(OH),(PO4)s, and some of its non-
stoichiometric forms. Spectra were obtained on a superconducting wide-
bore magnet operating at 4-0 T (*'P =68-42 MHz). Samples (~0-3 cm®)
were packed and spun at 1-2-5 kHz using a Beams-type rotor. As in
solution, the isotropic >'P chemical shifts tend to move to low frequency
upon protonation of the phosphate group. Although the total isotropic *>'P
chemical shift difference between PO,’” and H3;PO, is only 6 ppm in
solution, variations in CSA are much larger on protonation of phosphate
(Table 9). Several of the calcium phosphates give rise to two or more
incompletely resolved peaks. By varying the CP times it is often possible
to selectively enhance the intensity of one of the peaks relative to the
others. Also, the relative intensities of spinning sidebands are used to
facilitate peak assignments. Samples of calcium hydroxyapatite show large
variations in *>'P T values, from about 90 s in human enamel to anywhere
between 1 and 22s in synthetic samples. For samples with long *'P T,
values, CP offers significant sensitivity advantages over simple 90° pulses.
Low-temperature >'P experiments provide evidence for molecular motion
of the HPO,™ ion in the hydroxyapatite lattice, even at —180°C. Proton
and ’H MASS experiments are suggested to further characterize proton
motion in these compounds. The authors conclude that increased resolution
would be advantageous, particularly in preliminary studies of amorphous
calcium phosphates where >'P resonances are broader than those observed
in the crystalline calcium phosphates.

Herzfeld et al.>® have used P MASS NMR to study the relative
concentration of *'P as hydroxyapatite and brushite (CaHPO, - 2H,0) as
a function of tissue maturation. On the basis of the large spinning side-
bands observed in young bone tissue from chicks 17 days embryonic, it is
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concluded that brushite is the most probable initial mineral phase in bone.
Brushite is known to exhibit a large CSA compared with hydroxyapatite
(Table 9). In more mature bone, the lack of spinning sidebands suggests
that apatite is the dominant calcium phosphate phase. These conclusions
are supported by a comparison of spectra from the biological samples with
those obtained from samples prepared from different mixtures of synthetic
brushite and apatite.

The CP and MASS techniques have been used to obtain high-resolution
*'P NMR spectra of a number of solid triphenylphosphine transition metal
complexes.*'® The *'P spectrum of Wilkinson’s catalyst, RhCI(PPhs); (16),

Cl
PA—Il{h—PB
P
16)

shows a typical ABX pattern. The P atoms trans to one another are
non-equivalent in the solid state, consistent with the X-ray structure, and
constitute the AB portion [Adag =74 ppm, 2J(Pa—Ps) = 365 Hz] of the
spectrum. The phosphorus trans to Cl is 50:2 ppm to high frequency of
external H;PO,4 and about 22 ppm to high frequency of the centre of the
AB multiplet; it shows one resolvable splitting, 'J (*°>Rh-Py) = 185 Hz. The
rhodium also couples to P, and Py, 'J(Rh-PA) = 'J(Rh-Pg) =~ 139 Hz.

The *P NMR spectra for two copper-phosphine complexes,
(Ph3P);CuNO; and (Ph3P);CuCl, are also reported. The spectra of both
complexes show large splittings of the order of 1 kHz due to coupling with
®3Cu (69-1% natural abundance) and **Cu (30-9%) both of which have a
spin of 3/2. The splittings are complex and not simply equal to 'J(Cu-P)
because the copper nuclear quadrupolar coupling constants are comparable
in energy to the Cu Zeeman interactions; thus Cu-P dipolar and J tensor
interactions are not averaged by spinning at the magic angle.

A *'P spectrum of the gold cluster [Aug(PPh3)s][NOs]; is presented in
the communication by Diesveld et al.;>'° two resonances at 48:0 and
68-7 ppm are observed. Without a crystal structure it is not possible to
decide whether the two lines result from non-equivalent P sites within one
molecule or two crystallographically non-equivalent molecules per unit cell.

Phosphorus-31 CP/MASS NMR spectra of six different Rh(1) diphos-
phine catalysts and their corresponding ligands have been investigated.’'!
Chemical shifts and scalar couplings, 17(Rh-P), measured in the solid state
are compared with the corresponding data obtained in solution (Tables 10
and 11). Solid-state spectra are obtained on a JEOL FX-60Q (*'P=
24:22 MHz) spectrometer and a home-built multinuclear CP/MASS spec-
trometer based on a Varian HR-60 magnet. The samples are packed in
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TABLE 10

Phosphorus-31 data of diphosphine ligands.

Ligand Solution,* 8p (ppm)”® Solid, 8p (ppm)
diphos® -119 -12.5
BPPM* -7-3,-21-9 -14-8, -21-7
diPAMP* -21-0 —-25-6
chiraphos’ -87 ~-11-9,-14-0
prophos® 2-3,-20-0 -4.5,-27-3

(Jp_p=20-4)

“ The solvent was DCCls.

® Chemical shifts are given with respect to 85% H;3PO,.

¢ diphos = 1,2-ethanediylbis(diphenylphosphine).

4 BPPM = (28,4S5)-N-t-butoxycarbonyl-4-diphenylphosphine-2-
diphenylphosphinomethylpyrrolidine.

¢ diPAMP = (R,R)1,2-ethanediylbis-(o-methoxyphenylphosphine).

! chiraphos = (8,5,)-2,3-butanediylbis(diphenylphosphine).

£ prophos = (R)-1,2-bis(diphenylphosphino)propane.

TABLE 11

Phosphorus-31 data of rhodium(1) diphosphine catalysts.

Solution® Solid
Catalyst 8 (ppm)°  Jrnp(Hz)  8p(ppm)  Jrnp (H2)
[Rh(cod)diphos] ClO, ¢ 583 132-1 56-8 126
[Rh(cod)BPPM]*CIO,~ 43-6° 146-4 38:9,12.7 4
(Jp_p=136)
43.4° 144-8
(JP-P =37)
147 139-5
[Rh(cod)diPAMP]*CIO,~ 52-3 150-9 51-6,45-8 138, 145
[Rh(nbd)chiraphos]+C104“f 592 154-0 62-2,61:4 ~107,~133
[Rh(cod)chiraphos]*ClO,~ 56-6 146-2 57-6,54-6 ~117,~125
[Rh(nbd)prophos}*ClO,~ 62-2 156 64-0 162
(Jp-p)=33
43-6 155 434 124
(Jp-p)=34

“ The solvent was either DCCI; (first and last compounds in table) or acetone-dg (remaining
compounds).

® Chemical shifts given with respect to 85% H;PO,.

¢ Assumed to represent two conformational forms of the -CH,P(CsH;), phosphorus.

4 Not observable. © cod = cyclooctadiene. f nbd = norbornadiene.
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10 mm or 13 mm (diameter) bullet rotors and spun at the magic angle at
speeds of about 2-5 kHz. The 31p chemical shifts of the solid ligands are
similar to those measured in chloroform solutions. One of the ligands,
chiraphos (17), shows a single 31p resonance (—8:7 ppm) in solution but

>__<

Ph,P PPh,
an

two peaks in the solid state. On binding to Rh(1), the 3p peaks of the
diphosphine ligands shift to high frequency by approximately 50-80 ppm.
Although the chemical shifts and couplings in solution and in the solid
state are generally comparable, diphosphine complexes that give rise to
chemically equivalent *>'P resonances in solution often yield two chemically
shifted *>'P peaks in the solid state. It is suggested that the degree of
phosphorus non-equivalence is related to the distance between the rhodium
atom and the site of chirality in the ligand.

In a more recent study, >'P solid-state NMR spectra of several phos-
phorus(tn) ligands and their Ni(11), Pd(11), and Pt(1) complexes have been
examined.’'*?'? Phosphorus-31 spectra of Pt(11) complexes of the general
structure PtCl,(PR;), are particularly interesting because they exhibit scalar
coupling to '*°Pt (33-8% natural abundance) which may be used to
differentiate between square planar cis and trans isomers. Spectra for two
such complexes are shown in Fig. 26. As observed in solution studies,

1 kHz

FIG. 26. CP/MASS *'PNMR spectra (34 MHz): (a) frans-[PtCl,(PPrs),]; (b) cis-
[PtCl,(PEts;),].
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17(**°Pt->'P) is ~3500 Hz for the cis arrangement and ~2500 Hz for the
trans isomer. The relative merits of two different preparative routes
[equations (37) and (38)] to phosphine-linked immobilized transition metal
complexes on silica and glass surfaces were evaluated. Although condensa-
tion of cis-[PtCl,(Ph,PCH,CH,Si(OEt)3),] with silica gel [equation (37)]
leads to the desired product (Fig. 27), route (38) is less successful. 3p

(a) 1 kHz '
A Cl_ , PACH,CH,SI(OEL),

PN
Cl PZLCH,CH,Si(OEt),

o
o] P@,CH,CHoSi=
< PCH, st.\g

Pt
/s e
cl” N P¢QCH2CH28L-(<)) /

60 30 0 =30 -60 ppm

FIG. 27. CP/MASS *'P NMR spectra (34 MHz) of cis-{PtCl,[Ph,PCH;CH,Si(OEt);),}:
(a) polycrystalline solid; (b) after immobilization on silica gel.

NMR spectra indicate that condensation of the linking ligand,
(EtO)3Si(CH,),PPh,, with silica gel and with high surface area glass beads
results in two chemically distinct phosphorus-containing species on the
surface. Although one of these, believed to be a P(v) species, can be
removed by reduction, reaction of the surface-immobilized phosphine with
PtC1,(NCPh), leads to unidentified products. These preliminary studies
indicate that high-resolution *'P NMR will be a powerful technique in
characterizing surface-immobilized phosphorus-containing species and
have far-reaching effects in the study of polymer-supported transition metal
catalysts.
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Ph

\
[ML,]1+(EtO),Si(CH,),PPh, — (EtO);Si(CHz)le’ —ML,

Ph

l@m{ (37)

Ph

| |
@—Osli(CHz)le’ —ML,_,
Ph

|,
@—0H+ (Et0),Si(CH,),PPh, »@—os\l(cnz)zpphz

[, (38)
Ph
@—Os:i(CHz)ZI:’—ML,._l
Ph

D. Cadmium-113

High-resolution cadmium NMR studies can be carried out on either
"¢d (I'=1/2, 12-8% natural abundance, y =—5-6699x10"rad T"'s™")
or 'Cd (I=1/2, 12:3% natural abundance, y=-5-9330x
107 rad T™'s7Y). "3Cd NMR studies are preferred because of its slightly
larger magnetic moment. Solution chemical shifts cover a range of approxi-
mately 1000 ppm.>'* Solutions of Cd(ClO,);, 0-1M or extrapolated to
infinite dilution, have been the most commonly used reference in 3¢
NMR studies. Né’)lle,315 however, has used 3M CdSO, in H,O as a reference
since the chemical shift is known with respect to the free 13¢d atom.>*®
Dimethylcadmium has some advantages as a reference particularly in the
study of organocadmium derivatives.>'

Nolle*'® has obtained ''*Cd spectra for powder samples of the cadmium
halides and cadmium chalcogenides CdO, CdS, CdSe, CdTe and CdCOs.
Axially symmetric shielding tensors (Ao =o~0,) are observed for the
13Cd resonances in CdCl, (115+8 ppm), CdBr; - 4H,0 (~127+9 ppm),
CdS (—54+8 ppm), and CdSe (—64+7 ppm), while no anisotropy in the
shielding is observable for the other halides, chalcogenides, and the car-
bonate.

Cheung et al.>'" have utilized ''>*Cd-'"H CP to observe CSA in three
hydrated cadmium salts. The powder indicates axially symmetric shielding
tensors for each compound, Cd(OH),'1:12H,O (—149+8 ppm),
3CdSO,4-8H,0O (-102+8 ppm), and Cd(NO;),4H,O (—189 ppm). The
13Cd spectrum of the first compound is shown in Fig. 28.
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FIG. 28. CP and CP/MASS '*3Cd NMR spectra of Cd(OH),-xH,O.

CP/MASS spectra of CdCl,'2:5H,0 show two lines of relative intensity
1:3 separated by 21 ppm.*"” This is consistent with the known structure
of CdCl,-2-5H,0 in which two types of Cd(i1) of coordination number 6
are found.>'® One is surrounded by five chlorines and one water, while the
other is surrounded by four chlorines and two water molecules cis to one
another. The relative intensity of the two peaks is ascribed to the different
cross-relaxation rates at each Cd site. Tys™ " is expected to be approximately
proportional to the number of protons in the first coordination sphere;
thus the less intense high-frequency peak is assigned to the Cd(11) ions that
are bound to one water. With MASS two lines are also observed for
3CdSO,-8H;0, again consistent with X-ray results.>?

Cheung et al.®'’ report significant enhancements in the S/N ratio due to
CP not only because y;/ys=-—4-5 but also because one can use recycle
times much less than the *>Cd relaxation times which are estimated to be
well over 300 s. The 'H T; values however are less than 0-5 s thus allowing
relatively short recycle times. Contact times of approximatel_y 4 ms result
in the optimum S/N value for the compounds studied.*’” Substantial
enhancements of ''>Cd signals due to CP have also been reported
elsewhere. 2%
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Ackerman et al.**° have used the MASS and CP techniques to obtain
3Cd chemical shifts of solid 4-coordinate (approximately tetrahedral)
Cd(11) tetrahalide complexes, CdX,*", where X =Cl, Br, or I. Using these
chemical shifts as “benchmarks” together with the appropriate solution
equilibrium constants, chemical shifts for the various Cd(i1)-halide com-
plexes are derived. The authors conclude that analogous use of solid-state
chemical shift benchmarks for interpreting liquid solution data should see
increased popularity particularly in systems complicated by ligand exchange
and/or uncertainties in metal-complex structure in solution.

In a more recent study, a wide range of Cd(11) complexes with a variety
of coordination patterns have been examined.**! Representative samples
are given in Table 12. The '"*Cd chemical shifts of CdL*" are to low
frequency of CdBr,>~ which are in turn to low frequency of CdCL .
Similar trends have been observed for the central nucleus in Group IV
halides,?* and for Zn in ZnX,>~ *** and '*’Hg in HgX,*~.*** For a given
ligand atom, increases in coordination number appear to be accompanied

TABLE 12

Cadmium-113 chemical shifts of crystalline powdered compounds.

Attached atoms

Chemical and approximate
= shift, first coordination
Compound 5 (ppm)? sphere
Bis(tetraethylammonium) (Et4N),CdCl, 483 4 Cl, tetrahedral
tetrachlorocadmate
Bis(tetraethylammonium) (Et4N),CdBr, 374 4 Br, tetrahedral
tetrabromocadmate
Bis(tetraethylammonium) (Et4N),Cdl, 79 41, tetrahedral
tetraiodocadmate
Cadmium n-butylxanthate Cd(n-buxan), 445 48, tetrahedral
Hexaamminecobalt(111) [Co(NH3)6])[CdCls] 134 5 Cl, trigonal
pentachlorocadmate bipyramid
Cadmium(11) diethyldithiocarbamate Cd(Et,dtc), 377 58, tetragonal
Tris(ethylenediamine)cadmium(11) Cd(en);Cl, - H,O 380 6N, octahedral
chloride monohydrate pyramid
Hexakis(imidazole)cadmium(11) nitrate ImgCd(NO3), 238 6 N, octahedral
Cadmium(11) maleate dihydrate Cd(O,CCHCHCO,)-2H,0 12 6 O, octahedral
-7 6 O, octahedral
Sodium (ethylenediaminetetraacetato)- Na,Cd(EDTA) 117, 2N,40,
cadmate 107,97 octahedral

% Shifts are referenced to 0-1M Cd(ClO,), in aqueous solution with I =4-5,
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by high-frequency ">Cd shifts. In general, the authors find that the chemical
shifts measured in the solid state are substantially different from those
obtained in solution. This is easily rationalized since in solution studies
one is generally observing an average shift of several species in rapid
equilibrium. The ''*Cd spectra of some of the compounds studied, e.g.
HthiCdCl, H,O0, Cd(en);Cl,:2H,0, Co(NH,)sCdCls, exhibit linewidths of
several hundred Hz. The authors have ruled out impurities as a likely
source for these large linewidths, and suggest the following possibilities:
(1) small deviations from the magic angle; (2) broadening by '*N, as the
dipolar interaction with a quadrupolar nucleus need not be averaged out
by MASS; (3) crystal imperfections, which could give a dispersion of
chemical shifts; or (4) polymorphism.,

The '*Cd powder spectra obtained in the absence of MASS exhibit
shielding anisotropies comparable to those reported for related compounds
by other workers.’>>!” Relative shielding tensor elements with respect to
isotropic averages and Ao values reported in ref. 321 are given in Table
12. Itis interesting to note that small distortions of tetrahedral or octahedral
symmetry are sufficient to produce significant shielding anisotropies. For
example, (Me4N),CdBr, has Ao =33 ppm although the spectrum of
(Et4N),CdBr4 shows no noticeable anisotropy. Similarly, Ao =0 ppm for
Cd(Cl1O,)-6H,0 while in Cd(NH,)2(SO4)2-6H,0 the shielding anisotropy
is 76 ppm. On the basis of a “‘slow-spinning’’ experiment the authors find
a large shielding anisotropy in cadmium(i) diethyldithiocarbamate,
Cd(Et,dtc),. Since it appears to be impossible to obtain a satisfactory
spectrum without MASS, no estimate of Ao is reported. A good estimate
should be possible, however, using the results of Herzfeld and Berger.®?

Finally, high-resolution solid-state ''>*Cd NMR studies may be helpful
in characterizing metalloproteins that bind Cd.***

E. Other nuclei

In general, the references quoted here are confined to high-resolution
NMR studies of other nuclei that utilize MASS or some other line-
narrowing technique. [For further references see p. 287.]

1. Spin 1/2 nuclei

(a) Nitrogen-15. The recent book of Levy and Lichter’™ provides a
good introduction to high-resolution '>’N NMR spectroscopy. Nitrogen-15
NMR spectra obtained using high-power 'H decoupling and CP were first
reported by Gibby et al.>*® Spectra of stationary samples of (NH,),SO.,
NH4NO,, and glycine were discussed.

Recently, Schaefer, Stejskal and coworkers®?” have used high-resolution
>N NMR (CP/MASS) to study nitrogen metabolism. Different parts of a

325
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soybean plant grown on 1*N-enriched fertilizer were studied during various
stages of its development. The resolution was sufficient to allow the estimate
of the relative concentrations of amide and amine nitrogens in the seed
and pod. Peaks due to histidine ring nitrogens, arginine NH; nitrogens,
and proline, alanine, NO; , and NH,"* were also resolved.

In a similar study, the nitrate-'>N metabolism of Neurospora crassa was
studied by MASS/CP '°N NMR.*?® Good quality spectra are obtained in
18 hours or less. Contact times of 1 ms are used indicating that cross-
relaxation is very efficient. The authors conclude that the CP studies, which
measure only the completely or partially immobilized components of the
cell, complement conventional >C or '’N NMR measurements which
monitor the mobile components of in vivo cellular systems.

Protein turnover in soybean leaves®*® has been studied using '>C and
>N double labelling, together with double-cross-polarization (DCP)
NMR.**® The DCP technique allows detection of >’N-">C pairs. Further
discussion of the technique and its application in nitrogen metabolism are
given in an excellent review.'®

(b) Tin-119. With the exception of the 1196n chemical shifts given
for three organotin compounds, we are unaware of any other high-resol-
ution solid-state NMR studies of other nuclei.

2. Quadrupolar nuclei

(a) Hydrogen-2 (I=1). Pine and coworkers have successfully demon-
strated two different approaches for obtaining high-resolution ’H NMR
spectra: (1) MASS with synchronous spinning; (2) double quantum FT
NMR (DQFTNMR) with MASS.**?

In principle MASS removes first-order quadrupole broadening and CSA
interactions. Because spinning rates are generally two orders of magnitude
less than the quadrupolar broadening, the FID following a single 1pulse
consists of a series of spatially induced echoes separated by v, . By
sampling in synchronization with the rotation a ‘‘high-resolution” decay
results. Using this approach Ackerman, Eckman and Pines®*""**? were able
to resolve three peaks in the 2H NMR spectrum of perdeuteroterephthalic
ester (18) which are assignable to the aromatic, methylene, and methyl
deuterons. For a number of compounds ’H NMR linewidths vary between
1-5 and 3-5 ppm. The second-order quadrupolar interaction is estimated

CD;CD,O O
N z
C C
4 N\
0 OCD,CD,



HIGH-RESOLUTION NMR OF SOLIDS 69

to be responsible for a line broadening of approximately 1ppm (vo=
28 MHz). Since this interaction depends on vq>/ve, its contribution to
linewidth could be significantly reduced at higher fields. The main limitation
of this first approach is associated with the MASS; an extremely stable
spinner with angular fluctuations of less than a few millidegrees is required.

In the second approach, DQFTNMR,**? the requirements on sample
spinning are much less stringent. The double-quantum transitions (2-Q)
are independent of the quadrupolar coupling to first order, thus the MASS
serves only to remove CSA interactions which are generally less than
10 ppm. The pulse sequence used** to observe the double quantum spectra
is illustrated in Fig. 29. For a 28% randomly deuterated ferrocene sample

sty f)
90y ay 904

e i >
T, h=nT, 7 2

FIG. 29. Schematic representation of the pulse sequence used for double quantum NMR
spectroscopy.

the linewidth of the 2-Q line is approximately 40 Hz, which is double that
of the 1-Q line (the spinning axis is within 0-006° of the magic angle).
Static field inhomogeneity and susceptibility anisotropies have double their
effect for 2-Q transitions since all the chemical shifts are doubled.*®* The
width of the 2-Q resonance is however much less sensitive to spinner angle
adjustment and stability. The second-order quadrupole perturbation shifts
the deuterium resonance of the 2-Q transition by exactly twice that of the
1-Q transition.

Miiller, Eckman and Pines’" have demonstrated that single quantum
'H-’H CP leads to a substantial sensitivity gain in MASS *H NMR. The
resolution is improved since it is possible to use a lower level of isotopic
substitution (*H-'H dipolar interactions are reduced). Sample spinning
leads to complex CP dynamics and a broad Hartmann-Hahn matching
region.>** For large quadrupolar coupling long contact times are required.
Miiller*®* has demonstrated that long contact times can be avoided by
off-resonance CP.

(b) Nitrogen-14 (I=1). As far as we are aware all high-resolution 14N
experiments on rigid solids to date have been carried out by using single

334
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crystals. Applications of 'H dipolar coupled ‘*N NMR spectra in determin-
ing accurate N-H bond lengths in amino acids and peptides have recently
been reviewed.*’

Double quantum CP has recently been examined.>*®**” The 2-Q cross-
relaxation rate is predicted, and observed, to be four times that of a single
quantum cross-relaxation.>*® For one particular orientation of a (NH,),SO,
crystal, the '*N 2-Q spectrum is a doublet of splitting 180 Hz. Correcting
for the second-order quadrupolar shifts, a splitting of 126 Hz (~8 ppm) is
attributed to the chemical shift difference for the two non-equivalent NH,*
sites in (NH4),SO,. For large quadrupole coupling constants excessively
high rf fields are required to match the 2-Q Hartmann-Hahn condition.
For quadrupole splittings up to 2 MHz N 2-Q transitions can be observed
by indirect CP via dipolar order.**’

(¢) Aluminium-27 (I=5/2). High-resolution “AINMR spectra of
polycrystalline aluminates have been studied at high field (70-4 MHz) using
MASS.**® Pulses are selectively applied to excite the central 1/2 «»1/2
transition which is not broadened by first-order quadrupole interactions.**®
Isotropic chemical shifts appear to depend mainly on the Al-O coordina-
tion. For tetrahedral sites the shifts range from 55 to 80 ppm (to low
frequency of aqueous AlCl;) while octahedral sites have shifts near 0 ppm.
High-resolution >’ Al NMR should complement the 296j studies of zeolites
discussed earlier; such studies have recently been performed at 104 MHz.**’

(d) Boron-11 (I=3/2). Chemical shifts have been detected in a few
tetrahedrally coordinated compounds in the solid state.>*°

V. CONCLUDING REMARKS

We have attempted to outline recent applications of multinuclear high-
resolution solid-state NMR. Although many of the spectra we have used
in the figures are from our own work, they were chosen mainly for con-
venience. Near the time of completion of this review the discussions of a
meeting, ‘“‘Nuclear Magnetic Resonance Spectroscopy in Solids,” organized
by R. Richards and K. J. Packer were published (Phil. Trans. Roy. Soc.,
1981, A 299, 477). We have referred to several of the papers in this
excellent collection. The Specialist Periodical Reports on NMR, edited by
G. A. Webb and published by the Royal Society of Chemistry, review
solid-state NMR annually. References to the literature dealing with applica-
tions of solid-state NMR to the study of natural and synthetic
macromolecules are generally found under these headings; biennial reports
also appear on heterogeneous systems.

With the increasing availability of commercial spectrometers designed
specifically for solid-state work, and the practical and theoretical import-
ance of many of the systems amenable to these techniques, we expect much
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more activity in this area and a renewed interest in the solid state by
chemists.
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GLOSSARY OF ABBREVIATIONS

AO Atomic Orbital

ASO Atomic Spin Orbital

APSG  Antisymmetrized Product of Separated Geminals
CDOE Charge Dependent Orbital Exponents
CGTO Contracted Gaussian Type Orbital

CHF Coupled Hartree-Fock

CI Configuration Interaction

CNDO Complete Neglect of Differential Overlap
CVB-PT Coupled Valence Bond Perturbation Theory
DPT Double Perturbation Theory

EHT Extended Hiicke!l Theory

FC Fermi Contact

FP-CI  Finite Perturbation—Configuration Interaction
FPM Finite Perturbation Method

FPT Finite Perturbation Theory

GTF Gaussian Type Function

GTO Gaussian Type Orbital

INDO  Intermediate Neglect of Differential Overlap
LCAO Linear Combination of Atomic Orbitals
LCASO Linear Combination of Atomic Spin Orbitals
MBPT Many Body Perturbation Theory

MCCHF Multiconfigurational Coupled Hartree-Fock
MO Molecular Orbital

MOA Maximum Overlap Approximation

MINDO Modified INDO

NDDO Neglect of Diatomic Differential Overlap

OB Orbital (contribution to coupling constants)
REX Relativistically parametrized Extended Hiickel
SCF Self-Consistent Field

SCPT  Self-Consistent Perturbation Theory

SD Spin-Dipolar

SOPPA Second-Order Polarization Propagator Approximation
SOS Sum Over States

STO ° Slater Type Orbital

TDHF Time Dependent Hartree-Fock

UHF Unrestricted Hartree-Fock

VB Valence Bond

2DO Zero Differential Overlap

I. INTRODUCTION

Nuclear spin-spin couplings are important NMR parameters anu are of
considerable interest for both theoreticians and experimentalists. A great
body of experimental data has been built up through the years, providing
a basis for a stringent test of different theoretical approaches. Through the
interplay of empirical correlations, theoretical interpretations, the
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specification of more accurate empirical relationships, and so forth,
spin-spin couplings have proven to be an invaluable source of experi-
mental information about the nature of bonding and stereochemistry in
solution,

The first successful theory of electron-mediated nuclear spin-spin coup-
ling was formulated in 1953 by Ramsey' who also provided the first
theoretical estimate of the coupling in the HD molecule. A few years later,
simple computational schemes based on Ramsey’s theory were suggested
by McConnell® within the framework of the molecular orbital (MO) theory
and by Karplus and Anderson® who used the valence bond (VB) method.
In the mid-sixties Pople and Santry* presented a way to circumvent the
most serious drawbacks of McConnell’s formulation and laid the ground
for one of the methods still in use today. In the late sixties, Pople and
coworkers’ established yet another milestone in the development of coup-
ling theory by proposing the so-called FPT-INDO approach, which proved
to be very useful in various fields of chemistry and biology. The development
of computational methods as well as the application-oriented computational
work of the period 1969-1975 has been reviewed.® More recent develop-
ments have been reviewed on an annual basis.” A brief account of
the theory of nuclear spin—spin couplings can be found in a chapter by
Webb.*?

The purpose of the present review is to provide a complete follow-up
of my review from 1977.° The structure of this review is similar to the
previous one in the sense that it begins with a discussion of basic theory
and computational methods. This is done in Sections II and III. What is
new in these sections is an attempt to employ the SI system consistently
in all equations. The layout of the following sections, which are devoted
to applications, is different from that employed in 1977. The principal
reason for the change is the dramatic increase in interest in couplings
involving nuclei other than protons. Therefore the present review uses the
nature of the coupled nuclei, rather than the number of bonds between
nuclei, as the primary criterion for the section division. Section IV deals
with proton—proton couplings, Section V with proton-other-nucleus coup-
lings, Section VI with other couplings involving carbon, and Section VII
with the remaining couplings. As in the 1977 review, this survey contains
a ‘“‘special topics’ section (VIII). It closes with concluding remarks.

The nuclear spin-spin interaction energy in isotropic fluids can be
written as:

E(NN')= hJ(NN')Ix- In (1)

where Iy and Iy are dimensionless nuclear spin operators and J(NN') is
the nuclear spin—spin coupling constant in units of hertz (Hz). Alternatively,
the interaction energy can be written in terms of nuclear magnetic moments,
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i~ and gy, rather than spins:
E(NN')= K (NN BN BN (2)

where K (NN') is called the reduced coupling constant because, as opposed
to J(NN'), it does not depend on the magnetogyric ratios, y, of the coupled
nuclei. The relation between J(NN’) and K(NN') is:

K (NN') =47"J(NN')/ hynyn 3)

In the SI system, K appears in the units m > kgs~> A~ In the discussions
of couplings involving a particular pair of nuclear species, the numerical
values of the ordinary couplings, J, are used to facilitate comparison with
experiments. In discussions of couplings involving different nuclear species,
use of the reduced coupling is more meaningful. In these discussions
numerical values of K are given. To make the numbers more tractable,
the units of K in the text or the tables are 10'° m > kgs™2 A~? throughout
in this review. As a rule, the experimental values are quoted without giving
references. In almost all cases the experimental data are taken from the
theoretical papers in connection with which they are quoted, and thus the
original experimental work can be traced through these. A few exceptions
to this rule are made, e.g. when all experimental data quoted in a table
are reported in a single paper.

This review covers the period from 1976. Since its aim is to provide a
follow-up of the 1977 review, the references overlooked there are in general
mentioned here. When in context, important papers from the period prior
to 1976 are also quoted. This review was completed in the sping of 1981
and includes papers mentioned in Chemical Abstracts (or published in
some major journals) before January 1, 1981. A few papers (of which I
was aware at the preprint stage) that appeared after that date are also
included.

II. BASIC THEORY OF NUCLEAR SPIN-SPIN COUPLINGS

A. Basic interactions

According to Ramsey' the electron-coupled interactions between the
nuclear spins in molecules can be described in terms of the non-relativistic
hyperfine Hamiltonian:

ﬁ=ﬁla+ﬁ1b+ﬁz+ﬁ3 (4)

The first and the second terms, which describe the interaction between the
nuclear magnetic moments and the orbital motion of the electrons, are
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given by the following equations:

2
A eh - — A A A
H,= #O—l;B Y YNYN LN 3"kN' 3[(IN “In)(Fen 1en) — (I Tien)
(47) N,N’ k
X (b )] (5)
a h 2 _
Hy, = “;‘“? PIETN INEDIN Y 3(rkN X Vi) (6)
m N k

where w, is the permeability of the vacuum, up is the Bohr magneton, and
ryn is the radius vector from electron k to nucleus N.

The third term in equation (4) corresponds to the dipole—dipole interac-
tion between the nuclear and the electron spins and is given in the following
form:

T Homph

H,= ) Z YN Z [3(§k ‘ rkN)(iN : rkN)rkN_s - (gk : iN)rkN_s] (7
T N k

where §k denotes the spin of electron k.
Finally, the Fermi contact (FC) Hamiltonian is given by:

A 4 h A A
H;= %% YN % S (ren)Sic - In 8

where 8(rcn) is the Dirac delta function. This form of the FC interaction
has been subject to some controversy.” A vast majority of the calculations
reviewed here are however based on the contact operator as given in
equation (8). Some perturbation-variation calculations for the hydrogen
molecule constitute an exception however, and the relevant aspects of the
problem of the functional form of the contact operator are discussed further
in connection with this type of work.

The theory of Ramsey' is non-relativistic; it assumes that the spin and
orbital angular momenta are LS coupled and that the vector potential of
a nucleus, Ay, is that of a point dipole:

ixr
AN=—;‘° g ©)
w

N

A relativistic analogue to Ramsey’s theory was presented in 1977
by Pyykko.'® In this theory, the terms Hi,, H,, and H; in equation (4)
are replaced by a single hyperfine Hamiltonian:

o i XN

H =Eecph =35 (10)
47 N




86 JOZEF KOWALEWSKI

where H' is given for one electron and one nucleus with the vector potential
given by equation (9). The term Hj, is found in the relativistic theory as
a second-order contribution from the positron-like intermediate states.

B. Coupling mechanisms

Once the basic interactions are formulated and it is recognized that they
are small compared with the molecular electrostatic Hamiltonian, different
approaches of perturbation theory may be applied to the problem of
calculating the nuclear spin-spin couplings. In the original formulation of
Ramsey,' conventional second-order perturbation theory was used. The
derivation appears in earlier reviews'*'* and is omitted here. Recapitulating
the results briefly one finds that the electron coupled nuclear spin-spin
interaction has the following form:

ENNN)=hi-JNN)-Iv (11)

where J is a second-rank coupling tensor; the isotropic coupling mentioned
above in equation (1) is equal to one-third of the trace of the tensor:

J=(1/3)x+Jyy+ J22) (12)

The isotropic coupling can, in the non-relativistic theory, be written as
a sum of four distinct contributions:

J(NN) = T2 (NN') + T "V (NN') + T P(NN') + T 9 (NN') (13)

where J'®(NN"), which is called the diamagnetic orbital cogtribution to
the coupling, is simply the expectation value of the part of H,, involving
N and N’ for the unperturbed ground state of the molecule. The terms
JIOMNNY, JP(NN'), and JP(NN'), which are called the paramagnetic
orbital or, concisely, orbital (OB), the spin-dipolar (SD), and the Fermi
contact (FC) terms, correspond to the second-ordeg‘ corrections to the
energy due to the appropriate terms in Hyv, H,, and H;.

In partially oriented liquids, the anisotropy of the coupling tensor can
be observed. Generally, the coupling tensor may consist of nine independent
elements.'”> The number of these elements decreases if the molecule
possesses elements of symmetry. If the internuclear axis coincides with a
threefold, or higher, symmetry axis of the molecule (z-axis), the off-diagonal
elements of the tensor vanish and the two diagonal elements, Jy and Jy,,
become equal. The coupling anisotropy may then be defined as a simple
(scalar) quantity:

AT =T = (1/2)Uax+Jyy) = (3/2)J .~ T) (14)

The FC term is always isotropic and does not contribute to AJ. The SD
and OB terms, as well as the diamagnetic orbital term, can all contribute
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to the coupling anisotropy. Further, a FC-SD cross term AJ“?, though
vanishing for the isotropic J, may contribute to AJ.

The distinction of the OB and SD terms in Ramsey’s theory' is the result
of the use of LS coupling. In the relativistic theory of Pyykkd,'® j—j coupling
is used instead and the two contributions cannot be separated. The non-
contact terms in both theories are however related to the non-s electrons
and may as such be identified in the numerical calculations even when the
relativistic theory is used. In a similar manner, the relativistic s orbital
contribution may be separated. It corresponds in the non-relativistic limit
to the FC contribution. It is interesting to note that Pyykko’s theory also
predicts a non-vanishing mixed orbital s—p contribution to the isotropic
coupling, which is absent at the non-relativistic limit. The magnitude of
this term for Hg-C coupling in dimethylmercury is estimated to be ~1-7%
of the total.'®

Besides introducing the spin—orbit splitting of the p, d, ... shells, and
thus requiring the use of the j—j coupling mentioned above, the relativistic
effects on the electronic structure of atoms and molecules consist of the
contraction of s and p shells and the relativistic self-consistent field
expansion of d and f shells.'*'® When couplings are evaluated using the
Hamiltonian in equation (10), one obtains an expression containing the
atomic hyperfine integrals:

Ay = J; (8« *fx’ + gk’fx*) dr (15)

where g and f are the radial functions of the large and the small component
of a four-spinor, and where the quantum number « carries information on
both 1 and j. Owing to the relativistic contraction of the s and p shells, for
heavy elements the relativistic hyperfine integrals (and the relativistically
calculated couplings) are of substantially larger magnitude than their non-
relativistic counterparts.

The theory proposed by Pyykko'? can also be used to calculate coupling
anisotropies. The pure s-orbital contribution to AJ vanishes, in analogy
with the FC term of Ramsey’s theory; the s—p term for the anisotropy
corresponds, in the non-relativistic limit, to AJ 23 and the other terms to
the combined and non-separable effects of AJ® and AJ (1e)

I1II. COMPUTATIONAL METHODS

A. Introductory remarks

This section deals with general computational procedures for calculations
of nuclear spin—spin couplings in polyatomic molecules. As mentioned
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above, the calculations of couplings are usually based on perturbation
theory. The different approaches used can be characterized, on the one
hand, by the perturbational treatment applied and, on the other hand, by
the level of approximation adopted in the calculations of the wavefunctions
involved. Very roughly, perturbation theory methods can be divided into
two categories: the uncoupled methods, based on a straightforward
expansion of the second-order energy as a sum-over-states (SOS), and the
coupled methods, in which calculations seek to attain self-consistency. It
should be stressed that in the extreme the two schemes can actually become
identical and that some of the methods do not really fit this particular
division. The uncoupled schemes are reviewed only briefly. Emphasis is
thus placed on coupled schemes that have undergone important develop-
ments during the last few years.

The basic classification of the MO methods into independent electron
LCAO-MO, semiempirical SCF-LCAO-MO, and non-empirical methods,
used in the 1977 review,® still seems appropriate. Distinguishing features
of the period covered by this review have been the continuing interest in
the INDO method, introduction of new, more advanced semiempirical
schemes (MINDO, NDDO, Xa), and, most importantly, the greatly
increased use of non-empirical calculations with large basis sets. Combina-
tion of the coupled perturbation schemes and the large basis non-empirical
calculations has proved to be very fruitful, not least in studies involving
the role of non-contact mechanisms.

In analogy with the 1977 review,® the following Section B discusses the
computational methods used for calculating the FC term. The increasing
interest in non-contact mechanisms is reflected here by the fact that the
particular aspects of the calculations of the OB and SD contributions are
allocated a separate section each, i.e. Sections C and D.

A special position in this area is held by the interesting paper by Pyykkd
and Wiesenfeld'® who have applied the relativistic theory of couplings,10
in which the division into FC, OB, and SD contributions is artificial. We
shall discuss this paper in Section B.

B. The Fermi contact term

The simplest MO theory of the FC contribution to nuclear spin-spin
couplings is that proposed by McConnell.? In his formulation, the coupling
is proportional to the square of the bond order matrix element between
the valence s orbitals centred on the coupled nuclei. The method is hardly
used any more but it has undoubtedly had a strong impact on subsequent
developments. Pople and Santry* have advocated a simple SOS approach
using a truncated set of excited-state wavefunctions constructed by promot-
ing a single electron from the molecular orbital occupied in the ground
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state into a virtual orbital. The resulting equation is:

K®(NN) = ~(16/9)uo’us’ L X CAE:..) (il8(rw)|a) als(rw)li)  (16)

The summation is carried out over the occupied MOs (i) and virtual MOs
(a). Depending on the type of wavefunctions chosen, the triplet excitation
energies and the matrix elements of the Dirac delta function are, in turn,
given by different expressions. For the simplest sort of independent electron
model, e.g. the EHT method (extended Hiickel theory), the excitation
energy is expressed simply as the difference between the orbital energies,
£a— €;. At this level, it is reasonable to retain only the one-centre atomic
integrals over the Dirac delta functions. This leads to the simple expression:

KONN) = (4/9) o unsn?(0)sn (0 .
with
M =4k % Q_CE%I:—C_N (18)

where sn(0) is the amplitude at the origin of the valence shell s orbital
associated with the nucleus N, 7y is called the atom-atom polarizability,
and c;y is the coefficient of the valence shell s orbital at atom N in the ith
MO.

Pyykko and Wiesenfeld'© have extended equation (17) to make it compat-
ible with the relativistically parametrized extended Hiickel method (REX)"’
and Pyykkd’s relativistic theory of couplings.’® In REX, one constructs
and diagonalizes a Hamiltonian matrix using |lsjm) coupled atomic orbitals
as the basis. The diagonal matrix elements are identified with the atomic
orbital energies from Dirac-Fock calculations, and the Slater type orbital
(STO) exponents are fitted to the radial functions. The off-diagonal Hamil-
tonian matrix elements are calculated using the Wolfsberg-Helmholtz
expression.

Pyykko and Wiesenfeld'® calculate the whole reduced coupling tensors.
They express the nuclear spin operators as irreducible tensors and write
the coupling energy:

1 1
E(NN')=YNYN'h2 Z Z IN,.KNN'MIN'V (19)

nw=—1pv=-1

The uv component of the coupling tensor is then given by:

OCC unoce [

Kan*"=2Y X ZN Cit*Cau(th(VN“)+|X">]

t,ue

x[ S cntemtnl(Vae') x| (ei—ed)™ (20)
.

v,we
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The one-centre hyperfine matrix elements (x| Vx* |xu) are basically products
of the “3j” symbols and the hyperfine integrals of equation (15). These
integrals are also taken from the relativistic atomic calculations.

The REX calculations can be compared systematically to the non-rela-
tivistic calculations by replacing the relativistic atomic parameters with
their non-relativistic counterparts, with both sets of parameters coming
from ab initio atomic calculations. No other alterations are necessary.

With semiempirical SCF MO theories like CNDO or INDO, one can in
principle still use equations (17) and (18). This is not strictly correct,
however, because at this level the excitation energy should be decreased
by subtracting the Coulomb integral (ii|aa). The one-centre integral approxi-
mation for the Dirac delta integrals is, on the other hand, consistent with
the remaining approximations in the zero differential overlap (ZDO)
methods.

Within the uncoupled framework, equation (16) may be refined further
by allowing for various degrees of configuration interaction (CI) in the
zero-order wavefunction, ¥, and in the first-order correction to the
wavefunction, ¥V, For a general case of an arbitrarily accurate ¥ (/0))
and an expansion of ¥ in an arbitrary set of triplet configurations |u),
the coefficient c, n" of the triplet configuration u in ¥ is given by:

K A A
Z IH? = Eou)eun™ = —(A| T 8(ren)$al0) 21)
e
where A =1, ..., K. The coupling is then written as:
3) 2 2 X (1) &
K™”(NN')= (32/9)Mo UB Zx Cu,N (IJvl Z 5(l'kN)Szk|0> (22)
o=

Equations (21) and (22), with highly correlated ¥ and with the u-space
including all single and double replacements with respect to the ground
state Hartree-Fock determinant, have been applied to the hydrogen
molecule'® and to several polyatomic molecules. '° The latter work produces
rather unsatisfactory resulits, in spite of the substantial computational effort
involved.

During the period covered by this review, the uncoupled SOS approaches
have been subject to few new developments. Probably the most important
one, that involving relativistic calculations,'® has already been mentioned.
Bendazzoli and coworkers® have discussed the use of a Padé-type algorithm
for solving the system given in equation (21). Klopper®' has generalized
equation (16) so that it is valid for the antisymmetrized product of separated
geminal (APSG) wavefunctions instead of ordinary MO wavefunctions. A
theory leading to the expression for a coupling as a dot product of two
abstract vectors, involving occupied and virtual molecular orbitals, has been
presented.”” Joela®® and Zhidomirov et al** have reported expressions for
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couplings involving products of atom—atom polarizabilities rather than a
single one.

A series of papers report qualitative discussions of the importance
of the correlation effects in the calculations of nuclear spin—spin couplings.
Hirao and Kato?® have compared the SOS INDO calculations of couplings
between directly bonded carbons and protons and between two carbon
atoms, using localized and canonical MOs. Their calculations, using the
localized MOs, show closer agreement with the finite perturbation theory
(FPT) method than do the corresponding conventional SOS calculations
with canonical MOs. Two papers have dealt with comparisons between
simple SOS calculations using approximations to equation (16) and different
MO approaches. André et al.*® calculated 99 couplings in 22 reference
compounds using the standard versions of EHT, CNDO/2, and STO-3G
MO procedures. They examined the linear correlations between the experi-
mental and the theoretical results and discussed the capabilities of various
methods. Some of the correlations are quite satisfactory, but none of the
methods has been able to reproduce the experimental magnitudes of the
couplings. Tarpg et al.>® have tested different SOS CNDO and SOS INDO
schemes and parametrizations for various one-, two-, and three-bond
couplings. Among the many different computational features tested by
them, one should mention the use of Slater exponents varying according
to the atomic charges, and the use of the parametrization proposed by
Boyd rather than the usual one. As in the work of André and coworkers,”’
linear correlations between the calculated results and the experimental
data were examined. A number of papers have used the Pople-Santry
method together with some kind of perturbation treatment of molecular
orbitals in a series of related molecules. This type of work is reviewed
below in connection with the particular type of coupling involved.

We now turn to the coupled methods. The coupled methods may further
be divided into the finite perturbation and infinitesimal perturbation
methods. The finite perturbation method (FPM) (the abbreviation FPT,
finite perturbation theory, is also used) was originally proposed by Slater
and Kirkwood*" and adapted to the problem of nuclear spin-spin couplings
by Pople and coworkers.” As proposed by Pople et al.,” the FPT is presented
as a way to perform the coupled Hartree-Fock (CHF) calculations. Gen-
erally speaking, with CHF the Hartree-Fock equations for the molecular
orbitals are solved in the presence of a perturbation. In the case of FPT
the perturbation is finite; in the case of nuclear spin—spin couplings it
involves an unnaturally large nuclear magnetic moment. Following the
original work, it is convenient to continue the discussion in terms of the
reduced coupling K (NN').

Consider a molecule with two nuclear magnetic moments, uyx and un,
directed along the z-axis. In the presence of the FC interaction alone, the

25-27
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Hamiltonian for the molecule may be written as:

ﬁ=ﬁ0+/.LNgN+,LLN'ﬁN' (23)
where
Hy=(4/3)popsn z 8 () S (24)

From the power expansion of the energy in the presence of the two magnetic
moments, the expression for the reduced coupling may be written as:

2
K(3)(NNr) - [a E(MN’ #‘N')] (25)
OUNOUN  dpu=pn=0

Using the Feynman-Hellmann theorem, proved’ to be valid for the SCF
functions used in the case at hand, the second derivative of energy may
be set equal to the first derivative of the expectation value of Hy with
respect to un, evaluated in the presence of uy:

KOMN) = | - (W) Bl are) | (26)
CJT3NG un=0
Thus, calculation of K(NN') requires calculation of the wavefunction in
the presence of one of the nuclear magnetic moments, un. Subsequent
calculation of the expectation value of Hy and its derivative is much simpler
and can be done easily for any number of magnetic nuclei in a molecule.
In the FPT,’ W(un) is computed as an unrestricted SCF LCAO-MO
wavefunction. This is necessary because the presence of un Hy (the matrix
elements of which enter the Fock matrix with a different sign for the a
and B electrons) induces a non-vanishing spin-density in the molecule. The
spin-density matrix p may be defined as the difference between the first-
order density matrices associated with the « and 8 electron spins:

p=P*-P*° (27)

Now, the expectation value of Hy appearing in equation (26) may be
written in terms of p:

(W () F| W () = 2“;““ % ou (n A8 ) (28)

where A and » denote the atomic orbitals. The unx dependence of the
right-hand side of equation (28) is limited to the spin-density matrix.
Derivation with respect to un gives the reduced coupling:

2
KP(NN') = “"“" z <A|a<rn)|v>[——pA,(uN)] (29)

un'=0
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which is generally valid for any type of SCF-LCAO-MO procedure. Pople
and associates then introduce a number of approximations consistent with
the semiempirical CNDO and INDO methods, and calculate the derivative
using the method of finite differences. They arrive at:

K® n_ 4#02N~132 2 2,01y P {ANY)
(NN') = ———sn"(0)sn(0)—=7—— (30)
9 hn
where hy is the quantity actually added to or subtracted from the diagonal
matrix elements of the Hartree-Fock operator.

Equation (30) has been applied recently together with other semiem-
pirical ZDO procedures. Dewar and coworkers®’> and Pandey and
Chandra®® report MINDO/3 calculations for a large number of couplings
involving carbon, hydrogen, nitrogen, and fluorine, and find no improve-
ment over INDO calculations. Mehrotra et al.>* and Solkan and Leonidov*’
have reported similar calculations using the NDDO method. They have
examined only a few cases, and again there is no evident advantage over
INDO.

Contreras et al.’® have investigated the effects of small alterations in the
original INDO parameters (bonding parameters, electronegativities, Slater
exponents) on couplings in model compounds, calculated using the FPT
INDO method. Some of the couplings are found to be very sensitive to
some of the parameter changes. Similar ideas of modifying the INDO
parameters in order to reproduce better a particular effect have been
reported.”” More recently, Facelli and Contreras®® have investigated the
effect of including polarization functions (2p orbitals on hydrogens) in the
basis set used in the INDO calculations. Different couplings show a different
sensitivity towards this extension of the basis set.

As a method for performing coupled Hartree-Fock calculations, the FPT
scheme is not particularly efficient and the infinitesimal self-consistent
perturbation methods are preferable. However, the FPT has the advantage
of being compatible with computational schemes beyond the Hartree—Fock
approximation. Peinel and K1pper®® have proposed the application of the
FPT scheme together with APSG wavefunctions. More important are
applications allowing for different types of configuration interaction, sug-
gested®® for the study of another second-order property, static polarizabil-
ity. Finite perturbation configuration interaction (FP-CI) calculations of
nuclear spin-spin couplings were proposed by Kowalewski and coworkers.*'
There is one principal difference between the FPT calculations at the
Hartree-Fock and truncated CI levels of approximation: the equivalence
of equations (25) and (26) at the Hartree-Fock level is based on the
Feynman-Hellmann theorem. This theorem is not valid for truncated CI
wavefunctions*>*' (unless both the orbitals and CI coefficients are simul-
taneously optimized, as in the multiconfigurational SCF procedures), and
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the two expressions in general do not lead to the same result. In the case
of the parallel component of the polarizability in the hydrogen fluoride
molecule, Werner and Meyer*’ find that the two values differ by 2% and
suggest that the first derivative of an expectation value should give the
more reliable result. No such tests have been performed for the computation
of couplings. Kowalewski et al.*' worked with equation (25) because it is
simpler to implement. Another reason for this choice is that, while the
polarizability may be phenomenologically defined either in terms of the
second derivative of energy or in terms of the first derivative of the induced
dipole moment, the coupling is phenomenologically defined only in terms
of energy. Kowalewski et al.*! note the symmetry properties of the energies
computed in the presence of a perturbation and approximate equation (25)
by:

K(NN')=[E(An, An)— E(An, —AN)1/2ANAN (31)

where Ay and Ay are the artificially large values of the nuclear magnetic
moments, typically 10°~10° times larger than the real ones. It is worth
noting that equation (31) conforms nicely to the phenomenological
definition of the coupling as a quantity that is proportional to the energy
difference between the parallel and the antiparallel orientations of the
nuclear spins for two spin-1/2 nuclei.

Calculations performed according to equation (31) are carried out in
two steps. First, the unrestricted Hartree-Fock (UHF) calculations of the
total energy and the molecular orbitals are performed. At this stage, the
CHF value for the coupling can be computed. In the second step, the
perturbed orbitals are used as an input to a UHF-based CI program and
different correlation energy estimates are computed. The most accurate
method used is the full variational calculation involving all single and double
replacements with respect to the reference UHF determinant. Also
possibilities of using simpler approaches are investigated. In subsequent
reports*>™* the full variational calculations and simple (and computa-
tionally cheap) second-order estimates have been found to be most useful.
A more detailed discussion of the results is presented below but it should
be mentioned at this stage that the correlation effects are found to be very
important for the quantitative interpretation of couplings.

As mentioned above, the CHF values of couplings can be obtained more
efficiently using the infinitesimal coupled Hartree-Fock methods. A general
presentation of the CHF method has been given.*’ The formulation most
often used in the calculations of nuclear spin-spin couplings is the self-
consistent perturbation theory (SCPT) method of Blizzard and Santry.46

As in FPT, equation (29) is also the basic expression in the SCPT
procedure. The derivative of the spin-density matrix is, however, evaluated
in a different way, i.e. from the first-order correction to the molecular
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orbitals. Let ¢;¥ be a column vector representing the ith occupied MO in
the space spanned by the atomic orbital basis, and ¢ a column vector
representing the first-order correction to ¢.? due to the perturbation p.N:ﬁN/
[compare equations (23) and (24)]. Using standard second-order perturba-
tion theory with

F‘O)ci(m - Eici(O) (32)

as the zero-order equation, the expression for ci“) becomes:

&= [X (e -e) 6780 FV (33)
a

where F© is the Fock matrix in the absence of a perturbation and F¥ is
the first-order correction to the Fock matrix. The correction F’ depends
on the first-order correction to the density matrices for the a and B8
electrons, defined in the following way:

P,
P, P= (—£—> =X %P+ Ve, (34)

oun un=0 i

Owing to the dependence of FY on PY, equation (33), which gives the
first-order correction to the orbitals, must be solved iteratively. When
convergence is achieved, equation (34) gives the sought-after value of the
derivative of the spin-density matrix. From the symmetry of the operator
Hy, we have:

Pd(l) = _Pﬁ(l) (35)

and
9Px» _ a(l) 6
aMN' “ '=0_2P)‘v (3 )

Further, Blizzard and Santry*® have introduced the INDO approximation
with the same assumptions about the integrals as those of Pople et al’ In
practice, they find it more convenient to set the sysn element of the
one-electron part of F”, which is identical to Hy, as defined in equation
(24), equal to unity instead of 2uoussn-(0)/3. The resulting first-order
density matrix element is then multiplied by 2uoussn’(0)/3. The final
expression for the reduced coupling becomes:

u 4 2 2
K®(NN)=2P,,. <I>%SN2(0)sNF(0) (37)

The advantage of the SCPT method compared to FPT Hartree~-Fock
calculations is twofold. First, the SCPT method replaces the tedious and
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sometimes slow-to-converge UHF scheme with a series of matrix multipli-
cations. Second, the disadvantage associated with the numerical calculation
of derivatives, i.e. limited precision, is also avoided.

The SCPT method was for the first time applied at the non-empirical
level by Ditchfield and Snyder.*” A similar approach has been used more
recently by Guest et al.***° who have improved the computational pro-
cedure by using damping factors and level shifters. These authors point
out that the CHF theory may be unsuitable for systems that show
UHF instabilities in the ground state, e.g. some multiply bonded systems.
Lazzeretti’™! has compared the CHF method with uncoupled methods
and with the geometric approximation based on the first two terms of
the double perturbation expansion.

Two interesting new method developments took place during 1980.
Albertsen et al.”® derived the multiconfigurational coupled Hartree-Fock
(MCCHF) equations for the FC contribution to couplings. The method
has so far been applied only to diatomic molecules (HD and HF) but it is
general in principle. A way has been suggested® to generalize the self-
consistent perturbation theory, as sketched above, to the configuration
interaction level of accuracy. The method has not yet been used to calculate
nuclear spin-spin couplings.

The quality of a non-empirical calculation is determined, to a degree
comparable to the choice of the perturbation approach, by the choice of
the basis set. It was noticed several years ago that the non-empirical CHF
calculations of couplings using the minimal basis set are unsuccessful.’*
This early observation has probably delayed the development of non-
empirical CHF (and related) calculations. In the more recent work men-
tioned above,*'™****-3! larger basis sets of Gaussian type functions (GTF)
have been used, and the results have turned out to agree much better with
experiment. In some of these papers‘”“”“‘s"50 the effects of basis set vari-
ation have also been investigated. The general picture that arises is that
the basis set requirements vary for different types of coupling and for
different chemical situations. For certain “easy’’ problems, like the variation
of the vicinal couplings in ethane with the dihedral angle*” or the substituent
effects on one-bond carbon—proton couplings,** the use of a rather small
double-zeta basis has proved to be sufficient. A more detailed discussion
of this problem is given in connection with the discussion of particular
couplings.

One more basis set related problem should be mentioned in this
methodological section. It has been pointed out® that the s-type GTFs
may be unsuitable for calculating the FC contribution to couplings because
they do not satisfy the cusp condition, i.e. they do not behave properly at
the origin. These authors suggest a way to improve the situation but stress
that their method does not remove the principal difficulties involved in
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calculating the value of a wavefunction at the site of a nucleus. An alterna-
tive way of circumventing the cusp problem in molecular calculations has
been proposed.’®

It is mentioned in the preceding Section A that the division into the
uncoupled and coupled schemes is to a certain extent arbitrary and does
not cover all the methods used for calculating couplings. The group of
methods falling in between comprises the double perturbation theory (DPT)
or many-body perturbation theory (MBPT) calculations. It was pointed
out’” in 1972 that for the case of nuclear spin—spin couplings all the
important terms appearing in the CHF calculations also appear in the DPT
calculations. Lazzeretti’® has treated the first two terms in a special case
of the double perturbation expansion as leading terms in an expansion
converging at the CHF solution. He has found that, at least in some cases,
the geometric approximation based on these two terms agrees rather well
with the CHF result. According to the analysis presented by Robb and
Chin,>® who use the diagrammatic MBPT technique, the sum of the three
leading terms in the MBPT expansion corresponds closely to the CHF
calculation, while the higher terms correspond to the correlation effects
described by a CI treatment based on the perturbed Hartree-Fock orbitals
or by including the doubly and triply excited configurations in the u-space
of equation (21). The methods of double perturbation theory and the results
obtained using the localized MOs have been reviewed.>® Related studies
have more recently been reported;ﬁo'61 the calculations involve the non-
empirical approach. Additionally, calculations within the frameworks of
the semiempirical schemes®>®* are reported.

C. The orbital term

As mentioned in the preceding Section B, there are really two terms in
Ramsey’s' expression for the coupling that depend on the orbital motion
of the electrons. The diamagnetic term, J ID(NN'), is a straightforward
expectation value evaluated using the wunperturbed ground state
wavefunction:

2 2
€ Ko
24mn*

KM(NN') = (0] % fen hen B Fin|0) (38)

Nevertheless, the diamagnetic orbital term has been calculated by only a
few authors. Lee and Schulman® have used the Monte Carlo integration
method and have reported calculations of several couplings between directly
bonded nuclei. They find that the contributions from different regions of
space largely cancel, leading to rather small total values. The calculated
results are found to be very sensitive to the basis set, leading the authors

to the conclusion that J'® is the most basis set sensitive first-order property
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computed to date.®* The method of Lee and Schulman® has the advantage
of being applicable together with any type of ground state wavefunction.
For the specific case of calculations using GTFs, Matsuoka and Aoyama®
have derived reasonably simple expressions for the integrals in equation
(38), relating them to the analytical expressions for four-centre field or
overlap integrals. For one-bond couplings, the results of Matsuoka and
Aoyama®® differ rather little from the work of Lee and Schulman.®* More
interesting are the large orbital diamagnetic contributions to *J(HH) in
the first-row hydrides, discussed in detail in Section IV.B.

The paramagnetic orbital term, J UP)(NN'), has received much more
attention in the literature. The classical papers®* have proposed simple
expressions relating J'® to the integrals (2pn|ray >|2pn) =(rn ). Since no
2p orbitals are assigned to the hydrogen atoms, these models predict that
the OB term vanishes for couplings involving protons. It is natural to retain
this assumption in all semiempirical calculations. The recent non-empirical
studies have shown, however, that this assumption can, at least in some
cases, be incorrect.

In principle, most of the methods developed for the contact term can
be, and have been, applied to the calculation of the OB term. Towl and
Schaumburg®® have presented calculations using the uncoupled SOS CNDO
and SOS INDO schemes. Nakatsuji et al.®’ have adapted the FPT method
for calculations of the OB term. The SCPT method of Blizzard and Santry*®
has been developed for all three mechanisms. Among these coupled
Hartree-Fock methods, the SCPT approach has been applied most
frequently and thus is presented here.

We assume, by analogy with the case of the FC term, a system with two
nuclear magnetic moments in the z-direction, and write the Hamiltonian as:

I‘? = Ho + [.LNI'}N’ZOB + [LN'ﬁN',ZOB (39)
where

N _ 4 d

HN,zOB = “OM.B 2N 3()Cm‘_"‘)’m“‘—) = hNOB(k) (40)
2mi % IYkN 0XkN k

The orbital contribution to the reduced coupling is also given here by the

second derivative of the energy with respect to the magnetic moments of
N and N":

0E (un, un)

K" (NN, = ]
BUN IUN I = pine=0

- [5"—<w<uNf>lﬁN,z°B|\v<uNI)>]
UN'

un=0
(41)
where the second equality is the result of the Feynman-Hellmann theorem.

The derivative in equation (41) is calculated from the first-order perturba-
tion correction ¢;’ to the molecular orbital coefficients ¢;. The basic
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equation of the SCPT for the OB term has the same form as equation (33),
with the first-order correction to the Fock matrix, F,,."”, given by:

FL® = A 0) + I P Pl(Av]or) — (1/2)(A7]0w)] (42)

where (Av|or) and (Ar]ov) denote standard two-electron integrals and P,.,'”
is the first-order correction to the density matrix:

ay_ (0Por ST . O, M @, ©
P=(32) =2 (- @3)
OUN/ =0 j

Note that in this case the perturbation is spin-free and that the F,,'" matrix
elements are purely imaginary. Consequently, the perturbed molecular
orbitals remain identical for the a and B spins but are composed of a real
(unperturbed) part c,;* and an imaginary part ic,;""’

Equation (33) is now solved iteratively until self-consistency in ¢V or
P™ is obtained. The orbital contribution to K (NN'), due to the magnetic
moments in the z-direction, is then given by:

KP(NN).. =3 P., (A [An"P|v) (44)
Av

which is analogous to equation (29) for the FC contribution.

If we now introduce the usual INDO-type approximations (minimal basis
set of valence shell s and p orbitals; only one-centre integrals retained)
and redefine the one-electron part of equation (42) to be equal to unity
for A =xn and v = yy,, equation (44) becomes:

2 2
KB (NN = 2P V0L () (™) (45)

where xn denotes a valence shell p, orbital on atom N'.

In fact, the interaction leading to the orbital contribution to the coupling
is anisotropic and calculations must be repeated for the nuclear magnetic
moments in the x- and y-directions. Equations analogous to equations (44)
and (45) are obtained after a suitable permutation of x, y, and z in equation
(40). The isotropic part of K °?(NN’) is then obtained as an average of
K°®B(NN'),,, K B(NN'),,, and K °®(NN'),,.

After the redefinition of {(A|hx"%|») mentioned above, the integral (ry )
is factored out from the expression for K °®(NN'). By analogy with the
parameter sx>(0) in the case of the FC term, (ry~>) may either be obtained
from atomic calculations or treated as an adjustable parameter. The latter
procedure seems to be used more frequently.

During the last few years SCPT INDO calculations of the OB term for
couplings between two first-row atoms have become usual. There is however
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a certain sense of ambiguity about the results, because the adjusted (ry">)
values are usually much larger than what would correspond to the STO
exponents used in the INDO calculations. Further, for the classical bench-
mark for calculations of the OB term, the one-bond coupling between
carbon and fluorine in fluoromethane, the semiempirical®” and non-
empirical*’ calculations predict opposite signs.

Several non-empirical coupled Hartree—Fock calculations of the OB term
have appeared since 1978.>*8-31%8%° The most important single conclusion
arising from these studies is that the OB term is definitely non-negligible
for several couplings involving protons. It has been reported*® that the
experimentally observed variation in the geminal proton couplings in the
series water—ammonia—methane arises mainly from the variation in the
OB term. A more detailed discussion of these calculations is given in
connection with particular types of couplings in the following sections. A
few more aspects should however be mentioned here. Guest and co-
workers*®*® and Lazzeretti’® have studied the basis set dependence of the
orbital term. It is found that the proton—proton couplings of the first-row
hydrides are very basis set sensitive while the proton—first-row atom coup-
lings display greater stability with respect to the basis set.*®*° The OB
contribution to the one-bond proton-second-row atom coupling in the
second-row hydrides has also been found to be rather insensitive to the
basis set.*’ Finally, Lazzeretti>® has found that the double perturbation
expansion of the orbital contribution to both >’J(HH) and 'J(OH) in the
water molecule is much more well-behaved than the similar expansion of
the contact term, and that the geometric approximation to the CHF
response may be quite successful for this mechanism.

D. The spin-dipolar term

The spin-dipolar contribution to nuclear spin-spin couplings, J** or J5°,
is similar to the OB term in the sense that similar integrals over atomic
orbitals are involved. In semiempirical formulations the only integral
retained is again {(rn ). Using the same type of argument as for the OB
term, Pople and Santry* have predicted the SD term to vanish if one of
the coupled nuclei is a proton.

The development of the theory of the SD term parallels closely the
development of the theory for the OB term. Thus, Towl and Schaumburg®®
have introduced the SOS CNDO and SOS INDO calculations of J°°.
Nakatsuji and coworkers®” have used the FPT in connection with semiem-
pirical ZDO procedures. The SCPT method for J°° has been formulated
at the INDO level*® and for non-empirical calculations.*” In order to focus
on the similarities and differences between the calculations of J°® and J5°,
the SCPT formulation of J5°, based on the paper of Blizzard and Santry,*°
is presented here.
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For the nuclear magnetic moments in the z-direction, the Hamiltonian
for the SD interaction may be written in a form similar to equations (23)
or (39), with:

H= I:Io + #NﬁN,zSD + #N'ﬁN',zSD (46)
ﬁN,zSD “;:B Yren [3kaZkNSxk + 3YkNZkNSyk + (3ZkN —r«N )Szk]
= Z e (K) + Ay 6P (K) + B P (K)] (47)

The form of the Hamiltonian in equations (46) and (47) makes the SD
term more complicated to handle than the other two second-order terms.
Since I?N,ZSD contains §x and §y it will therefore mix the @ and B8 spin
orbitals and, at the same time, introduce both the real and the imaginary
perturbation to the wavefunction. These features require a modification
both of the basis set to be used and of the SCF procedure. The molecular
orbitals are expressed as linear combinations of atomic spin-orbitals
(LCASO), which doubles the size of the atomic basis set. The Hartree-Fock
equations become:

F** F°®\/c* ¢*® ™ c¢™\(E* 0

(o pon)(Gon o) =G o) o) 09
where F** and F®? are the Fock matrices, corresponding to those encoun-
tered in the usual unrestricted Hartree—Fock theory, and F** and F** are
the terms mixing the @ and 8 character of the MOs. The MO space is
divided, arbitrarily at this stage, into two subspaces in which the « spin
ASOs have the coefficients ¢** and ¢*® respectively; E* and E® form
together the diagonal eigenvalue matrix. Now, the division of the MO

space becomes less arbitrary if we consider the unperturbed case. The
unperturbed Fock matrix is block-diagonal:

FaB(O) - FBa 0y _ 0 (49)

The unperturbed MOs are pure spin orbitals and the coefficient matrix is
therefore also block-diagonal. It is then natural to define the two MO
subspaces as corresponding to the @ and 8 spin MOs in the unperturbed
case. Then ¢;*® corresponds to the 8 spin contribution induced by the
perturbation into the j-th a spin MO. Clearly, we can write:

caB(O)___CBa(0)=0 (50)
If we substitute equations (49) and (50) into (48), perform the standard

perturbation expansion, and collect first-order terms, we find that the
contributions from each of the four submatrices, F°, F°?, F®*, and F*",
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can be solved separately. Denoting, for brevity, F**©, ¢**©@, and E*” as
F, ¢, and E, we get:

Fcaa(1)+Faa(l)c =caa(1)E+CEnt(1) (51)
and

FP*Vc+ FcP*® = P DF (52)

These are the equations to be solved for ¢ using equation (33) with the
appropriate F.

To solve equation (51) we only need to consider the h.,n term of
equations (46) and (47). The h,,n and h,, x terms enter equation (52), but
it can be shown that they can nevertheless be treated separately, since they
lead to real and imaginary perturbations of the MOs respectively. The final
expression for the zz-component of the SD part of the coupling tensor
becomes:

KP(NN'),, =23 [My, V(A oz n*Pl) + Qau VA e P )
Av

+ Ry, VA |y 0)) (53)

Equation (53) is analogous to equations (29) and (44). The various
first-order density matrices entering equation (53) are:

a 0oCC
(1) 1 1
M, D=3 (Ve +ane ") (54)
J
o _ O B(1) 8(1)
o
Q. = ¥ (Rec\,y* " cj+ajRec,; ) (55)
1
W _ & B(1) 8(1)
[+ 1 [« 3
R, = Z (Im ¢,; cj+cajIme, ) (56)

J

The matrix elements of the perturbing Hamiltonian in equation (53) are:

3 -
M an®lyy =22 A Iy enanlv) (57)
3 -
Mlyen™lr) =222 ynanlv) (58)
A han®l) =22 A~ B = )) (59)

At the INDO level and after a redefinition of F*”’ [analogous to that leading
to equations (37) and (45)], equation (53) simplifies considerably and
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becomes:
“ 2 2
KSD(NNI)ZZ = ;O:l; [2MZN’ZN'(1) - MXN’xN'(l) - MYN‘YN'(I) + 3OXN'2N'(1)
+3Ryz Hrn Y™ (60)

As is the case for calculations of the OB term, it is necessary to repeat the
whole calculation two more times with the perturbing magnetic moments
in the x- and y-directions, and to take the average over the three directions
to obtain the final SD contribution to the isotropic K(NN’).

The non-empirical coupled Hartree-Fock calculations of the SD contri-
butions to couplings following closely the original formulations*®*’ are
reported by Guest and coworkers.***° Lazzeretti’>’! has compared the
CHEF calculations with uncoupled schemes and the geometrical approxima-
tion to the CHF response. In the case of the SD mechanism, the geometric
approximation seems to be useful only for certain types of couplings.
Lazzeretti and Zanasi’® have also investigated the possibility of making
calculations of the SD term more efficient by making use of molecular
symmetry. Lee and Schulman’’ have published a somewhat different formu-
lation of the coupled Hartree-Fock theory for the SD term and have applied
it to perform calculations for several molecules. These authors also note
that the CHF calculations for systems with multiple bonds (ethene, ethyne,
hydrogen cyanide) lead to very large values of K*°(NN'). Their analysis
shows that the CHF method fails for these systems. The reason for this
failure, which was anticipated,*® may be traced to triplet instabilities. Lee
and Schulman’’ have also discussed different possibilities of circumventing
this problem. A general conclusion from the non-empirical calculations
mentioned above is that the SD term is usually small. On the other hand,
Robb and Chin’® have reported non-empirical MBPT calculations of the
SD contribution to several couplings involving fluorine and have found
them to be very large in some cases.

IV. PROTON-PROTON COUPLINGS

A, The hydrogen molecule

The first case to be discussed in this section on proton—proton couplings
is really the case of a proton—-deuteron coupling. The experimental coupling
'J(HD) = 42-94 £ 0-1 Hz has been obtained for the HD species of molecular
hydrogen,” and it has become a tradition among theoreticians to quote
the results of calculations (independent of the isotopic species with the
possible exception of vibrational corrections) for this particular combination
of magnetogyric ratios. For comparison with the proton—proton couplings,
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J(HH), in the following sections, one should simply multiply J(HD) by a
factor of yu/yp=6-514.

The 1977 review® presented a detailed discussion of the different methods
used to calculate the FC contribution to the coupling in the HD molecule.
This discussion is not repeated here. Basically, the methods proposed by
different authors may be classified as either using a more or less conventional
perturbation theory or applying a variation-perturbation scheme. The dis-
tinguishing feature of the latter category, compared to the former, is that
the first-order correction to the wavefunction is sought beyond the concepts
of orbital and configuration.

During the period prior to 1976, the most sophisticated calculations for
the hydrogen molecule involved configuration interaction methods,'®”>
many-body perturbation theory,”*’® and the Green’s function approach.”®
All these lines of development have more recently been followed by similar
studies. Selected results are collected in Table 1. Kowalewski ef al.*! have
compared the FP-CI and SOS-CI methods and found that both approaches
are completely equivalent if full CI is performed. Bendazzoli et al”’ (entry

TABLE 1

Calculated Fermi contact contribution to the coupling constant in the HD molecule at the
interatomic distance of 1-4 a.u.

Method Author and reference Basis set J(HD) (Hz)
1. approx. CI Meyer73 55 CGTO 42-4
2.« Kowalewski ef al.'® 40 CGTO 433
3. (I Kowalewski (unpublished) 50 GTO 38-8
4. CI Bendazzoli et al.”’ 24 CGTO 390
5. MBPT, Hartree
potential Schulman and Kaufman’* 62 GTO 381
6. MBPT, bare
nucleus potential Schulman and Kaufman’® 84 GTO 49-0
7. MBPT, Hartree—
Fock potential Schulman and Lee”® 62 GTO 37-0
8. MBPT, Hartree—~
Fock potential Ttagaki and Saika’® 86 GTO 38-0
9. SOPPA Oddershede er al.”® 28 STO 47-0
10. SOPPA Oddershede et al.*° 46 STO 48-7
11. CVB-PT Kirtman and Kirtley®? 74 GTO 423
12. CHF Kirtman and Kirtley®* 62 GTO 50-9
13. CHF Schulman and Lee”® 50 GTO 51.0
14. CHF Oddershede et al.®® 46 STO 59.5
15. CHF Albertsen et al.>? 44 STO 700
16. MCCHF Albertsen ef al.>? 44 STO 56-3
17.  Experiment Benoit and Piejus’” 42:9x0-1
18.  Suggested Schulman and Lee®? 40-95




CALCULATIONS OF NUCLEAR SPIN-SPIN COUPLINGS 105

4) have compared different methods of generating configurations to be
included in the CI. With full CI, they report results similar to those obtained
by Kowalewski ef al.'® (entries 2 and 3). The differences between entries
2, 3, and 4 in the table reflect the basis set sensitivity of the results, present
even when very large basis sets are used. Schulman and Lee’® and Itagaki
and Saika’® have reported MBPT calculations using the Hartree-Fock
potential (entries 7 and 8). The convergence of the MBPT treatment with
this particular potential is slow. The zero-order and first-order terms
reported in the three papers *’*”® agree closely with each other and are
Jo=12 Hz and J; = 9 Hz. Schulman and Lee’® have also calculated contri-
butions from selected second-order diagrams which give another 15-2 Hz.
Itagaki and Saika’® have proceeded in a somewhat different way and include
selected second-, third-, and higher-order corrections. In addition they
apply the selective geometric approximation (starting with J;) and energy
denominator shifting. The final results of the two papers are close to each
other.”®”® Oddershede et al.*® have reported new calculations using the
second-order polarization propagator (SOPPA) and a large STO basis set
(entry 10).

Kirtman and coworkers®***> have suggested that the valence bond (VB)
method should be more suitable than the Hartree~Fock molecular orbital
theory for calculating nuclear spin-spin couplings. In the first paper of the
series® the uncoupled valence bond “distinguishable electron” model is
described and tested for the simple screening approximation. In the second
paper®? a fully coupled valence bond perturbation theory (CVB-PT) of
nuclear spin-spin coupling in HD is presented. The calculations are
performed using large basis sets,”*”* and the results (entry 11) agree very
well with experimental data. Kirtman and Kirtley®® have reported CHF
calculations with the same 10s5pld basis set (entry 12). The coupled
Hartree—Fock calculations for HD are not really interesting by themselves
but may provide a good reference for evaluating the CHF method for
larger molecules. Therefore, some other CHF results are listed in Table 1
(entries 13, 14, and 15). Albertsen et al.>> have reported CHF and multi-
configurational CHF (using up to four configurations) calculations with a
large STO basis set (entry 16). Table 1 contains, for comparison, the
experimental value of J(HD) (entry 17) and the suggested ‘‘accurate”
value of the FC term at the equilibrium internuclear separation (entry 18,
discussion below).®

The variation perturbation calculations of the coupling in HD, and
problems related to such calculations, have drawn continued attention.
Pyykko® criticized some of the approaches in use, and his criticism has
been answered.®® Delpuech et al.® have reported calculations with the
Gregson, Hall and Reese operator, instead of the usual Dirac delta function,
using the minimization of the self-coupling energy as the variational
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criterion. The problems involved with possible variational criteria have
been discussed.®’®® Rayez-Meaume and coworkers’>®! have continued
the effort to solve the problems caused by the Dirac delta function, by
using a transformation suggested originally by Vladimiroff and
Dougherty.92 In the two papers >°! the interest is centred on the conver-
gence properties. A common feature of the perturbation-variation calcula-
tions is still the simplicity of the unperturbed wavefunctions used.

The non-contact contributions to the coupling in the HD molecule have
been calculated and reported in a series of papers.®*”*** The results are
collected in Table 2. The J™® value quoted in the table has been calculated

TABLE 2

Non-contact contributions to the coupling constant in HD, and vibrational corrections to the
Fermi contact term,

Type of term Author and reference Value (Hz)
Orbital diamagnetic, J** Lee and Schulman® -0-37
Orbital paramagnetic, J*® Schulman and Lee’® 0-78
Spin-dipolar, J @ Schulman and Lee®> 0-48
Total non-contact, estimated Schulman and Lee® 0-61
Vibrational correction Kowalewski ef al.'® 0-22
Vibrational correction Schulman and Lee®? 1-39
Vibrational correction Facelli et al.”* 13

using the Monte Carlo integration technique® and the accurate Kolos—
Roothaan wavefunctions; J*'® in the HD molecule has also been calculated
by Matsuoka and Aoyama,®’ and J*® and J® have been calculated using
the coupled Hartree-Fock method.”®®* The sum of the three contributions
is 0-89 Hz, or about 2% of the experimental value. Schulman and Lee®?
consider this value to be overestimated and have suggested that the total
non-contact contribution is closer to 0-6 Hz.

Neglect of the non-contact terms is one error source in the calculations
collected in Table 1. Another reason why discrepancies can arise between
a calculation performed at the experimental equilibrium geometry (R. =
1-401 a.u.) and the experimental value can be the neglect of vibrational
corrections. The experimental value is a Boltzmann average over the
thermally populated vibration-rotational states, vN:

J(HD)(T)

_ (oot 3(J o1 €xp(Eoo— E01)/ kT + 5(J Yoz €xp(Eoo — Eo2)/ kT +- - -
1+3 exp(Eoo—Eo1)/kT + S exp(Eoo— Eo2)/ kT +- - -

(61)
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Schulman and Lee®® have estimated the averages (J),x in the following
way. They take the J(HD) value calculated'® for different interatomic
distances, and McLaurin-expand it in terms of a dimensionless parameter
£=(R—-R.)/R.:

7&)=70)+( dﬁ §+<1/2)( e 62)

The average value of J(HD) for any vibration-rotational state may then
be written:

Tyw= 1(0)+( )<§>vN+(1/2)( )(-_f Yot - (63)

dé

{&)vn and (£%)un can be derived from the vibrational analysis data. Such
results have been tabulated.”® The vibrational correction obtained by
Schulman and Lee®? using this procedure is given in Table 2. Facelli and
coworkers’ have also used the data of Kowalewski et al.'® and carried out
the averaging using an approach very similar to that of equations (62) and
(63). They calculate the average values of & and £ using three different
methods. In the most accurate calculation, Facelli and coworkers™* have
applied the method”® where (£) and (¢%) are calculated as averages over
the ground state wavefunctions for the Morse potential. This result is also
listed in Table 2. The work of Schulman and Lee®® and Facelli et al.>*
shows that the original estimate of the vibrational correction made at our
laboratory'® (see Table 2) was not accurate.

Before concluding this section on the calculations for the hydrogen
molecule, one should also mention that the coupling of HD has been used,
with varying degrees of success, as a benchmark for judging the accuracy
of different molecular orbital schemes, e.g. NDDO,* INDO,?¢%8%4
MINDO/3,** and LCAO-SCF-Xa.*®

B. Geminal and vicinal proton-proton couplings

The geminal and vicinal proton—proton couplings are grouped together
in this section not so much because of their similarities but rather for the
practical reason that they often are reported in the same papers. The basic
outline of this section is the following. It begins with a review of calculations
of geminal proton couplings in simple hydrides, XH,. Next we deal with
the few papers covering geminal couplings in a XH, group, where X is not
a carbon atom. We proceed with the papers reporting non-empirical calcula-
tions of other geminal and vicinal proton couplings. Finally we turn to
more application-oriented semiempirical work on organic molecules, using
the type of chemical system as the criterion for grouping different papers.
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A problem that might appear simple at first glance, but for which we
have not yet reached a satisfactory degree of understanding, is the variation
of the geminal proton-proton coupling in the series methane—ammonia—
water. Experimentally the magnitude of the negative coupling decreases
along the series. Prior to 1978 no calculations were able to reproduce this
trend. The most accurate of the earlier investigations, using the large CI
treatment of the contact term, predicts almost no variation along the
series.”” In 1978 Guest and coworkers*® reported large basis set non-
empirical CHF calculations. The CHF values of the contact term show very
little variation in this study (see Table 3). However, Guest et al.*® also

TABLE 3

Geminal proton coupling constants (Hz) in the first- and second-row hydrides.

Coupled Hartree-Fock” Correl.
contr. Total
Jre JoB JsP total JW o JFCE calc. Exp.
H,0 -23-8 7-1 1-4 -15.3 —6-4¢ 117 -10-0 =72
NH, -243 47 0-8 -188 —40¢ 121  -107 -10-4
CH, -25-4 2-7 0-4 -22:3 —2.44 11-8 -12:9 -12-4
H,S -19-7 1-6 02 -17-9 50 -12.9
(—-16:0°)
PH,4 -22:2 0-9 02 -21-1 7-6 -13-5 -13-4
(—19-8°)
SiH,4 -2-5 1:0 0-1 -1-4 2:3 +0-9 +2-75
(-1-4%)
AlH; 32:0°

“Ref. 48, basis set (5,3,1/3,1), for the first-row hydrides; ref. 43, basis set (6,5,1/3,1), for
the second-row hydrides.

® Ref. 41 for the first-row hydrides; ref. 43 for the second-row hydrides.

° Ref. 49, basis set (10,6,1/4,1).

4 Ref. 65, basis set (4,2/2).

computed the non-contact terms. They found, in contrast to the qualitative
ideas, that the OB and SD terms are not only significant but are responsible
for the variation in the series of molecules (see Table 3). We can see in
the table that, after including all three mechanisms, the CHF results
reproduce the experimental trend, even though the caiculated values are
shifted by about 8-10 Hz compared to the experimental results. This shift
can, to a large extent, be explained as being due to correlation effects.
These effects had already been anticipated to be important for geminal
couplings.® Table 3 also contains the results of the work of Kowalewski et
al*' who calculated the correlation contributions to the couplings for the
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first-row hydrides using the FP-CI method. The CI results are an improve-
ment compared with the CHF level, but the agreement between the best
calculated and experimental values*' is still not too impressive. The most
recent (but certainly not the last) important contribution to the discussion
of >J(HH) in the first-row hydrides is presented®’ (the paper contains minor
errors in the results for ammonia; the value quoted in Table 3 is the correct
one). After adding the J"® values to the sum of the CHF results and the
correlation contributions to the FC term, the agreement with the experi-
mental data becomes very good for CH, and NHj;, but not for H,O. The
calculations®® were performed with a small basis set; it would be very
interesting to see the effect of increasing the size of the set.

The papers***® mentioned above also contain studies of basis set depen-
dence. The results of a large investigation of basis set effects on the CHF
(and more approximate) calculations have also been reported’° for the case
of the water molecule. The results are in excellent agreement with the data
of Table 3. The non-empirical SOS and CHF calculations of the contact
contribution to 2J(HH) in H,O have been compared97 using only rather
limited basis sets. The non-contact contributions to the same coupling
constant have been computed at the ab initio level.*®”' The geminal proton
couplings in simple first-row hydrides have also been calculated using
semiempirical methods, 30327343863

An interesting study of the effects of vibrational averaging on the calcu-
lated 2J (HH) in ammonia has been reported.98 The SCPT INDO calcula-
tions agree very well with the earlier non-empirical work®® for “J(HH)
expressed as a function of the totally symmetric (A;) normal coordinate.
It is also found®® that the vibrational correction from the E modes outweighs
the A; mode correction. The total correction is predicted to be negative
and equal to 9% of the equilibrium geometry value.

Two papers have recently dealt with geminal proton couplings in the
second-row hydrides. Guest and Overill*’ have reported CHF calculations
of J°, J°®, and J®P for the series H,S—PH;—SiH,—AIHs3, including an
investigation of the basis set dependence. Kowalewski and coworkers*
have performed similar calculations for H,S, PH;, and SiH,4, though with
less extensive basis set variation, and include the correlation contribution
to the FC term. The results are presented in Table 3. Both sets of results
are quoted for the FC term; the non-contact terms calculated in both papers
turn out to be exactly the same. It is interesting to note that the trend
displayed by the geminal proton couplings in the second-row hydrides is
notably different from the trend in the first-row hydrides, and that the
calculations are very successful in reproducing the large change in >J(HH)
between silane and phosphine. In PH; and H,S both the correlation effects
and the non-contact terms are less important than in NH; and H,O. In
terms of absolute values, the same is also true for the pair methane—silane.
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However, the CHF calculation of the contact term in SiH, yields a small
negative coupling which becomes positive (in agreement with experiment)
first after a correction has been made for other mechanisms and correlation.

Since the previous survey6 some new papers have appeared that deal
with geminal proton couplings in systems, other than simple hydrides,
where the coupled protons are bonded to an atom other than carbon.
Laaksonen and Kowalewski** have reported non-empirical CHF and FP-CI
calculations for 2J(HNH) in aminomethane. Purcell and Martin'®® have
calculated 2J(HBH) in the BH;-CO adduct using the FPT INDO method,
and the SOS EHT method has been used'®' to calculate *J(HPH) in
methylphosphine.

Non-empirical calculations of geminal couplings >J(HCH) and vicinal
couplings >J (HCXH) in substituted methanes have been reported by several
authors. Barbier and coworkers®® have calculated the FC contribution to
geminal couplings in the series of CH3;X compounds with X=H, CHj,
NH,, OH, and F, and in propane using the DPT method and the minimal
basis set (see Table 4). It can be seen that the positive shift in the coupling

TABLE 4

Geminal proton coupling constants, 2y (HCH) (Hz), in methane derivatives, CH,X, calculated
by non-empirical methods.

CHF
Fermi CHF
X CHF* FP-CI* contact FC+OB+SD MBPTY DPT® Experiment
H -31-2  -17-2  -25.4° -22-3° -25.0 -10-2 -12-4
CH; -309 -157 -10:0 -16-2
NH,Y 284 -144 -84
OHf 284 -142 -23.9¢ -21.0° -7-6 -10-8
F -27.8  -139 -6+ -9:6

? Ref. 44, double zeta basis, Fermi contact only.
® Ref. 48, (5,3,1/3,1) basis.

 Ref. 51, (5,3,1/3,1) basis.

4 Ref. 58, Fermi contact only.

¢ Ref. 60, minimal basis, Fermi contact only.

! Average value.

value caused by the electronegative substituent in the a-position, predicted
by the classical Pople-Bothner-By rules,'*? is reproduced by the calcula-
tions. Both Barbier et al.*° and Robb and Chin®® have predicted large
differences between the geminal proton coupling in methane and ethane,
which appears astonishing (no experimental data are available for ethane).
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Robb and Chin®® have also reported calculations of geminal couplings in
ethene and difluoromethane, and of vicinal couplings in ethene and ethane.

Lazzeretti’" has reported the CHF and more approximate calculations
for methanol using a large Gaussian basis set and including the FC as well
as the OB and the SD mechanisms. His calculated average 2J(HH) is listed
in Table 4. A comparison with a similar calculation for methane*® shows
that the effect of substitution is reproduced within a few tenths of a hertz.
Lazzeretti’' also calculated the vicinal proton coupling in methanol at four
values of the dihedral HCOH angle (¢). The FC term itself, and the sum
of J¥€ and J°B, are found to follow, roughly, a cos®> ¢ curve. The orbital
term alone shows another type of angular variation, with extreme values
of —0-5 Hz and +3-9 Hz.

Laaksonen and coworkers have reported calculations of vicinal couplings
in ethane,*’ and of all possible couplings in the series of substituted
methanes CH;X with X = CH;, NH,, OH, and F.** The calculated geminal
proton couplings are given in Table 4. The general trend is similar to the
results of Barbier et al.°® but the difference between methane and ethane
is reduced. In the case of ethane, aminomethane, and methanol, the authors
have reported extensive studies of the dependence of “J(HH) and
3J(HCXH) on rotation around the C-X bond.

Laaksonen and Kowalewski** have found that, at the CHF level, the
geminal proton couplings in the methyl groups - of methanol and
aminomethane show a variation of about 5-6 Hz when the substituent is
rotated around the C-X bond. The size of this variation, as well as the
magnitude of the calculated coupling, is reduced after including the correla-
tion correction. The shape of the ab initio calculated >J(HH) curves in
methanol is similar to those obtained in the FPT INDO study."'®® The plot
of 2J(HH) in aminomethane versus the rotation angle is shown in Fig. 1.

The large variation of the vicinal proton—proton couplings in ethane with
the dihedral HCCH' angle (¢) has been known for a long time. In fact,
the prediction of this conformational dependence probably constitutes the
most important successful application of the early theoretical methods.
Using the valence bond theory for a six-electron fragment, Karplus®
derived the following relation between the vicinal coupling in ethane and
the angle ¢:

8:5cos’ ¢ —0-28 0<¢<90°

9-5cos’ ¢ —0-28 90°< ¢ <180°

Later, Karplus'® modified equation (64) and obtained:
3J(HH)=A + B cos ¢ + C cos 2¢ (65)

Equation (65), known as the Karplus relation, is widely used by
theoreticians as well as by experimentalists. L.aaksonen and coworkers have

3J(HH) = { (64)
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FIG. 1. The dependence of y (HH) in aminomethane on the dihedral HCN-lone pair angle
(O, CHF; A, approximate FP-CI). Two of the conformations are depicted in the figure.
(Laaksonen and Kowatewski**)

found it to be an excellent representation of the vicinal couplings in
ethane**** (see Fig. 2) and in methanol.** For aminomethane, CHF and
FP-CI curves of the vicinal proton coupling vs. ¢ are found** to be
somewhat asymmetric with respect to 180°.

Lee and Schulman®®®’" have reported CHF calculations of the OB and
the SD contributions to geminal and vicinal proton couplings in several
molecules. Simple SOS calculations of the FC term (using the STO-3G
basis set) in many small molecules have been reported.*

It is noteworthy that no non-empirical CHF calculations have been repor-
ted for the FC and SD contributions to couplings in ethene. The reason is
not lack of interest but rather the fact that ethene exhibits, at least under
certain circumstances, UHF instability. This problem has been discussed
for the case of the contact mechanism*® and for the SD mechanism.”” In
contrast, the OB term is easy to compute and has been reported.®®

Among semiempirical calculations of geminal and vicinal couplings the
series of extensive FPT INDO investigations'®*°>% still holds the central
position. The newer work is therefore reviewed rather briefly. Table 5
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FIG. 2. Least-squares fit of the calculated vicinal proton-proton coupling constant in ethane
to the Karplus equation [equation (65)]. The triangles and the solid line correspond to the
CHF calculations, the circles and the broken line to the FP-CI results. (Laaksonen, Kowalewski
and Siegbahn*?)

TABLE 5

Selected geminal and vicinal coupling constants calculated using the finite perturbation method
with the CNDO/2, INDO, MINDO/3, and NDDO approximations; the entries are ordered
according to increasing experimental value.

CNDO/ INDO with MINDO/
Coupling 2° INDO® 2ponH’ 3* NDDOY Exp.
CH, 2J(HH) 1-2 —-6-1 -79 -56 -1009 -12.4
CH,F  2JHH) -1.9°¢ —4-2 10-7¢ -133  -96
H,O 2J(HH) 13 -81 -4'5 —-6-6 -54 =72
CH, *J(HH) 85 32 11 32 2'5
CeHg  *JHH) 7-6 82 9.2 23.9 75
C,H¢  *J(HH),, 68 84 6-0% 32 80
CH, *JHH) 66 11.0 42:1 154 9:6
CH, >*JHH). 80 9:3 12-4 88 117
CHsF  *J(HH)yans 20-7 42-8 128
CH, >JHH),un, 195 252 27:5 479 191
? Ref. 5¢, unless otherwise stated. > Ref. 38. © Ref. 32, unless otherwise stated. 4 Ref.

34. °Ref.103. /Ref. 105.

£ Ref. 33.
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contains a selection of typical geminal and vicinal couplings>'*>'** com-
pared with more recent data obtained from INDO with 2p orbitals on
hydrogens,*® MINDO,**** and NDDO** work. By and large, the MINDO
and NDDO schemes do not seem to provide any advantage compared to
INDO, and including the 2p orbitals on hydrogens in this scheme gives a
minor improvement only. Among other method-oriented semiempirical
studies one should mention the papers by André et al.,”® Tarpg et al.,*
Archirel and Barbier,®® and Karaﬁloglou.107

Several authors have reported more application-oriented calculations of
geminal and vicinal proton—proton couplings. Ohkubo and coworkers'%1%°
have performed SOS INDO calculations for some small hydroxycarbonium
ions. Laatikainen et al.''® have reported FPT INDO and SOS INDO
calculations of *J(HCOH) and *J(HCCH) in several alcohols. Jaworski
and coworkers''! have studied >J(HCCH) in ethanol and ionized ethanol
as a function of the dihedral angles HCCH and HOCC. Aminova and
Samitov''? have reported SOS EHT calculations of various couplings in
methanol and aminomethane as functions of the molecular conformation.
Elguero et al.'*® have carried out FPT INDO calculations of >J(HH) in
formylhydrazine (1) as a function of the dihedral HNNH angle.

H\N—N _-CHO
H” H
(1)

Safiullin and coworkers'®"''*!'® have presented SOS EHT calculations
of 2J(HCH) and *J(HCPH) in methylphosphine and other phosphorus-
organic compounds. The three-bond proton-proton coupling in methyl-
phosphine, calculated as a function of the HCPH dihedral angle, has been
found to behave similarly to the corresponding >J(HCNH) in
aminomethane. Iwayanagi and coworkers''® have also used the EHT
method; the systems under consideration are some mercury-organic com-
pounds.

Steiger et al.''” have performed various SOS INDO and CNDO
calculations, including and excluding the d orbitals in the atomic basis
set and the Coulomb integrals in the energy denominators, for a series of
monosubstituted ethenes. Using the FPT INDO approach, Mamaev and
coworkers''*'*' have investigated the dependence of couplings in
butadiene, its methyl derivatives, and cyclopropane on small changes in
bond length and bond angle. Rummens and collaborators’*>'**> have
studied, in a similar fashion, the proton-proton couplings in ethene, pro-
pene, butene, and 3-methylbutene. Lemarié and Braillon'** have presented
a discussion of the coupling mechanism in penta-1,4-diene, based on FPT
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CNDO and FPT INDO calculations. The work dealing with the particular
problem of separation of couplings into o and 7 contributions is dealt with
in the following Section C.

Concern with the couplings in cyclic systems has steered the research of
numerous authors. Rabideau et al.'*® have calculated, using FPT INDO,
*J(HH) in flat cyclohexa-1,4-diene for different assumed geometries.
Schreurs and coworkers®” have reported FPT INDO and CNDO calcula-
tions for cyclopent-2-enone (2) and cyclohex-2-enone (3). The CNDO and
INDO parameters are calibrated from calculations for some smaller
molecules. The related system cyclopent-3-enone (4) has also been
studied.'?®

@) 3)° (4)

Bicyclic hydrocarbon systems have been studied”>'?’ using the INDO
approximation. An interesting study of vicinal proton couplings in norbor-
nane (5) and norbornene (6) has been presented.'*® Experimentally, >J,,,,cx0
is larger than >J,.40,end0 in 5, while the two couplings are almost equal in
6. The mechanistic reasons for this observation are discussed within the
framework of FPT INDO calculations with certain interactions deleted.

endo

(5) (6)

Calculations of vicinal proton couplings in benzene derivatives and
aromatic hydrocarbons have been reported in three papers. Ernst and
coworkers'*® have calculated vicinal couplings in aniline and nitrobenzene,
using the SCPT INDO method. Long and Memory'*® have reported FPT
INDO calculations for benzene, naphthalene, anthracene, phenanthrene,
biphenyl, and pyrene. Giinther and coworkers'! have investigated the
effect of small angle deformations on the couplings in benzene. They worked
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with SOS CNDO/2 and FPT INDO calculations, and sought correlations
between >J(HH) and the 7-bond order in planar cyclic 7-systems.

Several papers have recently dealt with heterocyclic systems, mainly in
relation to conformational analysis. Benassi et al.'>* have reported an
interesting study of couplings in dioxolane (7), using the FPT INDO and
SOS EHT methods. Their calculations are performed for several conforma-
tions. Dioxolane is a system with a low barrier to pseudorotation. Because
of this, the value of the coupling for comparison with experiments has to
be an average:

= Z Ji exp(—AEi/RT)/z exp(—AE;/RT) (66)

where AE; is the energy of conformation i relative to the most stable
conformation. Benassi et al. find that the 2J(HH) values at positions 2 and
4 of 7, obtained using equation (66), are consistent with experimental
findings only if the energies are calculated non-empirically (with the 4-31G
basis set) and the couplings calculated with the EHT method. The trends
in the vicinal coupling can be reproduced by both FPT INDO and SOS
EHT calculations, provided that ab initio energies are used.'*

S
[0> \C:s
o \ /
(7) (8)

Using the FPT INDO method, Chanon and collaborators'**'** calculated
geminal and vicinal couplings for different conformations of the thiazolidine
8 and its derivatives; the same method has been used'*” for a study of the
couplings in glycals. Samitov and coworkers'*® have reported SOS EHT
calculations for phosphorus-containing heterocyclic compounds. Jokisaari
and Rahkamaa'*’ have performed FPT INDO calculations of vicinal coup-
lings in pyrrole. Finally, Burmistrov and Mamaev'*® have reported an SOS
INDO study of couplings in porphin dication.

C. Long-range proton-proton couplings

There is a tendency in the literature, especially in connection with
couplings involving nuclei other than protons, to call all couplings through
more than one bond long-range couplings. In this review, however, “long-
range”’ is reserved for couplings through four or more bonds.

No non-empirical calculations of the FC contribution to long-range
proton-proton couplings have been reported. On the other hand, Lee and
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Schulman have calculated the OB®® and the SD’! contributions to the
four-bond proton-proton couplings in bicyclopentane (9); “J°®(HH)=
0-87, 0-73, and —0-64 Hz for the exo—exo, endo-exo, and endo-endo coup-
lings respectively, and the *75°(HH) are very small.

exo exo

endo endo
(9)

Turning to the semiempirical method-oriented work, we should note
that double perturbation calculations®® have confirmed the empirical W-
rule (the long-range couplings are large for coupling paths having a zig-zag
or W-like shape). Two papers have concentrated on the theory of separation
of the o and 7 contributions to the FC term. Vysotskii and Luzanov'*®
have formulated a theory of the m-electron contribution to couplings based
on the concept of atom-atom polarizability. Yoshida'*® has worked within
the framework of the FPT and the INDO approximation. The 7 contribu-
tion to coupling in this approach can be obtained by comparing a full
calculation with a calculation involving only the o part:

J‘n' =Jtotal_J<7 (67)

Earlier it was suggested that, if J** is calculated using the FPT INDO
approach, J° could be obtained by CNDO/2,’ or by special FPT INDO
calculations with the o—m exchange integrals deleted.'*! Yoshida'*® has
suggested that J” should rather be calculated by constraining the #-electron
spin density to zero; he has reported the comparisons of the three
approaches for hydrocarbons as well as for systems containing heteroatoms.

Since the previous review,’ numerous papers have appeared that deal
with application-oriented calculations of long-range proton couplings.
The methods chosen have usually been FPT INDO or SCPT INDO.
Therefore, in the rest of this section, it is assumed implicitly that the
underlying computational scheme is one of those, unless specified otherwise.
The calculations are reviewed following the philosophy of the previous
survey,® i.e. using the chemical nature of the bonding path as the basic
criterion for classification; the nomenclature of Barfield and Chakrabarti'**
is employed.

We start with molecules containing only single bonds. Schulman and
Venanzi'®’ have reported calculations of long-range proton~proton coup-
lings in bicyclobutane and methylbicyclobutane. The HCCCH couplings
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in these systems may be called propanic. Santoro'>* has reported calcula-
tions for glycals (10) in different configurations and conformations. Note
that in 10 the propanic coupling, “J(H;Hs), is not the only long-range
coupling; other types of long-range couplings (see below) occur. Benassi
and coworkers'*> have studied similar “J7(HH) couplings (but with a
heteroatom in the coupling path) in dioxolane (7) and its derivatives. They
used the SOS EHT scheme, which they find to be superior to the FPT
INDO approach in the case of geminal and vicinal couplings (preceding
Section B). Ohkubo and coworkers'°®'* have reported SOS INDO calcula-
tions for systems possessing partial double-bond character along the coup-
ling path, e.g. protonated formic acid (11).

AcO
\CH—CHZ H
ya N |
2 v/ IN A
CH:CH/ 0%y 0
(10) )

The four-bond couplings in the fragment 12 are called allylic. Allylic
couplings have been reviewed.'*> The five-bond couplings in 13 are called
homoallylic. Rummens and coworkers'>*'** have studied allylic and

H v
‘ He >c=c ¥
e o

(12) (13)

N
e TN

NI

homoallylic couplings in propene, but-2-ene, and related systems as a
function of geometry parameters. Barfield and Abia'** have reported
calculations for cyclobutene (14) and related systems. Here the couplings
between protons 3 (3') and 4 (4') are transmitted along a dual path, vicinal
as well as homoallylic. Rabideau and coworkers'?® and Marshall et al.'*’
have studied the homoallylic couplings in cyclohexa-1,4-diene (15). This

H-3' H-4'

H-3m s H-4 :><z><:

(14) (15)
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compound actually contains two identical homoallylic coupling paths which
apparently'*’ lead to a very large calculated *J(HH) value, much more
than twice that obtained for the single path in but-2-ene.'*® Marshall et
al.'*® have suggested a negative through-space contribution to the axial-
axial °J(HH) in the non-planar form of 15. Cyclopent-3-enone (4) contains
two coupling paths, one of which is homoallylic.'®

Schaefer and coworkers'*” have presented a paper in which the possibility
of the occurrence of a negative long-range coupling under conditions of
spatial proximity of the coupled protons has been investigated. In this study
they examine five-bond and six-bond couplings in the methylhydrazone 16
as a function of two dihedral angles (NNC,H and C;NNC,). The calculations
predict a negative *J(HH) only for certain, energetically unfavourable,
conformations, contrary to the results obtained from measurements. In the
same paper, calculations for methyl vinyl ether (17) and anisole (18) are
reported. The agreement with experimental data appears satisfactory for
these cases. Five-bond and six-bond couplings in ethyl vinyl ether have
also been reported.'*®

4
(|:H3 OCH,
H H,CO H
H—N—N=C T >c=c( @
1 NH H~ “NH
(16) 47) (8)

Turning to couplings in butadiene and its methyl derivatives, it can be
noted that several of the papers mentioned earlier in connection with vicinal
couplings also include calculations of long-range couplings.“s'm’m A
similar study for these systems has been reported.“g Mstislavsky and
coworkers'*® have investigated long-range proton couplings in methyl
derivatives of cyclopentadiene, including some conformational dependen-
ces. Runge'®" has reported an experimental study of couplings in substituted
allenes, where he sought correlations between “J(HH) and various quan-
tum-chemical indices, e.g. the ab initio calculated overlap populations.

Intra-ring couplings in aromatic compounds have been reported for
aniline and nitrobenzene'?® and for pyrrole.'*” Long and Memory'>° have
calculated a variety of intra-ring as well as inter-ring couplings in benzene
and several polycyclic aromatic hydrocarbons. They have noted that it may
in some cases be important to use actual rather than standard geometries
if comparisons between couplings of similar magnitude are the aim of the
investigation. Burmistrov and Mamaev'*® have calculated, using the SOS
CNDO/2 method, various long-range couplings in porphin dication.
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Several Canadian researchers have, during the period since the previous
review, continued their interesting work on long-range couplings between
substituent protons and ring protons in substituted aromatic and heterocyc-
lic compounds. In most cases they have reported both FPT INDO and FPT
CNDOY/2 calculations. The “J-method” for studies of rotation barriers in
substituted benzenes and related compounds has recently been reviewed. ">

Schaefer and coworkers'>® have investigated the five-bond couplings
between the OH proton and the ring protons in phenol. The effect of
association on this coupling has been studied by performing calculations
for the systems 19 and 20. The calculations have been found to be consistent
with the monomer—dimer model. In another paper Schaefer ez al.'** have
studied the long-range substituent-to-ring coupling in a-fluorotoluene as
a function of the rotation angle between the CH,F group and the ring.
The results obtained for this system are similar to those for toluene.'”

HOH. H HOH. H----OH
e 2
0~ 0 CHO

CH,

(19) (20) (21

Parr and Schaefer'*® have studied phenylcyclopropane and have reported
calculations of °J(HH) between the para proton and the & proton in the
three-membered ring. Parr'®’ has reported calculations of couplings
between PH; protons and the ring protons in phenylphosphine. The results
of the calculations are displayed in Fig. 3. An extension of this type of
study is the work'®® on coupling between the proton in the CHO group
and protons in the CH; group of 2-methylbenzaldehyde (21).

Parr and coworkers'*® have reported calculations for 2-vinylfuran, two
of its derivatives, and 2-vinylthiophene in the cis (22) and frans (23) con-

L/X\_X/SK:" @\ﬁ/”«
H

C
Hg Y

(23)

x

(22)
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FIG. 3. FPT INDO computed long-range proton—proton coupling constants between
side-chain and ring protons in phenylphosphine, as a function of the dihedral angle between
the side-chain proton and the plane of the aromatic ring. (Parr'®”)

formations, as well as the case for which the vinyl group is perpendicular
to the ring plane. As in the case of styrene,160 the authors claim the
CNDO/2 results to be more reliable, at least for some of the substituent-to-
ring couplings. Finaily, Danchura and collaborators'®' have performed
CNDO and INDO calculations of couplings between the a proton in the
substituent and the ring protons in pyridinecarboxaldehyde oximes (24 and
25). As in the above-mentioned work on vinylfurans and vinylthiophene,'>
also this investigation covers three conformations (syn, anti, and perpen-

dicular).
©F o
N CHaNOH

N
(24) {25)

V. PROTON-OTHER NUCLEUS COUPLINGS

A. General trends in one-bond couplings in simple hydrides

In this section we review papers dealing with trends in one-bond couplings
in simple hydrides, XH,, as a function of the heavy atom X. In such
discussions it is mandatory to work in terms of the reduced coupling,
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K(XH), rather than J(XH). The conversion factors, fun', between K(NN')
(in the units 10" m 2kgs™ A7?) and J(NN') (in the units Hz) are listed
for easy reference in Table 6 for several pairs of nuclei.

TABLE 6

The conversion factor, fxn, between the reduced coupling constant K (NN')
10" m™2kgs 2 A™?) and the ordinary coupling constant J(NN') (Hz) for
several pairs of nuclei.

N N’ NN N N’ fun
'H 'H 12-01 e 3¢ 0-759
'H g 3.85 3¢ 5N -0-306
'H e 3.02 3¢ 70 —0-409
'H 15N -1.22 B¢ 19 2.84
'H 79 —1.63 1SN BN 0-123
'H 1 11-30 N 70 0-165
'H 27A1 3.13 15N e 3 -1-14
'H 29gi —2.39 70 7o 0-221
'H 3tp 4-86 70 1°g —1.53
'H 39 0-921 1°F g 10-63
'H 31 1-18 3¢ 29g; —-0-600
3¢ 3p 122

The classical papers in the field of “around the periodic table’ correla-
tions were published in the late sixties and early seventies.'*>**> During
recent years the subject has been treated in a more quantitative fashion
by several authors. In four papers*****®*° the one-bond couplings in the
first- and second-row hydrides have been computed using the non-empirical
coupled Hartree-Fock and finite perturbation-configuration interaction
methods. A combination of these advanced schemes and large basis sets
has led to results in good agreement with experiments (see Tables 7 and 8).

It is interesting to compare the behaviour of the couplings in the first-
and the second-row hydrides. In both rows the importance of the orbital
paramagnetic term increases rapidly when moving towards the right in the
periodic table. The SD term is always small however; in fact it is practically
negligible. The same is true for the orbital diamagnetic term, which has
been reported only for the first-row hydrides.("“65 The FC term calculated
at the CHF level is almost constant in the first-row hydrides, as is the
correlation contribution to the coupling. For the second-row hydrides the
situation is different. The CHF values increase strongly between HCI and
SiH4 (or AlHj3), and the correlation contribution exhibits a trend of its
own. In fact the correlation contribution for HCI has a different sign from
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TABLE 7

One-bond reduced coupling constants (10" m™>kgs 2 A™?) in the first-row hydrides; the
contracted basis set is (5,3,1/3,1) unless stated otherwise.

Guest et al.*® Kowalewski et al.*!
IKFC IKFC
IKFC lKOB 1KSD thotnl CHF, FP—Ci thotnl a Exp.
HF 42:3°  17.4®> —-0.9®° 58.8°  41.9° 30.7° 47.2¢ 469
H,O 488 75 -0-4 55.8 513 402 48-1 48
NH, 57-5 2.4 -0-2 59.7 56-2 439 46-1 50
CH, 482 05 -0-1 486 490 377 381 41-3

 FP-CI value of 'K from ref. 41 plus CHF values of non-contact terms from ref. 48.
® Basis set (11,8,3/7,3).
° Basis set (8,4,2/4,2).

TABLE 8

One-bond reduced coupling constants (10'® m~>kgs~> A™?) in the second-row hydrides.

Guest and Overill® Kowalewski ef al.”
(\/Irl ‘L IKFC’ IKFC,

1KFC lKOB lKSD 1K total CHF FP-CI lK(otal c EXp
HCl 15-4 12:0 0-0 274 7-4 12-4 231 324
H,S 363 4-5 -0-3 405 330 27-7 317
PH; 45-6 0-9 -0-4 46-1 45-7 34-1 346 37-8
SiH, 938 -0-2 -0-1 93.5 98-7 80-0 797 84-9
AlH; 966 -0-5 0-0 96-1

“ Ref. 49, CHF, basis set (10,6,1/4,1) for PH,, SiH, and AlH;, (10,6,2/4,2) for HCI and
H,S.

® Ref. 43, basis set (6,5,1/3,1) for H,S, PHj;, and SiH,, (6,5,2/3,1) for HCl.

‘lg FC(FP—CI) plus CHF values of non-contact terms; the non-contact terms in refs. 43
and 49 are practically identical.

4 Sign unknown.

that for the other molecules. In consequence, the total value of the calcu-
lated reduced coupling increases between the first and the second row in
Group IV but decreases in Groups V, VI, and VIL.

Guest, Kowalewski, and coworkers**>*®4° have also investigated the
basis set dependence of calculated couplings. For the FC term in both the
first- and the second-row hydrides, the basis set sensitivity is weak in
Groups IV and V of the periodic table, increases in Group VI, and becomes
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finally very dramatic in Group VII. Some results of calculations of 'K
for the HF and HCl molecules using different basis sets are shown in
Table 9. The corresponding non-contact terms show only a weak basis-set
dependence.

TABLE 9

The basis set dependence of the CHF calculations of the Fermi contact contribution to the
coupling constants in hydrogen fluoride and hydrogen chioride.

Hydrogen fluoride*® Hydrogen chloride*®
Primitive Contracted Primitive Contracted

basis basis 1gFe basis basis 1KFe
9,5/4) (9,5/4) 20:0 (10,6/5) (10,6/5) -12-5
(10,6/5) (10,6/5) 249 (11,7/5) {11,7/5) -3:3
(10,6,2/5,1) (10,6,2/5,1) 359 (13,10/7) {10,6/4) -2'4
(11,8,2/7,2) (11,8,2/7,2) 39-9 (13,10,1/6,1) (10,6,1/4,1) +13-1
(15,12,3/10,3) (11,8,3/7,3) 42-3 (13,10,2/6,2) {10,6,2/4,2) +15-4

Pyykko and Wiesenfeld'® have reported calculations for the hydrides of
Groups IV-VII using the REX formulation of Pyykk6’s theory of spin-spin
coupling.10 Comparison with the non-relativistic extended Hiickel values
(Fig. 4) provides an estimate of the role of relativity. The calculations
predict that the couplings will decrease strongly when going from Group
IV to Group VII in all rows of the periodic table except the first one. In
Group IV the coupling is predicted to increase with an increase in the
atomic number of the central atom, while the opposite trend is predicted
for all other groups. Recall that the same trend has been obtained in the
non-empirical calculations mentioned above. Pyykkd and Wiesenfeld'®
state that the difference between the Group IV hydrides and the other
compounds lies in the absence of lone pairs in the former. In confirmation
of this proposal the authors report a large negative coupling in PbH; .
Both of the above-mentioned trends are obtained in the relativistic as well
as in the non-relativistic EHT calculations. Relativity, however, is shown
to enhance the effects greatly.

For Group IV hydrides, a reasonable approximation to the relativistic
calculations may be obtained by applying simple multiplicative correc-
tions.'®* This approach cannot be applied, however, for Groups V-VII,
where full relativistic calculations are necessary for the heavy elements.
Finally, Pyykké and Wiesenfeld'® also report that the s-orbital term, corres-
ponding to the non-relativistic FC contribution, invariably dominates
!K(XH). In view of the results of recent non-empirical calculations,
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C N O F
232 32 366 33
43 50 48 46.9
Si P S Cl
53. 30 285 8
84-9 378 32
Ge As Se Br
142:4 36 26 -69
(41) (1a4) (-47)
232 +45 28-4 *19
Sn Sb Te |
289 5 -98 -223
(219) (40} {16} (-128)
430 +15.5
Pb Bi
844 -572
(373) (19)
938

FIG. 4. Reduced coupling constants between directly bonded atoms, 'K (HX), in simple
hydrides in relation to the periodic table. The uppermost value is the calculated REX value.
The number in parentheses is the non-relativistic EHT value (when different from the
relativistic one). The lowermost number is the experimental value. (The calculated results
are from Pyykko and Wiesenfeld.'$)

especially for HF and HC,*"*****° this conclusion may prove to be an
artifact of the simple computational scheme employed and may not reflect
a real trend. Before leaving this section one should also mention the work
on EHT calculations for several simple hydrides of the first-, second-, and
third-row atoms.'®*

B. Couplings between Group IV elements and protons

The theory of couplings involving >C was reviewed a few years ago.'*®
Further, the theoretical as well as the experimental aspects of two-bond
carbon-proton couplings are the subject of a review by Ewing.'®’

Carbon-proton couplings have been the subject of several non-empirical
studies. Kowalewski et al.*’ and Guest and coworkers*® have reported
accurate calculations for methane (see Table 7). The data quoted in Table
7 as well as other calculations®"**%°%%%7! clearly demonstrate that the
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non-contact terms are not important for C-H couplings. Laaksonen and
Kowalewski** have calculated one-bond and two-bond carbon-proton
couplings in substituted methanes, using the CHF and FP-CI methods.
These authors also investigated the conformational dependence of ' J(CH)
and 2J(CH). Lazzeretti’' has reported CHF calculations of one-bond and
two-bond carbon-proton couplings in methanol. Barbier et al®® have
performed double perturbation theory calculations of 2J(CH) in ethane
and propane.

Turning to the area of semiempirical calculations, the extensive FPT
INDO study of 'J(CH) by Maciel et al."®® still holds a central position. An
extensive compilation of SOS INDO results obtained using a special para-
metrization has recently been provided.'®® Several of the method-oriented
papers mentioned earlier also contain semiempirical calculations of 'J(CH)
and ZJ(CH).16,28-—30,32—35,38.63,107,165

The results of several non-empirical and semiempirical calculations of
!J(CH) in substituted methanes, ethene, and ethyne are gathered in
Table 10. For the series of substituted methanes, the non-empirical
methods, as well as FPT INDO calculations, are capable of reproducing
the effect of electronegative substituents. It is rather remarkable how close
the results of the non-empirical finite perturbation-variational CI and the
FPT INDO calculations are to each other. No non-empirical CHF type
results are available for ethene or ethyne, for the reasons discussed earlier.
We can note that all semiempirical approaches reported in Table 10 are
successful in reproducing the experimental trend in the series
CH,CH; —CH,CH, —CHCH. In fact, it has been shown'”’ that the trend
of increasing 'J(CH) in this series can be explained without performing
any calculations. A simple argument taking into account only two electrons
in the bonding MO (constructed as a linear combination of a hybrid orbital
on carbon and a 1s orbital on the hydrogen atom) leads to the simple
relationship:

1J(CH) « % s character in the carbon hybrid (68)

This simple model has been put into more quantitative terms by several
authors.*®'7"'72 The results of Van Alsenoy and coworkers,'”* who used
the localized INDO MOs obtained with the charge-dependent atomic-
orbital exponents (CDOE) technique, are in Table 10.

The couplings between carbon and a proton separated by two bonds
have proved to be much more difficult to study theoretically. Results of
different calculations of >J(CH) in ethane, ethene, and ethyne are in Table
11. The FPT method at the CNDO/2, INDO, and MINDO/3 levels of
approximation gives results bearing no relationship to the experimental
data. The SOS INDO calculations®® (as well as SOS CNDO, not quoted in
the table) are in fact the most successful among the semiempirical studies.



Calculated one-bond carbon-proton coupling constants, ly (CH) (Hz), in substituted methanes, ethene, and ethyne.

TABLE 10

Ab initio Semiempirical
FPT FPT CDOE/
CHF* CHF® FP-CI° FP-CI¥ INDO° MINDO/3 EHT® REX" INDO' SOSINDO’ Experimental
CH, 1507 1480 1096 1201 122-9 104-3 63-4 70-1 120-9 125-0
CH;CH,4 1579 1114 1210 122-1 99.2 77 68-9 124-0 124:3 124-9
CH,NH, * 161-7 116-2 129-9 108-9 72 1382 136-4 133:0
CH,;O0H* 169-5 1725 1214 1353 71-6 152-4 141-0
CH,F 177-8 1282 1366 140-1 122-3 160-1 171-4 149-1
C,H, 156-7 132:9 83.7 1616 171-8 156-4
C,H; 2327 191-4 133 2429 286-4 248.7

% Ref. 44, basis set (4,2/2). ° Refs 41 and 51, basis set (5,3,1/3,1). ° Ref. 44, approximate CI. 4 Ref. 44, variational CI. ° Refs 5 and
168. TRef.32. ®Ref. 112. "Ref.16. ‘Ref.171. 'Ref.169. * Average value.

TABLE 11

Calculated two-bond carbon—proton coupling constants, >2J(CH) (Hz), in ethane, ethene, and ethyne.

Ab initio Semiempirical
CHF* FP-CI* FPT CNDO/2* FPTINDO® FPTMINDO/3°  SOS INDO* Experimental®
C,Hsg -16-4 -5-6 —2:56 -7-20 —4-98 -1-66 —4-5
C,H, -3-85 -11-57 ~22-6 -1.27 -2-4
C,H; 5-51 2:52 -2-91 7-46 +49-3
“Ref.44. °Ref.5. °Ref.33. “Ref.66. °Ref.173.
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The ab initio CHF and FP-CI calculations for ethane** show that correlation
effects in 2J(CH) are even more important than in 2J(HH), which might
explain the failure of the semiempirical FPT methods.

We now turn to the more application-oriented papers on carbon—proton
couplings. By analogy with the philosophy of Section IV.B, the chemical
nature of the compounds under investigation is the primary criterion for
the organization of the discussion. We start with saturated aliphatic hydro-
carbons and their derivatives, and proceed via the unsaturated hydrocar-
bons to the alicyclic hydrocarbons and related systems. Finally, calculations
for aromatic and heterocyclic molecules are reviewed. As in the case of
proton—proton couplings, the FPT INDO procedure has been the most
widely used method of calculating carbon—proton couplings. Unless other-
wise specified, the FPTINDO (or SCPTINDQO) method is implicitly
assumed to be that used in the papers reviewed in the rest of this section.

Sergeyev and Solkan'’* have reported calculations of ' {CH) in methane
as a function of the carbon-hydrogen distance. They predict a non-linear
variation in 'J(CH) within the range from 109-7 to 141-7 Hz for the
carbon-hydrogen distance varying between 1:013 and 1:173 A. Pachler
and Pachter'”” have presented calculations of 'J(CH) in ethane and ethyl
cation as a function of the dihedral HCCH angle. In ethane they find
'J(CH) to be essentially constant, while the coupling in the cation is
predicted to vary over a range of about 12 Hz. Meille and coworkers'’®
have performed SOS CNDO/2 calculations of 'J(CH) in chloroform as a
function of the HCCI angle, and used the data for the interpretation of
the variation of the coupling upon complexation of chloroform with
hexamethylphosphoric triamide.

Several papers have appeared that deal with carbon-proton couplings
in alcohols and related systems. Laatikainen et al''° have reported
FPT INDO and SOS INDO calculations of >J(CH) and *J(CH) for various
conformations of methanol, ethanol, propan-2-ol, t-butanol, and acetyl-
acetone. Aminova and Samitov''? have studied 'J(CH) and 2J(CH) in
methanol and aminomethane as a function of the dihedral HCXH angle,
using the EHT approach. Schwarcz and coworkers'”” have investigated the
two-bond carbon-proton couplings in ethanol and ethane-1,1-diol using
the SOS CNDO/2 approach. Cyr et al.'’® have reported calculations of
2J(CH) for propane-1,1,2-triol and butane-2,3-diol. In both of these
papers'””'7® the calculated couplings are found to be sensitive functions
of the degree of torsion around the C-C bond containing the coupled
nucleus, which is in agreement with the experimental data for carbohy-
drates.

Wasylishen and coworkers'’® have studied *J(CH), >J(CH), and >J(CH)
in propanes substituted in the 2-position (26). Their calculated 'J(C,H)
data are very similar to the values of the corresponding couplings in
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CH CH
1 3\CHX/3 3
2

(26)

substituted methanes, while the 'J(C,H) results are rather insensitive to
substitutions. They find that the “J(C,H) values are much less sensitive to
substitution than the 2J(C,H) data. The calculated *J(CH) values are found
to be only weakly dependent on X, with the single exception of X =Li.
All these trends are in agreement with experimental data.

The three-bond (vicinal) carbon-proton couplings in propane and sub-
stituted propanes have been studied extensively.'®® Similar work has been
presented more recently by Barfield'®' who explains the calculated changes
in *J(CH) caused by substitution in position-2 in terms of the symmetry of
MOs entering the SOS expression, arguing along lines similar to those
expounded by Pople and Bothner-By'®? for geminal proton couplings.
Further, Barfield'®’ has investigated the effects of non-bonded interactions
by selectively deleting the corresponding Fock matrix elements in the
FPT INDO procedure.

Concentrating on the role of a methyl substituent (or another carbon
substituent) in propane, butane, and larger hydrocarbons, Barfield and
coworkers'®**'®* have shown that substituents on the y-carbon (Cs in the
nomenclature of 26) decrease the magnitude of the vicinal coupling between
13C in position-1 and the proton oriented trans to it. Also this y-substituent
effect has been analysed in terms of non-bonded interactions by deleting
selected Fock matrix elements.'®*

Ohkubo and coworkers'?®'%® have calculated 'J(CH) in some protonated
carbonyl compounds using the SOSINDO method. Cheremisin and
Schastnev'®* have reported SOSINDO calculations (using their own
special parametrization'®®) of 'J(CH) for classical and non-classical
structures of several aliphatic and alicyclic carbonium ions. London et al.'®’
have performed calculations of couplings between the carbonyl carbon and
protons in aspartic acid and glutamic acid, including the conformational
dependences. One- and two-bond carbon—proton couplings in organophos-
phorus compounds have been calculated by Safiullin et al.’®'"*'!% using
the EHT method, and by Albright and Schweizer.'®® Albright and Free-
man'®’ have calculated 'J(CH) in some diazo compounds. Boyd et al.'®®
have calculated directly bonded carbon-proton couplings in N-methyl-
enemethylamine N-oxide. Iwayanagi et al.''® have applied the EHT pro-
cedure to calculate some 'J(CH) data in organomercuric compounds.

Several of the papers mentioned earlier on proton-proton couplings in
unsaturated systems also presented calculations of carbon-proton
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coupling.>”"'7** Aydin and collaborators'®® have reported SOS CNDO
calculations of >J(CH) in ethene. The dependence of carbon—-proton coup-
lings in butadiene and cyclopropane on small changes in bond length has
been studied.'®® Runge and Kosbahn'®" have studied correlations between
'J(CH) in substituted ethenes and products of bond orders squared and
charge-corrected orbital amplitudes at the sites of nuclei. The authors also
report some SOS CNDO calculations. Runge'®? has sought correlations
between 'J(CH) in allenes and the STO-3G calculated overlap populations.

The vicinal and long-range carbon-proton couplings in alicyclic com-
pounds have been studied.'®>'¥*!°> The couplings between the starred
carbon and the proton in position X in the bicyclic alkanes 27-30 are

(27) (28) (29} (30)

shown to provide an interesting example of the non-additivity of different
coupling paths, which is explained in terms of the non-bonded interactions
between the bridgehead carbons. Table 12 summarizes the calculated
couplings and the changes in them caused by deleting the non-bonded
interactions between the bridgehead carbons. Also the corresponding coup-
lings between the starred carbon and the carbonyl carbon in the case of
X =COOH are quoted in the table.

TABLE 12

Calculated carbon-proton and carbon-carbon coupling constants (Hz)
between C* and X in compounds 27-30, and the changes in them caused
by deleting the non-bonded interactions between bridgehead carbons.'”?

Compound J(CH) AJ(CH) J(CC) AJ(CC)
27 0-36 -0-47 0-20 -0-12
28 8:56 ~3-46 5-17 -1-63
29 13-75 -7-53 842 -3:91
30 17-55 -30-12 11-87 -17-31

Carbon-proton couplings in cyclohexane have been studied.'** Bicyclic
compounds have been investigated by Joela>* who uses his own theoretical
formulation, by Schulman and Venanzi,'*” and by Figeys and coworkers'*®
who relate 'J(CH) to the percentage of s-character in the carbon hybrid
orbital involved in the carbon-hydrogen bond.

Carbon-proton couplings in benzene, calculated using several different
methods, are listed in Table 13. As might be expected, all the semiempirical
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TABLE 13
Carbon-proton coupling constants in benzene calculated using different semiempirical
methods.

FPT

INDO
FPT FPT  with 2p FPT FPT SOS Experi-
CNDO/2® INDO® onH® MINDO/3° NDDO? CNDO° mental’
1 J(CH) 116:0 1403 151-5 134-1 158-4 57-13 1575
2JICH)  -0-17 -4.94 -4.37  -14-07 0-51 1-0
3J(CH) 5-51 9-40 9-69 23-23 68 2:45 7-4
4J7(CH) —-0-06 -2:27 =271 -14-94 0-04 -1-1

“Ref.5. ?Ref.38. “Ref.33. “Ref.35. °Ref. 197. /Ref. 196.

FPT methods have difficulties with 2J(CH); only SOS INDO'’ predicts
the correct sign for this coupling. Two papers*>'®® dealing with the
CHF NDDO calculations for benzene and cyclopentadiene unfortunately
do not report the 2J(CH) or “J(CH) values. Couplings between ring carbons
and ring protons in substituted benzenes have been reported.“’g‘202

Since the last survey,” some papers have appeared that deal with couplings
between substituent protons and ring carbons in benzene derivatives. Ernst
et al.**! have studied the case of toluene, and Parr'®’ has reported calcula-
tions for phenylphosphine. Ayris et al?®® have performed SOS INDO
calculations for salicylaldehyde. Hansen and coworkers®® have reported
SOS INDO calculations of couplings between the carbonyl carbon and ring
protons in aromatic carbonyl compounds. Granger and Mangras®®® have
reported calculations for naphthalene, and Long and Memory'*® have
studied benzene, naphthalene, and four other benzenoid hydrocarbons.
Braun et al.>°® have studied 'J(CH), 2J(CH), and *J(CH) in azulene (31)
and aceheptylene (32). The calculated 1J(CH) and *J(CH) values do not
reproduce the experimental pattern, while the calculations of *J(CH) are

more successful.
{Y
O

(31) (32)

Some of the papers reporting carbon-proton couplings in heterocyclic
compounds have already been mentioned in connection with the discussion
of proton-proton couplings. *”'** Carbon-proton couplings in unsaturated
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five-membered rings containing two heteroatoms have been repor-
ted.”*’ 2% Wamsler et al.>'® have calculated J(CH) couplings in pyridine
N-oxide using the SOS CNDO/2 approach. Seel and Giinther’'' have
reported SOS CNDO/2 and FPTINDO calculations of carbon-proton
couplings in pyridine and the pyridinium ion. The calculated protonation-
induced changes in the couplings fail to reproduce the experimental data.

Couplings between protons and other Group IV elements have drawn
some attention in the recent literature. Some studies, dealing with one-bond
couplings, are already mentioned in the preceding Section A.'****° The
theoretical aspects of proton—Group I'V element couplings have been briefly
discussed in a review.”'?

Couplings between directly bonded silicon and protons are similar to
their carbon—proton counterparts in that both types of coupling may quite
successfully be related to hybridization. For silicon compounds, the quanti-
tative relationship between 'J(SiH) and the percentage of s-character in
the silicon hybrid orbital participating in the Si-H bond has been
given.”'**'* Beer and Grinter’'® have reported FPT INDO calculations of
1J(SiH) in several substituted silanes. Some of the calculations of Kovacevic
et al®" and Beer and Grinter®’ are compared with each other and with
experimental data in Table 14. It can be seen there that the simple
hybridization approach works quite well.

TABLE 14

Some coupling constants, 1J(SiH) (Hz), between directly bonded

96 and protons calculated using the maximum overlap approxima-

tion (MOA) approach and the FPT INDO method; note that the
magnetogyric ratio for >°Si is negative.

MOA® FPTINDO®  Experimental

SiH, -215 -202-5
SiH;CH;3 -191-4 -215 -194.3
SiH,(CHs5), —-186-8 -213 —188-6
SiH(CH,);3 -182-1 =210 —184-0
SiH,SiH; -1977 ~199 -198-2

“ Ref. 213, equation 13. ® Ref. 215, parameter set III.

Beer and Grinter®'* have also calculated some two-bond silicon-proton

couplings. For these, the calculations predict that the sign will be the
opposite of that of 'J(SiH), which seems to agree with the experimental
results. A positive 2J(SiH) in tetramethylsilane has also been reported by
Barbieri et al.'®® who used the EHT method. Finally, EHT calculations
for 'J(SnH) and 2J(SnH) in organostannanes have been presented.?!
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C. Couplings between protons and Group V elements

Some of the calculations for simple Group V hydrides (NH;, PH;, etc.)
have been mentioned in Section A.!6#1:434849.185 1y this section other
calculations of J(NH) and J(PH) are reviewed, in that order.

Laaksonen and Kowalewski** have calculated 'J(NH) and *J(NH) in
aminomethane using the non-empirical CHF and FP-CI methods. In this
molecule, 'J(NH) is found to be rather insensitive to the rotation of the
methyl group relative to the amine moiety. On the other hand, 2J(NH) is
found to vary very significantly with conformation (see Fig. 5). It is worth
mentioning that a curve of virtually identical shape, but scaled up relative
to Fig. 5, was reported earlier by Wasylishen and Schaefer®'” who applied
the FPT INDO method to a variety of nitrogen-proton couplings. Calcula-
tions for different conformations of aminomethane have also been
reported.''?

Solomon and Schulman®® have reported CHF INDO calculations of
!J(NH) in ammonia as a function of the six internal degrees of freedom.
Vibrational corrections to the coupling, calculated using two different
procedures, have been found to reduce the equilibrium geometry value of
'J(NH) by about 15%.

101

2K (X~-H)

) 60° 120° 180°

¢

FIG. 5. The dependence of 2K (XH) in aminomethane (X =N) and methanol (X=0) on
the rotation around the C-X bond. The dihedral angle ¢ is defined as HCN-lone pair in
aminomethane (O, CHF; A, FP-CI) and as HCOH in methanol (@, CHF; A, FP-CI).
(Laaksonen and Kowalewski**)
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Other workers dealing with calculations of nitrogen—proton couplings
have been satisfied to report values for single geometries of selected
molecules. Barbieri ez al.'®® have applied the EHT method to calculations
for NH3, NH, ", and N(CH;),*. Tarpg and coworkers>’ have applied several
different SOS INDO and SOS CNDO schemes to calculations of 'J(NH)
in the ammonium ion, pyrrole, pyridazine, and formamide. Dewar et al.*
have reported FPT MINDO/3 calculations for dimethylformamide,
aminomethane, protonated hydrogen cyanide, and protonated acetonitrile.
London and coworkers'® have applied the CHF INDO approach to calcu-
late couplings in 1-methylguanidine. Boyd et al'®® have reported
FPT INDO calculations of 2J(NH) and *J(NH) in N-methylenemethylamine
N-oxide as well as in model aldimines, ketimines, oxaziridines, and nitrones.
Lichter and collaborators®'® have studied couplings in ethyl diazoacetate
using the CHF method and the INDO approximation. The same method
has also been applied for the calculation of J(NH) in pyrrole'*” and for
calculations of J(NH) in aniline and nitrobenzene.'*® The results of these
calculations are shown in Table 15. Finally, Wamsler and coworkers*'°
have reported SOS CNDO calculations for pyridine N-oxide, and Kuroda
et al.**° have calculated 'JINH) in 4-aminoazobenzene.

TABLE 15

Calculated (FPT INDO) and experimental reduced coupling constants K(XH) and K (XC)
(X =N or P) in nitrobenzene, aniline, and phenylphospine.

Nitrobenzene'?® Aniline'?* Phenylphosphine'®’
X=N) (X=N} X=P)

Coupling
constant calc. exp. calc. exp. calc. exp.
LJ(XH) 48-8°  64.7° ~387 40-5
3J(XH) 3-94 1-59 2:22 1-59 —0-40 1-48
47 (XH) 1-16 0-68 0-86 0:39 0-15 0:32
*J(XH) 0-89 0-24 -0-11 +0:01 —-0-30 0-14
17(XC) 95-6 47-6 49-0 37:5 —-94-9 —6:69
yXC)  -10-9 5-46 1-14 876 5.57 12:8
3J(XC) 17-0 7-59 320 4.22 -5-13 4.85
41(XO) -4.22 £1-97 510 +0-88 498
“ Ref. 217.

Proton—phosphorus couplings have attracted considerable interest during
the last few years. Non-empirical (STO-3G) double perturbation calcula-
tions of phosphorus—proton couplings in phosphine, the phosphonium ion,
dimethyl phosphate, and ethyl phosphate have been reported.®’ The calcu-
lations for PH; and PH, " yield values about 50% lower than those obtained
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experimentally. The calculations for dimethyl phosphate predict a positive
three-bond coupling JIPOCH) in the trans arrangement, contrary to earlier
FPT INDO calculations.??’ The *J(POCH) coupling obtained from non-
empirical calculations displays a dihedral POCH angle dependence similar
to what has been predicted earlier for other types of three-bond
coupling. 103,180,217

An extensive set of FPT CNDO/2 calculations of phosphorus—proton
couplings in 46 compounds has been reported.’’> The calculations are
performed with and without d orbitals in the basis set. Generally, the
differences between these two sets of data are found to be small. The
predictions of 'J(PH) are quite successful for the phosphonium ions (at
least for the few cases where experimental data are available). On the other
hand, the wrong sign is obtained for 'J(PH) in phosphines. In phosphine
oxides and related compounds, the sign of the calculated 'J(PH) is correct
but the trends are somewhat erratic. With the exception of the phosphines,
the calculated 'J(PH) correlates very well with the square of the s-orbital
bond order, P, . Also the effects of some geometrical variations on
1 J(PH) are reported. The calculations®*? of “J(PH) are in general in poor
agreement with experiment, which might be expected by analogy with
the difficulties generally encountered in applying the FPT CNDO scheme
to calculate geminal couplings. Albright®*? has also studied the dependence
of the three-bond phosphorus—proton coupling in the ethylphosphonium
cation (33) and in ethylidenephosphorane (34) on the dihedral PCCH
angles and reports typical Karplus-type behaviour. Gray and Albright®?*%%*

CHCH;—PH/ CH3—CH=PH,
(33) (34)

have reported similar FPT CNDO/2 calculations for compounds containing
phosphorus—nitrogen bonds.

Beer and Grinter>'® have reported FPT INDO calculations of ' J(PH)
and 2J(PH) in a series of model compounds using three different parametriz-
ations. According to these authors, the one-bond coupling in the phosphine
molecule proves to be a difficult case also at the INDO level; the calculated
value is much too low. The effect of electronegative substituents turns out
to be another difficult problem. Otherwise, the calculation of both 'J(PH)
and 2J(PH) is quite successful. Beer and Grinter**? agree with the conclusion
of Albright**? that d orbitals are not important for calculations of couplings
in phosphorus compounds.

Safiullin and coworkers'’! have performed EHT calculations for methyl-
phosphine and obtained values of 'J(PH) in good agreement with experi-
mental data. The two-bond coupling >J(PH) is calculated as a function of
the angle of rotation of the PH, group relative to the methyl group. EHT
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calculations of phosphorus—proton couplings in (CH3),PO, (CH;),POOH,
CH;POCl,, H;PO,, CH3PH,, and (CH;);P have been reported.''*''?
Several cases of stereochemical dependence are investigated. The value of
2J(PH) in trimethylphosphine has been calculated using the EHT method.'®
Further, calculations of 'J(PH) and *J(PH) in OPR,H and OPR,CH3 type
compounds have been presented.”?’ Kunz>*® has reported EHT calculations
of 'J(PH) in the HPR;" system as a function of the electronegativity of R,
simulated by the variation of the valence shell ionization potential.

Parr'®” has reported calculations of various phosphorus—proton couplings
in phenylphosphine and its P-halogenated derivatives. The results of calcu-
lations for the parent compound are compared with the data for aniline in
Table 15. It can be seen in the table that three out of four of the calculated
P-H couplings have the wrong sign.

D. Fluorine-proton couplings

Fluorine couplings in general, including the couplings between fluorine
nuclei and protons, are the subject of a review.””” The obvious model
system for performing calculations of fluorine—proton couplings is the
hydrogen fluoride molecule. The results of various calculations reported
for this molecule are put together in Table 16. The results collected leave
no doubt about the difficulties involved in calculations for the HF molecule.
The semiempirical methods, with the exception of the EHT method,'® yield
the wrong sign (entries 13-17). The simple SOS approach, compared97 to
the FP Hartree—Fock calculation, gives a ' J(FH) value close to zero (entry
6). The time dependent Hartree—-Fock and SOPPA calculations®° using a
basis set of 33 STOs (entries 1 and 3) give values that are much too large.
Surprisingly, augmentation of this already large basis with further STOs
causes a dramatic change in the SOPPA value (entry 2). The CHF calcula-
tions,>* which also use a large STO basis set, produce still another value
of 'JIFH) (entry 4). Correcting for correlation effects, by means of the
MC CHF procedure (entry 5), increases the calculated coupling, i.e. has
the effect opposite to the SOPPA correction.

A more consistent set of data, providing grounds for some optimism
regarding the possibility of quantitative interpretation of the coupling in
the HF molecule, has been obtained with large scale calculations using
Gaussian type orbitals. Guest et al.*® have tested the convergence of ! J(FH)
(both the contact and the non-contact terms) with respect to the basis-set
size (see Table 9 and entry 8 in Table 16). The FC term converges slowly
but without major irregularities. The non-contact terms are large and
converge quite easily. The non-contact terms have also been reported by
Lee and Schulman®*°®"" (entries 11 and 12 in Table 16) and agree rather
well with the findings of Guest et al.*® The orbital diamagnetic contribution
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TABLE 16

Calculated proton-fluorine coupling constants, J(HF) (Hz), in hydrogen fluoride.

Basis Fermi
Method Author and reference set contact Other
1. SOPPA Oddershede et al.®° 33STO 724
2. SOPPA Oddershede et al.®® 44 STO 291
3. TDHF Oddershede et al.®® 33STO 955
4. CHF Albertsen er al.> 38STO 229
5.  MCCHF Albertsen et al.> 38STO 301
6. SOS Fukui et al.”’ 12 CGTO 34
7. CHF Fukui et al.””**8 12 CGTO 295
8. CHF Guest er al.*® 69 CGTO 478 187
9. CHF Kowalewski ef al.*! 42 CGTO 473
10. FP-CI Kowalewski et al.* 42 CGTO 347
11. CHF Lee and Schulman®®”" 6-31G 172
12. Monte Carlo
integr. Lee and Schulman®* 32STO -8-1¢
13. FP-Xa Fukui®® —~1360
14. FPT MINDO/3 Pandey and Chandra® 228
15. FPTINDO Facelli e al.” —140
16. FPT INDO
with 2pon H  Facelli and Contreras®® -31.7
17. REX Pyykko and Wiesenfeld'® 373 0
18.  Experiment Muenter and Kiemperer??® 530

? The diamagnetic orbital term only.

to 'J(FH) has very recently been reported by Matsuoka and Aoyama.*’
The calculations by Kowalewski et al.*' (entries 9 and 10) confirm the
results*® at the CHF level and give an estimate of the correlation effects.
We can also note that the sum of the FP-CI result for the contact term
(entry 10), the CHF results for the non-contact terms (entry 8), and the
Monte Carlo integration result for the diamagnetic orbital contribution
(entry 12) is within a few Hz of the experimental value. Though rather
impressive, this agreement may to some extent be fortuitous, since it does
not take into account vibrational corrections, discussed® in connection
with simpler calculations.

A favourite model system for performing calculations of “J(FH) is
fluoromethane. Some calculations for this system are listed in Table 17.
Even here the semiempirical methods perform poorly, while the non-
empirical calculations yield results in reasonable agreement with
experiment. Tarpg et al.>® and Pandey and Chandra® have also reported
calculations of other geminal and vicinal proton—fluorine couplings.
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TABLE 17

Calculated and experimental proton—fluorine coupling constant in fluoromethane.

Author and reference Method 2J(HF)
Laaksonen and Kowalewski** Ab initio, CHF 73-5¢
Laaksonen and Kowalewski** Ab initio, FP-CI 57.6%
Ditchfield and Snyder*’ Ab initio, CHF 66-6°
Pople et al.’ FPT INDO 4.7°
Facelli and Contreras®® FPT INDO with 2p on H 23-6°
Pandey and Chandra®> FPT MINDO/3 -52°
Tarpg et al.>® SOS INDO 12:3°
Frankiss®*° Experiment 46-4

“ Fermi contact only. b FC(58:5)+OB(12-:3)+SD(—4-2).

The long-range proton—fluorine couplings in fluorine-containing benzene
derivatives have recently been the subject of several investigations. One
particular aspect of the problem, the ‘“through space” or ‘“proximity”
mechanism, which refers to the transmission of the coupling between nuclei
close to each other in space but separated formally by several chemical
bonds, has been reviewed.”*! FPT INDO calculations investigating the
“though space” couplings between fluorine and protons have during recent
years been reported for a-fluorotoluene,'** 2-fluorobenzyl alcohol (35),%**
2-methylbenzoyl fluoride (36),'°**** 2-methylbenzenesulphonyl fluoride

coH O3¢-F o0,s-F O
o oo™ o
(35) (36) (37) (38)

(37),2** and 2-trifluoromethylbenzaldehyde (38).1°® The calculations pre-
dict very large negative couplings between proximate H and F nuclei
separated by five bonds,*®*?*>?*® which is in disagreement with experi-
mental data for 38. Conformational dependences of more usual long-range
proton—fluorine couplings in 3-fluorotoluene®*® and phenyldifluorophos-
phine'*” have also been reported.

E. Other couplings involving protons

The oxygen—proton coupling in the water molecule has been calculated

. .. . se 16,165
using numerous non-empirical*'*®°%¢%"1%7  anqd  semiempirical
approaches. Non-empirical calculations of proton-oxygen couplings,
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'J(OH) and *J(OH), in methanol have been reported.***' The plot of
2K(OH) in this molecule versus the dihedral HCOH angle44 is shown in
Fig. 5. Calculations of three-bond oxygen-proton couplings in several
phosphorus compounds have also been performed.'****?

Couplings involving ''B have been reported®® for BH," using various
SOS INDO and CNDO procedures, for BH using the Xa method,’® and
for the BH;-CO adduct using the FPT INDO method.'® Solkan and
coworkers>*® have presented FPT INDO calculations of 2y (BH) and *J (BH)

for a series of compounds of the type 39. Their calculations of 3 (BH),

~ ~
c=C
< BlOH),
(39)

but not 2J(BH), turn out to agree reasonably well with the experimental
data, conforming to the pattern cited above in Sections B and C. Kroner
and Wrackmayer®®” have studied the correlation between experimental
J(BH) in several compounds and the squared bond orders between the s
orbitals on the boron and hydrogen atoms, calculated using the non-
empirical (STO-3G) and semiempirical (CNDO/2) procedures.

Some of the calculations of couplings between protons and more *“odd”
nuclei are mentioned above in Section A.!5**%16% Before leaving the
subject, mention should be made of the calculation of 'J(LiH) in the LiH
molecule,”® and two papers dealing with proton-mercury couplings.'%?*®

VI. CARBON COUPLINGS

A. General trends in one-bond couplings between carbon and other
nuclei in the periodic table

Laaksonen and Kowalewski** have reported non-empirical CHF and
FP-CI calculations of *K(CX) for the series of methyl-substituted simple
hydrides CH;XH,, where X=C, N, O, F. The trend found in the series
(see Table 18) is remarkably different from the trend in 'K(XH) in simple
hydrides (Table 7). While 'K(XH) in the series HF—H,O—NH;—CH, is
roughly constant, the calculated one-bond couplings between carbon and
the same nuclei X vary very dramatically, in agreement with experiment.
Applying the ideas of Gutowsky and coworkers,'®>!®® the trend in the
CHsXH,, series can be explained in terms of the increasing importance of
the core polarization mechanism. In hydrides, or at least in hydrogen
fluoride, this mechanism seems to be overriden by the substantial ionic
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TABLE 18

Reduced one-bond coupling constants 'K(CX) (10" m2kgs2A™?) in some methyl-
substituted hydrides.

Fermi contact

Other mechanisms,

CHF*® FP-CI°  Semiemp.’ CHF Experimental
CH,CH; 797 432 54-6 1-6° 456
CN;NH, 379 10-8 15-0 14-7
CH,OH -47-7 —-56-5 —522 8.7¢
CH.F -114.0 -101-6 -83:5 18-3° -57-0

? Ref. 44. ®Ref.239. °Refs. 68 and 71. “ Ref.51. °Ref. 47.

character of the bond. It should also be noted that the opposite behaviour
of 'K(CX) and 'K(XH) is limited to the FC term, while the non-contact
contributions in both series behave in a similar wayj, i.e. they increase upon
going from X = C to X = F (note however that the non-contact terms quoted
in Table 18 have been obtained using different basis sets for different
molecules and are not strictly comparable).

Spin—spin couplings between 3C and the first-row nuclei are the subject
of a review.”® In this review are presented some otherwise unpublished
results of (unspecified) calculations for the series CH;XH,, X=Li to F.
The results for X =C to F are included in Table 18 for comparison.

Pyykko and Wiesenfeld'® have reported a REX study of the systematic
variations of 'K(CX) within the columns of the periodic table, i.e. in the
series X(CH3), (X=C, Sn, Pb), CH3XH (X=0,$§, Se, Te), X(CH,), X=
0, S, Se, Te). The trends in 'K(CX) within both Group IV and Group VI
compounds parallel the trends in 'K(XH) shown in Fig. 4. It should be
pointed out, however, that one serious discrepancy arises between the work
of Pyykko and Wiesenfeld'® and the non-empirical studies:**! the reported
value of 'K(CO) in methanol is positive in REX but negative in the ab
initio work.

A general discussion of one-bond couglings 'K(CX) has been presen-
ted by Gutowsky and coworkers,'® 163 and more recently by
Shustorovich**° who uses a generalization of the Pople-Santry theory.*

B. Carbon-carbon and carbon-other Group IV element couplings

Besides the review by Wasylishen?*® mentioned in the preceding section,
the carbon—carbon couplings (or more specifically, couplings through two
or more bonds) have been reviewed by Hansen.”*' Couplings between
carbon and heavier Group IV elements have also been discussed.*'?
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Carbon-carbon couplings have been subject to several non-empirical
calculations for model systems. The work by Laaksonen and Kowalewski**
on ethane has been mentioned in the preceding section. Jansen and co-
workers?*? have applied the non-empirical version of the scanning MO
method to compute the C-C couplings in ethane, ethene, and ethyne. The
same series of compounds was studied earlier by Barbier et al.*** who used
a simple SOS approach and included the contact as well as non-contact
terms. The non-contact terms in ethane, ethene, ethyne and a few
other molecules have been reported.’®*>’! Also many of the previously
mentioned method-oriented papers dealing with semiempirical schemes
contain some calculations of carbon—carbon couplings. 2833233

Results of some of the non-empirical and semiempirical calculations are
shown in Table 19. Several interesting comments can be made about the
data in this table. None of the schemes presented has any trouble reproduc-
ing the general trend of the couplings, which increase rapidly with increasing
s-orbital contribution to the carbon-carbon o bond. By analogy with the
C-H coupling, the trend in the coupling between directly bonded carbons
in simple hydrocarbons may in fact be explained without actually perform-
ing calculations. A Muller-Pritchard'’® type theory for 'J(CC) has been
given;*** it is found that the coupling is proportional to the product of
s-characters of the bonding hybrids of the two coupled carbons. These
simple hybridization ideas have found confirmation in non-empirical
work.?*? It should be stressed, however, that arguments of this type are
valid only for the FC mechanism.

The role of the non-contact mechanisms in 'J(CC) has been the subject
of some controversy, as may be inferred from Table 19. All authors seem
to agree that both the OB and SD terms in ethane are quite small. For
ethene, on the other hand, both non-contact terms are usually found to
be rather large and of opposite sign, with the negative OB term prevailing.
The magnitudes of the individual OB and SD terms predicted by different
methods vary widely, as does their sum (see Table 19). For ethyne, there
seems to be general agreement that the SD and OB terms are both quite
large and positive. Also for this molecule, various calculations predict a
strongly varying total non-contact contribution to the coupling. For the
OB term, non-empirical CHF calculations®® give undoubtedly the most
reliable values, 0-2, —9-7, and 15-3Hz for C,H¢, C,Hi, and C;H,
respectively. The SD term is more problematical since it cannot be
computed using the usual non-empirical CHF methods for ethene and
ethyne.”!

Carbon—carbon couplings are the first type of coupling encountered in
this review for which the semiempirical methods also predict non-vanishing
non-contact terms. In discussions dealing with such calculations one should
start by recognizing one general consideration that can lead to some



TABLE 19

One-bond carbon—carbon coupling constants (Hz) in the series C;Hg, C;Hy, and C,H,.

Author and Method C:Hs C.H, CH,
reference Contact Non-contact Contact Non-contact Contact Non-contact
Jansen er al** Non-empirical,
scanning MO 19-7 53-9 149
Barbier ez al.>® Non-empirical, SOS 17-4 06 69-2 -12 190-7 2:2
Lee and Schulman®®"" Non-empirical, CHF* 1-2 -7-4 197
Pople et al.’ FPT INDO 41-5 82-1 1638
Blizzard and Santry*® SCPT INDO 35-6 -2:2 70-6 ~14-7 140-8 31.9
Pandey and Chandra®? FPT MINDO/3 29-9 0-2 72-3 2:5 84-0 87-5
Hirao and Kato®® SOS INDO, Loc. MO 272 -1-1 716 =27 141-1 36
Pyykko and Wiesenfeld'® REX 222 0-2 60-2 -9.6 116-7 156
Experiment 34-6 67-6 171-5

“ Approximate expression for the spin-dipolar term has been used.

i
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confusion. The total calculated coupling can be written:*®

JINN') = ann" SINN') + ban [JOP(NN) + 5P (NN')] (69)

where jFS(NN'), jOB(NN'), jSD(NN’) denote the density matrix dependent
parts of equations (37), (45), and (60), while ann and bnn denote the
integral products:

ann = SN (0)sn*(0) (70)
ban = (fN—3>(’N'—3> (71)

Now, these integral products can be assigned theoretical values based on
atomic calculations or can be used as adjustable parameters to be deter-
mined by least-squares fitting of the calculated to the experimental data.
If the latter approach is chosen, the parameter values will obviously depend
on the experimental data set used. The same problem exists also, at least
in principle, for couplings involving protons, where ann has to be assigned
some value. It appears however that the differences between the ayx values
suggested by different authors are not very large. On the other hand, the
integral parameters suggested for the case of carbon—carbon couplings vary
over quite a wide range. This is illustrated by Table 20, where several of

TABLE 20

Some ann and by integral parameters (atomic units) suggested for
the semiempirical calculations of carbon-carbon coupling constants.

Parametrization acc bee
Atomic calc.” 7-656 2-863
FPT INDO" 16-255

SCPT INDO* 13-978 8:290
SCPT MINDO/3¢ 12.585 3-590
SCPT INDO, 'Jcc only® 13-503 5-072
SOS INDO, %Jcc only’ 29-146 16-208
SOS INDO, *Jcc only’ 29-025 5-66

% As quoted in refs 46 and 245. PRef. 5. °Ref. 46. ¢ Ref.
33. °Ref.245. 'Ref.246.

the proposed parameter sets are compared with each other. It can be noted
that ali sets of fitted parameters are larger than the parameters obtained
from atomic calculations, in some cases almost by an order of magnitude.

The parameters suggested by Tun Khin and Webb have been obtained
in two papers®*>?*® presenting extensive studies of carbon—carbon couplings
in a variety of bonding situations. The first of the papers>** contains results
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of SCPTINDO calculations of more than 70 one-bond carbon-carbon
couplings. In contrast to the classical paper by Maciel et al.,*” Tun Khin
and Webb also include the non-contact terms. In the second paper>*® they
compare the SCPT INDO and SOS INDO methods applied to a large
number of two-, three-, and four-bond carbon-carbon couplings. They find
that the SCPT method usually predicts a negative 2J(CC) while most of
the attempts to determine the sign experimentally yield a positive sign.
The SOS approach is in this respect more successful. They also find the
SOS approach to be more satisfactory for >J(CC).%*® In the vast majority
of cases the FC term turns out to be dominant.

We turn now to the more application-oriented papers studying either
trends in a particular series of compounds or conformational dependences
in model systems. We begin with couplings in aliphatic and alicyclic com-
pounds and proceed to aromatic and heterocyclic systems. Within each
group the discussion begins with one-bond couplings and continues with
couplings between nuclei separated by several bonds. In most papers the
authors have chosen either the SCPT INDO approach (often including the
contact as well as the non-contact terms) or the FPT INDQ method (usually
including only the contact contribution). If no additional comment is made,
reference to the FPT INDO method implicitly means that non-contact
terms have been neglected.

Kamienska-Trela>*® has reported SCPT INDO calculations of 'J(CC) in
acetylene and carbon-carbon couplings in diacetylene (butadiyne). She
reproduced the experimentally observed fact that ' J(CC) between carbons
1 and 2 in diacetylene is larger than in acetylene, which is attributed to
the FC mechanism. Albright and Schweizer'®® have reported FPT INDO
calculations of 'J(CC) in ethane and in ethyllithium. Schulman and
Venanzi'?’ have performed CHF INDO calculations of J(CC) in bicy-
clobutane and 1-methylbicyclobutane, including the non-contact terms.
They reproduce the negative value of the one-bond coupling between the
carbons participating in the central bond. Other couplings calculated by
them show good agreement with experiment. Stocker and Klessinger®*
have investigated 'J(CC) in cis and trans disubstituted cyclopropanes using
the FPT INDO approach. They find that the couplings between the sub-
stituted carbon atoms are larger when the substituents are frans to each
other. These authors have also studied the dependence of 1J(CC) in disub-
stituted ethanes on the dihedral XCCY angle. London and coworkers'®’
have reported FPT INDO calculations of various carbon—-carbon couplings
in aspartic acid and glutamic acid, including conformational dependence.

Vicinal (three-bond) carbon-carbon couplings have attracted consider-
able attention that has resulted in several interesting papers. Barfield and
coworkers>*® have reported FPT INDO calculations for butane, 1-
fluorobutane, 1-cyanobutane, methylcyclohexane, and methyladamantane.
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They relate *J(CC) to different proton—proton couplings by means of the
bond orders of valence bond theory. They have also investigated the role
of “rear lobes”. In a series of more recent papers'®'"'*>'** Barfield and
collaborators have continued the FPT INDO studies of the effects of non-
bonded interactions (y-substituent effect, bridgehead interactions) on a
variety of vicinal carbon—carbon couplings. In order to clarify the mechan-
isms, the authors delete certain interactions from the INDO calculations.
The results'®**° strongly indicate that no simple Karplus-type relationship
exists for >J(CC). Some of the results for J(CC) in compounds of varying
ring size are shown in Table 12.

The dependence of 3J(CC) in butan-1-ol on two dihedral angles, ¢
(CCCC) and ¢' (OCCC), has been studied”®" by the FPT INDO method.
For ¢ larger than 60° it is found that *J(CC) is almost independent of ¢'.
For small values of ¢ the variation of >J(CC) with ¢' is found to be
substantial. Wray*** has studied >J(CC) in numerous butane derivatives,
cyclic hydrocarbons, and carboxylic acids. He used the SCPT INDO method
and studied the role of non-contact terms. Both the OB and the SD terms
are invariably found to be negligible. The calculations reproduce the experi-
mental trends.

Carbon—carbon couplings in substituted benzenes have been the subject
of two large SCPT INDO investigations.>*>*** Both of these investigations
include the contact as well as non-contact mechanisms, and both groups
find that, given the coupled pair of atoms, the couplings fall within rather
narrow limits, irrespective of the substituents. Both papers agree also on
the observation that the FC term seems to dominate, but differ (because
of adopting different integral parameters bcc) on the estimates of the
absolute values of the non-contact terms. The calculations are reasonably
successful in reproducing the experimental data for 'J(CC), less successful
for *J(CC), and fail completely for 2J(CC). A similar pattern with respect
to the consistency with experiment has also been noted in FPT INDO
investigations on larger aromatic hydrocarbons,"*® and in work on exo-
methylene benzocycloalkanes.?*?

Hansen and coworkers** have reported SOS INDO calculations (includ-
ing the FC, OB, and SD mechanisms) of couplings betwen the carbonyl
carbon and the ring carbons in aromatic carbonyl compounds. They obtain
the pattern of 'J(CC) » >J(CC) > 2J(CC) > *J(CC), in agreement with experi-
ment. They find that the OB term is important for two-bond couplings. The
same authors have applied the same method to calculations of J(CC) in
naphthalene®*® and find poor agreement with experiment. Wasylishen and
Pettitt>>” have applied the FPT INDO method to calculate couplings
between the substituent carbon and the ring carbons in benzyl cyanide.

The couplings between an exocyclic carbon and ring carbons have also
been studied***** by the FPT INDO method. In the work on benzoic acid
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and phenylacetic acid (40),>°® the authors note the inadequacy of the
CHF INDO method for calculations of geminal carbon—carbon couplings.
In the case of phenylacetic acid, the authors studied some cases of conforma-
tion dependence and discussed the results in terms of o and 7 mechanisms.
In their paper covering cis-crotonaldehyde (41) and o-cyanotoluene (42),
Marshall and coworkers®*® studied the mechanism by which various carbon-
carbon couplings occur by deleting certain overlap integrals.

COOH
CH, CH,
CN
OHC . ~CHs
-~ ~
(40) (41) (42)

Two of the papers dealing with J(CC) in heterocyclic compounds'>”**°

have been mentioned earlier in connection with other types of couplings.
Further, London®®° has reported calculations of >J(CC) in methylimidazole
as a function of the protonation site and solvent interactions.

Finally, some papers dealing with couplings between carbon and heavier
Group IV elements should be mentioned. Two papers have examined
one-bond silicon—carbon couplings. Summerhays and Deprez*®' have
reported FPT INDO calculations of 'J(SiC) in a series of trimethylsilyl
compounds, (CH3);SiX. In general they achieve good agreement between
calculation and experiment. The authors claim that in some cases improve-
ment can be expected upon including the d orbitals on silicon in the basis
set. They also report correlations between calculated couplings and para-
meters related to hybridization. More recently®®® calculations of contact
and non-contact contributions to 'J(SiC) in a variety of compounds using
three different parameter sets>'® in the CHF INDO calculations have been
reported. The FC term is found to be predominant and agreement with
experiment is good. It may be worth mentioning that the calculations®®
yield a value for 'K(SiC) in CH;3SiH; of about 90x 10 m™2kgs > A™? (no
experimental value for this compound is available), while the corresponding
'K(CC) in ethane is only about half as large. Couplings between carbon
and tin and between carbon and lead have been reported.'®

C. Couplings between carbon and Group V elements

Non-empirical calculations of carbon-nitrogen and carbon—-phosphorus
couplings are scarce. Laaksonen and Kowalewski** have reported CHF
and FP-CI calculations for the FC term in aminomethane. Giessner-Prettre
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and Pullman®' have performed DPT calculations (using the STO-3G basis
set) for the contact contribution to 2J(PC) and *J(PC) in dimethyl phosphate
and ethyl phosphate. Lee and Schulman®® have calculated the OB contribu-
tion to several nitrogen couplings, e.g. in HCN 'J°%(CN) = —5-2 Hz, in
CH,CN 'J°®(CN)=-4-4Hz and 2*J°®(CN)=0-4Hz, in CH;NC
1J°B(CN) = —1-2 Hz (double bond) and 'J°®(CN) =0-4 Hz (single bond).
These values are of interest in the discussion of different semiempirical
results.

Semiempirical calculations of carbon-nitrogen couplings, scarce in the
first half of the nineteen-seventies, started to flourish in the second half of
the decade as a consequence of the greatly increased availability of experi-
mental data. In two papers quoted previously in this review, the FC
contribution to CN couplings is reported.’ 247 A general review of carbon—
nitrogen couplings has been published.?*® Several papers dedicated to the
semiempirical methodology of calculating carbon-nitrogen couplings have
appeared recently. Four papers have been devoted to the applicability of
the SCPT INDO method.?®*?% Schulman®®’ has investigated the
capabilities of MINDO/3, and Tun Khin and Webb®*® have reported
extensive tests of the SOS INDO approach.

One of the problems dealt with in the above-mentioned calculations has
been the evaluation of the relative importance of the FC, OB, and SD
mechanisms. As in the case of carbon—carbon couplings, the semiempirical
calculations of JINC) require knowledge of the integral parameters acn
and bcn. Schulman and Venanzi®®*?%* were the first to report that it was
not possible to find unique acy and bcy parameters that fit all types of
coupling. Instead, they suggested a ‘“‘normal set” for 1J(NC) in molecules
with single carbon-nitrogen bonds and another set for the triply bonded
situations. Such an approach has no strict motivation; nevertheless, it has
been followed subsequently by other authors.?*>?°® In the SOS INDO work
done by Tun Khin and Webb?*® a single set of acy and bcy is used; however,
no nitriles or related systems are included in the study. The acn and ben
values suggested by different authors are collected in Table 21. We can
note that the “normal sets’’ obtained by the three groups working with the
SCPT INDO method differ somewhat, owing to differences in the sets of
experimental data included in the fitting procedure. The differences are
larger for the triple-bond set, where experimental data are much more
scarce and some sign controversies still remain unsettled. We can further
note that, as is also the case for carbon-carbon couplings, the acn and ben
values suggested on the grounds of SOS INDO calculations are larger than
the SCPT INDO based parameters.

Table 22 contains a comparison of the results of different semiempirical
calculations for 'J(NC) in aminomethane, acetonitrile, and pyridine. The
first observation is that the SCPT MINDO/3 method (using the integral
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TABLE 21

Some ann and by integral parameters (atomic units) suggested for the
semiempirical calculations of carbon-nitrogen coupling constants.

Single bonds Multiple bonds
acN ben acn ben
Atomic SCF* 13-199 5:247
SCPT INDO® 13.79 1.77 17-08 15-34
SCPT INDO® 14-480 2:446 10-444 17-664
SCPT INDO* 13.654 4-490 3-730 13-428
SOS INDO* 35-167 4.980

* As quoted in refs 265 and 268. °Ref. 263. °Ref. 265. ? Ref.
266. ° Ref. 268.

parameters acn and bey from INDO calculations) works very unsatisfac-
torily.?” For aminomethane, all other available calculations agree quite
well. The three SCPT INDO calculations agree rather well with each other,
and also with experimental data for acetonitrile. However, it is somewhat
disturbing to see that the bcn parameter yielding this agreement with
experiment is about three times larger than the atomic SCF value. Further,
the SCPT INDO OB term is highly overestimated compared to the ab
initio calculations,®® Thus, it might be over-optimistic to consider the
interpretation of 'JINC) in acetonitrile as being settled. In the case of
pyridine the SOS INDO and the SCPT INDO methods agree in predicting
the dominance of the OB term.

Wasylishen?®® has studied one-bond nitrogen—carbon coupling in amines
and some other compounds. He used the FPT INDO method, limited to
the FC term; as in the case of carbon—carbon couplings, the reference to
FPT INDO implies that the non-contact terms are not included. Wasylishen
finds a positive value for 'J(**N-'2C), corresponding to a negative reduced
coupling 'K(NC), in the three-membered ring compounds aziridine (43)
and oxaziridine (44). Certain similarities between the variation of 'J(NC)
and 'J(NH) under the influence of nitrogen hybridization changes are also
noted.

NH NH
/ \ / \
H,C—CH, H,C—0

(43) (44)



Selected results of calculations of carbon-13-nitrogen-15 coupling constants, 1J(NC) (Hz), using different methods; note that for the 3CISN case

TABLE 22

J and K have opposite signs.

CH;NH, CH,CN Pyridine

Method FC OB SD total FC OB SD total FC OB SD total
Ab initio, CHF -11-6° 4-4°
Ab initio, FP-CI -3.3¢
SCPT INDO* =27 0-2 -0-1 -2-6 37 -7-9 -12:7 -16-8 -0-7 16 -0-3 06
SCPT INDO* -2-3 04 -0-2 —2-1 23 -9:3 -15-0 -219
SCPT INDO* -4-5 0:5 -0-2 —4-2 0-8 —6-9 -11-2 -17-2
SCPT MINDO' +3-0 0-4 -0-7 +2-7 22:1* -20-3 -36-3 -34'5 -37 0-0 -2-1 -5-8
SOS INDO" 0-0 2:6 -0-1 2:5
Experiment —4-5 -17-5 0-6

% Ref. 44. ° Ref. 68.  Ref.263. “ Ref.265. °Ref.266. ' Ref.267. ¢ Computed for HCN. * Ref. 268.
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Berger and Roberts’”® have reported FPTINDO calculations for
different carbon-nitrogen couplings in 1-aminopropane at various confor-
mations and for quinuclidine (45). In the latter case they predict "J(NC)
and *J(NC) to be of the same order of magnitude, in agreement with
experiment. Carbon-nitrogen couplings in azaadamantane (46) have been
calculated”’” by the FPT INDO method.

(NJ N
(45) (46)

Axenrod and coworkers®’* have reported SOS INDO calculations of the
FC, OB, and SD mechanisms for 'J(NC) in a series of ring-substituted
anilines and anilinium ions. The FC term is found to dominate these
couplings. They only reproduce some of the experimentally established
trends. Ernst et al.'*® have calculated carbon-nitrogen couplings in aniline
and nitrobenzene, including the contact as well as the non-contact terms
(see Table 15). The agreement of their results with experiment is not
impressive, however, in particular for "J(NC) with even n.

London and coworkers>'® have reported calculations of 'J(NC) in 1-
methylguanidine and urea. Berger’’> has performed FPT INDO calcula-
tions of 'J(NC), 2JINC), and *J(NC) in propionic acid N-ethylamide and
its O-protonated derivative; they are able to reproduce experimentally
established changes following O-protonation. Boyd et al.'®® have used the
FPT INDO method to calculate 'J(NC) in N-methylenemethylamine N-
oxide. Kuroda et al.>*® have used the SCPT INDO method to calculate
several 'J(NC) data in 4-aminoazobenzene (47).

@D

(47)

FPTINDO calculations’’* of one-, two-, and three-bond carbon—
nitrogen couplings in oximes show rather poor agreement with experiment.
Similar calculations, also with poor results, were reported later.””>2"¢ In
the latter paper the authors point out that the couplings are very sensitive
to small changes in geometry.

Carbon—nitrogen couplings in diazo compounds have been studied.
Runge and Firl*”’ have compared, using the SOS CNDO method and

187,219
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including all mechanisms, the one-bond carbon-nitrogen coupling in
diazomethane with the corresponding carbon-carbon coupling in 1,1-
dimethylallene.

Carbon-nitrogen couplings in heterocyclic compounds have been repor-
ted in several of the papers dealing with carbon-nitrogen coupling in
general,>*>%® as well as in some other papers. Galasso”’® has reported
SCPT INDO calculations (including the non-contact contributions) for
pyridine, pyridinium cation, and pyridine N-oxide. Pyridine N-oxide has
also attracted the attention of Wamsler er al.>*° who have applied the
SOS INDO approach. Alei and coworkers®”® have used the SCPT INDO
approach and calculated various carbon-nitrogen couplings in imidazole,
several methylated imidazoles, and some protonated species.

We turn now to carbon-phosphorus couplings. Two papers have dealt
with the problem in general and contain comparisons of various carbon-—
phosphorus couplings in a large number of different compounds. Albright*??
has used the FPT CNDO approach for the FC term and has reported
calculations for 46 molecules. He finds that the inclusion of d orbitals
centred on phosphorus in the calculations is of some importance. His
calculations of J(PC) follow some of the characteristics of the calculations
of phosphorus—proton couplings; see Section V.C. In particular, the phos-
phines turn out to represent a particularly difficult set of cases. Beer and
Grinter®®? have studied 'J(PC) in a series of eleven compounds using the
FPT INDO method and including the non-contact terms. Their calculations
are unsuccessful in reproducing the experimental data. The calculations
indicate that the non-contact terms may be important, especially for the
compounds of trivalent phosphorus. They do not include the d orbitals on
phosphorus but nevertheless argue that it is unlikely that the inclusion of
these orbitals alone could significantly improve the results.

A smaller sample of phosphorus compounds has been investigate
by means of the EHT method employing the FC term only. In another
paper”® the role of the non-contact terms has been studied for 'J(PC) in
CH;PH,, (CH3),PH, (CH3)3PO, and CH3;POCI,. The authors use both the
SOS CNDO and EHT methods and find that the non-contact terms are
much smaller than the FC contribution. They explain this in terms of the
smallness of {(rp >) for the phosphorus valence 3p orbital as compared to
the corresponding integral involving 2p orbitals in the first-row atoms.

Calculations of carbon-phosphorus couplings have also been reported
in numerous, more application-oriented papers. Safiullin and coworkers'®!
have performed EHT calculations of 'J(PC) in methylphosphine. Albright
and Schweizer'®® have calculated 'J(PC) in HsP=CH,, (H,P-CH3)", and
(HsP-CH,Li)" using the FPT CNDO method, limiting their interest to the
FC term. The same method has been applied®®’ to a series of organophos-
phoranes, (CH;0),P(O)CH,X.

114,115
d
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FIG. 6. FPT INDO calculated variation of J(PC) in ethyl phosphate as a function of the
angle w: (1) ¢ =180°; (2) ¢ =0°. (Giessner-Prettre and Pullman???)

'J(PC), 2J(PC), and *J(PC) in ethyl phosphate (48) and some other
compounds have been studied®?! using the FPT INDO method. For ethyl
phosphate an extensive study of conformational dependence of 2J(PC) and
3J(PC) is reported. The curves obtained for 2J(PC) as a function of the
angle » resemble closely the Karplus-type shapes well known for *J(HH)
and other couplings (see Fig. 6). Calculations of 2J(PC) have been reported
in a non-empirical study®' in which the form (but not the magnitude) of
the angular variation of the coupling is confirmed.

N

CH,CH | O

Y o 9
(48) (49)

Pyykko and Wiesenfeld'® have calculated 'J(PC) in the series (CH;);PX,
with X = nothing, O, S, Se, Te. Their calculations predict the wrong sign
for trimethylphosphine (another example of the difficulties presented by
phosphines!), while the calculations for the rest of the series agree reason-
ably well with experiment.

Two paperszgz’283 report the results of FPT INDO calculations for phos-
pha-aromatic compounds, e.g. phosphorin (49) and related systems. The
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results show that the non-contact mechanisms are significant. In fact, 1J(PC)
in 49 is dominated by the OB term, while the FC and SD terms almost
cancel each other. This is in analogy with the case of 'J(NC) in pyridine.
For some *J(PC) and *J(PC) couplings the calculations predict the domin-
ance of the SD term. The agreement with experiment is, in general, found
to be satisfactory.?®? Inclusion of the d orbitals on phosphorus is shown to
be less important.”®*

Parr'®’ has reported FPTINDO (contact only) calculations of phos-
phorus—carbon couplings in phenylphosphine. These results are compared
with experiment and with the results for the corresponding nitrogen com-
pound (aniline) in Table 15. As can be seen in this table, the FPT INDO
method is not successful for this set of couplings.

D. Fluorine—carbon couplings

The fluorine-carbon coupling in fluoromethane is another “classical case”
and is a favourite model for testing different theoretical approaches. The
results of some non-empirical***’ and semiempirical>*****¢ calculations
of 'J(FC) in CH,F are summarized in Table 23. We can see that the two

TABLE 23
Carbon-fluorine coupling constants, 1y (FC) (Hz), in fluoromethane calculated using different
methods.

Author and reference Method FC OB SD Total
Laaksonen and Kowalewski**  FP-CI —-288-5 -288-5
Laaksonen and Kowalewski**  CHF —323-8 -323-8
Ditchfield and Snyder*’ CHF -149-5 +32.4 +196 975
Blizzard and Santry*S CHF INDO -1687 —650 +31-0 —202-7
Pople et al.’ FPT INDO -237:2 -237-2
Pandey and Chandra® CHF MINDO/3 -129-8 2025  503-9 576-2
Tarpg et al.*® SOS INDO -229-4
Frankiss?*° Experiment -157-5

non-empirical CHF calculations fall on either side of the experimental
value, and that the correlation effects are rather small. The work of
Ditchfield and Snyder*’ is particularly interesting because it also contains
the calculation of the non-contact terms. It is noteworthy that semiempirical
CHEF calculations predict values of the non-contact terms that differ greatly
from the non-empirical results. All the methods predict a negative contact
contribution, in agreement with the core polarization mechanism. %>
The papers for which results are in Table 23, and which report semiempirical
calculations for fluoromethane, present similar calculations for other
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molecules. Among the earlier more methodological work on carbon-
fluorine couplings one should mention the papers by Maciel et al*¥’
(FPT INDO, FC term only) and by Towl and Schaumburg®® (SOS CNDO
and SOS INDO, all mechanisms).

Carbon-fluorine couplings have been reviewed.””’*** Calculations of
J(FC) have been reported in several application-oriented papers. Wray>**
has applied the SCPT INDO method, including the non-contact mechan-
isms, to the problem of calculating the angular dependence of three- and
four-bond carbon-fluorine couplings. His calculations for fluoropropane
predict *J(FC) to be positive, with a sign opposite to that of 'J(FC), and
dominated by the FC term. His calculated *J(FC) shows a dependence on
the dihedral CCCF angle similar to that found for *J(HH) and *J(FH).
Wray*®* has reported calculations for 1-fluoro-2-hydroxypropane and for
some fluorinated ethers and pyran derivatives. His calculations explain
numerous experimental observations. Barfield and coworkers'®* have also
studied *J(FC) in fluoropropane and its derivatives. The authors limit their
interest to the FC term and investigate the effects of methyl substitution
and ring formation on *J(FC) in a trans arrangement. They find that the
methyl substituent vy to the coupled carbon has a larger effect than a similar
substituent in the a or B position, in analogy with the case of C-C and
C-H couplings.

Several papers have recently discussed J(FC) data in fluorinated
aromatic compounds. Some of the results for fluorobenzene are listed in
Table 24. We can see in this table that the two CHF INDO results>’®?%°
agree well for the contact term; the difference may be due to the slightly
different parametrizations and geometries adopted in the two studies.
When the non-contact terms are included®’® the calculated 'J(FC), *J(FC),
and *J(FC) values agree better with experiment.?*® The two SOS INDO
calculations?®”?®? differ largely in the values selected for sc>(0)sg>(0) and
(re™Xre %), and consequently give different couplings. Hansen and co-
workers®®” have used the theoretical atomic values®® while Duangthai
and Webb?®® have used adjusted parameter values, allowed to be different
for 'J(FC) and *J(FC). All the INDO calculations listed in Table 24 (but
not the EHT work?®®) fail to give the correct positive sign for 2J(FC),
showing once more that geminal couplings provide a difficult task for
theoretical studies.

The interests of the authors of the above-mentioned papers have not
been limited to fluorobenzene. Doddrell and coworkers®®® have reported
calculations for fluoronaphthalenes, fluoropyridines, and fluoroquinolines.
These authors present an analysis of the relationship between carbon-
fluorine couplings and proton—fluorine couplings, using the valence bond
Penney-Dirac bond orders. Fluoropyridines have been studied by
Galasso,”’® while fluoronaphthalenes have attracted the attention of
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TABLE 24

Calculated and experimental values of "J (FC) (Hz) in fluorobenzene.

FPT SOS
INDO®  SCPT INDO® INDOf SOS INDO* Experi-
contact contact total total contact total EHT® ment®

J(FC) -213.0 -2209 -2387 -75-6 -2280 -2653 +207 —245-3

2J(FC) -17 -1.8 -13-0 -09 +4-5  +21.0
31(FC) +12:4  +12.8  +11-6 16 +1-3 +3.4 +9-6 +7-7
*1(FC) -09 -0-9 +3:5 2-8 -0-8 +33

“ Ref. 285. ®Ref. 278. ° Ref. 287. ¢ Ref.288. ° Ref. 286.

Hansen ef al.”® Duangthai and Webb”*® have studied 'J(FC) and *J(FC)
in a longseries of substituted fluorobenzenes. Further, Wray”®® has reported
calculations of J(FC) in pentafluorobenzenes using the SCPTINDO
method. In general he finds that the non-contact contributions are
significant. As in the papers mentioned above, Wray*® also encounters
difficulties in correctly predicting >J(FC). On the other hand, the substituent
effects on *J(FC) are reproduced rather successfully.

Carbon-fluorine couplings are discussed in some of the papers dealing
with the general aspects of fluorine couplings. Work of this type is reviewed
in Section VILA.

E. Other couplings involving carbon

Couplings between carbon and first-row atoms in general are the subject
of a review.”®® The directly bonded carbon-oxygen couplings in methanol
and carbon monoxide have been calculated at the ab initio level by three
groups.***"*® The experience of these studies is that, while the CHF and
FP-CI calculations for methanol***! give a positive ' J(*”0"*C) value [nega-
TIVE ‘K (OQ)], the CHF and SOPPA calculations for CO predict the
opposite sign.®* Two-bond carbon-oxygen couplings have been calculated
for several phosphorus-organic compounds.'!*!!>2%

Three papers have been concerned with carbon-boron couplings. Hall
and coworkers®**® have reported FPT INDO calculations of the FC term
for nine organoboranes. The pattern of the calculated ! J(CB) data ['J(CB)
in BsHgX with X = CH3, C,Hs, CH(CH3), close to 70 Hz, decreasing ' J(CB)
along the series B(C,H3);—B(C,Hs);—B(CH3)s, and the smallest 'J(CB)
of about 30 Hz in BH,-CO] is found to agree with the experimental data.
No correlation is found between calculated couplings and the fractional s
character in the boron—carbon bond. ‘J(CB) in the BH;CO adduct
has also been calculated.'"” Kroner and Wrackmayer’>’ have sought
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correlations between 'K(BX), X=B, C, H, and the square of the bond
order matrix elements involving s orbitals.

Some papers have contained calculations or theoretically interesting
discussions of carbon-metal couplings. Iwayanagi and Saito®® have repor-
ted EHT calculations of 'J(PtC) in ethene and carbonyl complexes of
platinum. The difference in the magnitude of the couplings for these two
cases is reproduced and the causes explained. Finally, mention should be
made of the papers by Jokisaari et al.**>?°* discussing the experimental
results for carbon—cadmium and carbon-mercury couplings in relation to
the relativistic theory.'® Carbon-thallium couplings have also been
repor'(ed.16

VII. OTHER COUPLINGS

A. General trends in one-bond couplings between fluorine and other
nuclei

The foundation of our understanding of trends in 'K(FX) in XF, com-
pounds as a function of the position of X in the periodic table has been
laid by Gutowsky and coworkers in the papers'®*'®® mentioned earlier in
connection with 'J(XH) and 'J(CX) couplings.

Nefedov and coworkers*®****> have presented a general discussion of
!K(AF) in the AF,*” compounds. They derive and analyse the Pople-Santry
type formulae and find that ' K(AF) should be negative for A being a main
group element (with the exception of the compounds with markedly ionic
AF bonds) and, most likely, positive for A being a transition metal. They
establish a correlation between the “‘completely reduced coupling constant”
(i.e. K divided by the valence s-orbital densities at the coupled nuclei) and
s-orbital energies for A. Further, they apply perturbation theory to explain
the changes in 'K(AF) when going from AFs*~ to AFsL*", and find a
relationship between the nature of A and the relative values of ' K(AF) rans
and 'K(AF) .

Shustorovich and Dobosh**®**®?7 have presented a discussion of the
effects of substituents on the value of 'K(AF) in substituted fluorides
AF;_ L., AF4_iL,, and AF¢_,L,. For the planar trigonal and tetrahedral
main-group fluorides, Shustorovich and Dobosh**® show that their model
predicts different types of behaviour for different elements A, depending
on the relative energies of the s, and pg orbitals. They report that the
substituents L can be divided into two classes, using the presence (or lack)
of an s lone pair as the criterion for the classification. Thus, four different
trends of ' K(AF) in AF,_,L,, compared to AF,, are predicted, all of which
are in agreement with the experimental evidence. For the case of A=C
or Si, the authors also report some EHT calculations confirming their
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model. In a paper on octahedral substituted fluorides, Shustorovich and
Dobosh®”’  have  discussed the trends in the  series
1K(AF)unsubsmmed—lK(AF)c,-s—IK(AF),,a,,S for A being a main-group ele-
ment as well as a transition metal. Also, they criticize the approach of
Nefedov et al.?***°° Shustorovich and Dobosh®®’ show that, for A being
a main-group element, the relation between 'K(AF),;; and 'K(AF),,,s may
be different, depending on the relative orbital energies of s, and pr and
on the presence, or the absence, of an s lone pair on the ligand.

B. Fluorine—fluorine and fluorine-other first-row atom couplings

Fluorine couplings have been the subject of a review.??” The problem
of the “‘through space” mechanism of spin-spin coupling, often interesting
in the context of fluorine coupling constants, has been reviewed.”*!

The two fluorine nuclei in the F, molecule are spin-spin coupled, but
the coupling cannot be observed. Calculations of this 'J(FF) have been
reported by Towl and Schaumburg®® (about 2000 Hz using the SOS INDO
methods) and by Jansen et al.>** (5040 Hz using the scanning MO method).
Two- and three-bond fluorine-fluorine couplings in model organic com-
pounds have been reported*® from the SCPT INDO approach and show
that the OB term is always at least comparable to the FC term and often
dominant to it. More recent work,’> by the SCPT MINDO/3 method,
confirms this prediction but the results show no resemblance whatsoever
to the experimental data. Robb and Chin®® have reported non-empirical
calculations of the FC and SD contributions to >J(FF) in difluoromethane
(FC, 60-6 Hz; SD, 117-8 Hz), to >J(FF) in 1,2-difluoroethane (FC, 41-6 Hz;
SD, 27-2Hz), and to *J(FF) in cis-difluoroethene (FC, —0-7 Hz; SD,
51-0 Hz).

Wray*®® has reported SCPTINDO calculations of F-F couplings in
pentafluorobenzenes. For three-bond couplings his calculations predict that
the FC mechanism yields the largest contribution but that the other terms
are also important. In his calculations, both the FC and the total non-contact
contributions are negative. For four-bond couplings, Wray?** finds that the
FC term is always negative and that the non-contact contributions are
positive, with the total taking either sign. For five-bond couplings he obtains
a positive sign. The overall correlation between theory and experiment for
the C¢FsX systems is rather good, as can be seen in Fig. 7.

Matthews*®® has reported results from an investigation of fluorine-
fluorine couplings in heptafluoroquinoline (50) and heptafluoroisoquinoline
(51). He has examined the correlation between the experimental data and
the corresponding carbon-carbon mutual polarizabilities and carbon-
carbon 7 bond orders. Schaefer and coworkers’®® have discussed the
fluorine-fiuorine couplings in ring-fluorinated derivatives of C¢Hs;CF; and
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FIG. 7. Correlation of J(FF) calculated using the SCPT INDO method with observed data.
(wrayzsg)

related systems. They do not report numerical results but refer to
Niemczura’s M.Sc. thesis.
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Tun Khin et al.>*® have reported SCPT INDO and SOS INDO calcula-
tions of twenty-five nitrogen—fluorine couplings through one to five bonds.
As in most other work from that laboratory, the couplings are expressed
by equation (69) with axr and by treated as adjustable parameters. In all
cases "J(**F'°N) is found to be positive [' K(FN) negative] and dominated
by the FC term. They also find couplings through more than one bond to
be dominated by the FC interaction; J(FN) data of either sign are predicted.
By and large, the SCPT and the SOS treatments lead to equally satisfactory
agreement with experiment. Further, the nitrogen—fluorine coupling in the
NF; molecule and boron-fluorine couplings in BF; and BF, have been
computed.*
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C. Phosphorus couplings

Numerous authors have shown interest in phosphorus—phosphorus coup-
lings and, for obvious reasons, diphosphine P,H, has proven to be a
favourite model system. Albrand and coworkers®’’ have reported simple
SOS non-empirical calculations of 'J(PP) for four conformations of this
molecule, including the contact as well as non-contact terms. They find
that the FC contribution varies between —241-8 Hz (for the eclipsed confor-
mation) to +9-6 Hz (in the staggered conformation). The SD term is found
to be almost independent of the rotation of the two PH, groups and close
to 4 Hz. They report a negative value for the OB term, with a magnitude
of at most 3 Hz. The shape of the curve of 'J(PP) versus the rotation
angle®®' (see Fig. 8) seems to be consistent with experimental data for
related comounds. The same angular dependence curve has been investi-
gated’® by the FPT INDO method. The angular dependence of the coup-
ling appears to be dominated by the FC term. The calculated magnitudes
of the OB and, in particular, the SD contributions deviate strongly from
the ab initio results. This might at least partly be an artifact of the large
values of (rp >Xrp_>) adopted,?® contrary to other proposals.>*® The total
calculated 'J(PP) reported as a function of the dihedral HPPH angle is
included in Fig. 8. Galasso®®® has also reported calculations of 'J(PP) in
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FIG. 8. Variation of the calculated 'J(PP) in P,H, as a function of the dihedral angle
between the lone pairs. The solid line corresponds to the ab initio calculations of Albrand et
al.,>®! the broken line to the FPT INDO (spd basis) results of Galasso.?®*
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tetramethyldiphosphine, dimethyldiphosphine, and tetrafluorodiphos-
phine. For the latter molecule the SD mechanism is found to dominate.
'J(PP) in diphosphine has been reported from the REX method,'® the
scanning MO method,*** and the FPT CNDO/2 approach.224 Further,
calculations of 2J(PP) and *J(PP) in some organophosphorus compounds
have been reported.”*!

Gray and Albright****** have reported FPT CNDO/2 calculations of
the FC contribution to couplings between phosphorus on the one hand
and nitrogen, oxygen, and sulphur on the other. In Fig. 9 their calculated
1JG'P°N) data for aminophosphine, PH,NH,, are shown as a function of
the dihedral lone pair-P-N-lone pair angle (¢) for two geometries of the
NH, group (pyramidal, planar trigonal). For both geometries the calculated
J value is positive [K(PN) is negative] over the whole range of values of
the dihedral angle. It should be noted that the calculated couplings for the
trigonal geometry of the amino group are essentially independent of ¢,
while a considerable variation is obtained for the pyramidal case. The figure
also contains the plot of the square of the bond order term, PstP, as a
function of ¢ {dashed-dotted line) for the case of pyramidal geometry at
the nitrogen site. The two curves, JC'P'°N) and P;,’, are parallel in the
figure. The search for J-P,,” correlations does not, however, seem to be
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FIG. 9. The calculated P-N coupling constant in aminophosphine as a function of the
dihedral angle ¢ between the lone pairs. The solid line refers to a pyramidal geometry at
nitrogen, the dashed line to the trigonal geometry. The dashed-dotted line refers to the
dependence of the phosphorus s—nitrogen s bond order squared, Pstp, as a function of ¢ for
the pyramidal geometry of nitrogen. Note that the scale of Psst,, is plotted inversely. (Gray
and Albright**%)
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fruitful in this case because of the negative sign of the reduced coupling.
The calculated values of J('P'7O) are in general positive, corresponding
to a negative K(PO).?**??* Phosphorus—oxygen couplings have also been
reported,’'**!* as well as calculations of 'J(PO) and 'J(CIP).**°

Pyykko and Wiesenfeld'® have reported REX calculations of 'K(PX) in
the series (CH;);P=X with X= 0, S, Se, Te. They successfully reproduce
the experimental trend of 'K(PX) changing from large and positive for
the case of X=0 to large and negative for heavier chalcogenides.
Shustorovich®®? has reported a qualitative discussion of phosphorus coup-
lings in phosphorus(1i1) compounds, using the perturbation extension of
the Pople-Santry theory. A general discussion of phosphorus couplings,
with angpecial stress on the charge dependence of couplings, has been
given.

D. Other couplings

Schulman and coworkers®*® have reported model studies of nitrogen—
nitrogen couplings using the SCPTINDO method. The authors chose
hydrazine, NH,NH,, as a model system and studied the dependence of
! J(NN) on the dihedral angle, ¢, between the lone pairs. Further, the effect
of eliminating the s-hybridized lone pair is investigated by assuming one
(or both) NH, moiety to be either planar or protonated. The results can
be summarized by the following three points. (1) For systems with no
s-hybridized lone pairs, 'JINN) is positive owing to a large and positive
contribution from the FC mechanism; this is analogous to results for 'K(NC)
in similar systems. (2) When one s-hybridized lone pair is present, the sign
of 'J(NN) is negative owing to a large but negative FC contribution; this
corresponds again to the case of carbon-nitrogen couplings and illustrates
the concept of the one-bond lone pair effect.?*>?** For cases corresponding
to points (1) and (2), the calculated coupling shows only a weak dependence
on the rotation of the two NH, groups relative to each other [compare this
with the results®** for 'J(PN)!]. (3) In the situation involving two s-hybrid-
ized lone pairs there is a strong dihedral angle dependence (see Fig. 10),
resulting in the possibility of the coupling having either sign. Schulman et
al>® present a discussion of these particular trends in terms of the simple
SOS model.

Tun Khin and Webb>** have reported a large set of SOS INDO calcula-
tions of nitrogen-nitrogen couplings. The authors find the calculated one-
bond couplings between nitrogen nuclei connected by a single bond to be
(in general) negative, with the FC term constituting the major contribution.
Their study of 'JINN) for the case of multiply bonded nitrogen atoms
indicates that the FC and OB terms are similar in magnitude, both with a
negative sign. Tun Khin and Webb** report also calculations of *JINN)
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FIG. 10. J(**N'°N) of hydrazine as a function of dihedral angle ¢ between nitrogen lone
pairs. (Schulman et al>?

in urea and dimethylurea. 2J(NN) in urea is found to oscillate as a function
of the dihedral angle between the lone pairs but to remain positive for all
values of the angle. Calculations of other nitrogen—nitrogen couplings have
also been reported,?'®:?20:242:305

Jansen and coworkers®*? have reported calculations of the lithium—
lithium coupling in the Li, molecule, and of the silicon-silicon coupling in
disilane, SiH;SiH3, and in the triply bonded Si,H, molecule. The spectral
density functions for the silicon—silicon couplings in both molecules are
very simildr in shape. The coupling in the triply bonded system is calculated
to be a factor of 3-5 larger than in disilane, which is to be compared with
the factor of 4 expected from simple hybridization arguments. Homonuclear
couplings between heavier Group IV elements (Si, Ge, Sn, Pb) have been
calculated.'® The same paper contains calculations of homonuclear coup-
lings between heavier Group VI and VII elements and of couplings between
thallium and heavier halogens. Boron-boron couplings have been corre-
lated with the corresponding bond order parameters;>>’ finally, oxygen—
chlorine couplings have been reported.?*°

VIII. SPECIAL TOPICS

A. The solvent dependence of couplings

The solvent dependence of couplings is the subject of several theoretical
papers published in the early nineteen-seventies and of a review article.**®
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During recent years, two papers have dealt with solvent effects on one-bond
carbon-proton couplings. Kondo and coworkers®®” have presented calcula-
tions of the effects of the solvent dielectric constant on 'J(CH) in acrylo-
nitrile, difluoromethane, trifluoromethane, dichloromethane, and chloro-
form (trichloromethane). These authors have worked within the
framework of the FPT method using either the CNDO/2 or INDO approxi-
mations and include the role of the solvent by adding to the Hamiltonian
the terms corresponding to the solute-solvent interactions as described by
Klopman’s solvaton theory.:“m'309 Their calculations predict a large
increase of 'J(CH) with an increasing dielectric constant; the trend as such
is in agreement with experimental findings but the magnitude of the vari-
ations is overestimated. Kondo and coworkers®®’ predict the functional
relationship between ! JICH) and the dielectric constant ¢ as:

‘J(CH)=a(£€;1)+b(e —1>2+c (72)

€

A subsequent paper from the same laboratory’'® has applied the same
methods to the study of the solvent dependence of 'J(CH) in chlorinated
ethanes. In these systems the total experimentally observed changes in
! J(CH) are determined by two separate effects, the solvent-induced changes
in the couplings for a given conformation and those in confomer popula-
tions. According to Watanabe and Ando’'’ the former effect can be
expected to be the more important of the two.

A different approach to the problem of solvent interactions has been
applied by London**® who has studied the effects of surroundings on the
three-bond carbon-carbon couplings in 4-methylimidazole by explicitly
including one hydrogen-bonded molecule of water or ammonia in the
calculations.

B. Anisotropy in the nuclear spin-spin coupling

The subject of the anisotropy of nuclear spin—spin couplings has gained
wider interest with increasing use of the NMR of molecules dissolved in
liquid crystalline solvents.’!! The theoretical work in this field during the
last few years has been pursued by Pyykko and associates, who presented
the relativistic theory of the phenomenon,10 applied it in a semiquantitative
fashion,'®*°*** and more recently also reported pertinent SOS REX calcu-
lations. '

As noted in Section IL.B, the coupling tensor, §J or K, is in general
asymmetric and may contain nine independent elements. Pyykkd and
Wiesenfeld'® compute the tensor K in spherical form. At the end of the
calculation, K is brought into cartesian form and split into a symmetric
and an antisymmetric tensor. The symmetric tensor is then diagonalized
and the antisymmetric tensor is expressed in the same coordinate system.
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In cases where the axis connecting the coupled nuclei coincides with a 3-
fold, or higher, symmetry axis of the molecule, the number of independent
elements is reduced to two, K| (parallel) and K, (perpendicular), and the
relative anisotropy R may be defined as:

R= (KII _KJ.)/Kisotropic (73)

In the same study'® a report is given of the anisotropies of the couplings
between light elements that are in qualitative agreement with earlier work.
The trends found for the variation of the relative anisotropy along the
columns of the periodic table can be illustrated by the data for 'K(XH) in
the series XH, and 'K(CX) in the series X(CH,),, with X being the Group
IV element C, Si, Ge, Sn, and Pb. The results are shown in Table 25. The

TABLE 25

Calculated relative anisotropies, R, of one-bond coupling constants
!X (XH) and 'K (XC) in XH, and X(CH,), compounds, where X is
a Group IV element.'®

R(X-H) R(X-C)
X rel. non-rel. rel. non-rel.
C 0-64 0-64 0-71 0-71
Si 0-40 0-40
Ge 0-44
Sn 0-25 0-34 1-10 1-05
Pb 0-61 0-32 1-16 0-96

main feature stressed is the relativistic increase of the anisotropy that makes
the R values for Pb-H and Pb-C couplings larger than the corresponding
values for Sn-H and Sn-C couplings. The increase of the coupling
anisotropy with an increase in atomic number in a column of the periodic
table has been verified experimentally for Cd(CH;), and Hg(CHs),.%*%?*%*
The origin of the relativistic increase in R has, for the case of PbH,, been
traced to one particular excitation involving MOs consisting of hydrogen
1s and lead 6p;,» atomic orbitals.

C. Calculations of couplings of systems of biological interest

The definition of a system of biological interest is vague, for obvious
reasons. The papers reviewed in this section deal with two categories of
compounds, the model systems for peptides and nucleosides.

The application of couplings to studies of conformational behaviour of
peptide systems has been reviewed.’'> A fragment of the peptide chain is
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depicted in 52. The conditions for the determination of the angle ¢ by
measuring couplings are quite favourable because there is a pair of vicinal
protons (H; and H,) between which the coupling is large and strongly
dependent on ¢. The FPTINDO calculations of the dependence of
*J(H;H,) on ¢ have been presented313 for N-methylacetamide as a model
system. The use of three-bond proton—other nucleus couplings for the
determination of ¢ has also been suggested, most recently by Mohanakrish-
nan and Easwaran®'* who use the Dirac vector model to calculate the
coupling between C;- and H,.

The experimental conditions for NMR determination of the angle ¢ are
less favourable; there is no vicinal proton—proton coupling that can be used
for this purpose. In the search for a substitute, some years ago Karplus
and Karplus®'® suggested the use of the three-bond coupling between N,
and H,. Such a three-bond nitrogen-proton coupling has recently been
calculated, and determined experimentally,’’® for the rigid system 2-
azabicyclo[2.2.2]octan-3-one (53). The authors find that *J(NH,) in 53

=0
Z—TIw

2 4

(53)

O

calculated by FPT INDO is similar to the corresponding calculated coupling
in N-methylacetamide, but that the values greatly overestimate the experi-
mental coupling between °N and H, in 53 which is only about 1-3 Hz.
Kopple and coworkers®'® conclude that the optimism regarding the use of
>JINH) for determining ¢ is probably exaggerated. The authors have
calculated several other couplings in 5§3. The same model system is chosen
by Aubry et al.*'” who have applied the FPT INDO method to calculate
the dependence of 3 J(H;H,) and *J(H,Hs) on the deformation of the valence
angles in the molecule.

Other recent papers dealing with the calculation of angular dependence
of couplings in models of peptide chains have concentrated on one- and
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two-bond couplings. Gavrilov and coworkers*'® have reported FPT INDO
calculations of carbon—proton couplings involving C,, and protons H4 and
H; in the notation of 52. They use N-methylacetamide as the model system,
varying the dihedral angle corresponding to ¢. Both couplings are predicted
to display a dependence on ¢, though the dependence is not as pronounced
as in the case of vicinal couplings. Barfield et al.>'® have investigated the
dependence of geminal proton-proton couplings on the ¢ and ¢ angles in
peptides. The authors have applied the FPT INDO method and calculate
the geminal coupling in the CH; groups in N-methylacetamide and in the
methylene group of N“-acetylglycinamide (54) which is, at least for the

0O H H
Il \/
O L NH,
NNy
heYo
(54)

case of geminal proton couplings, a more realistic model of 52. The
calculations for 54 reflect the simultaneous effects of adjacent carbonyl
and amide functions on “J(HH') but do not indicate that the two types of
contribution should be additive. Barfield and coworkers suggest that the
dependence of 2J(HH') on ¢ and ¢ in 54 can be given as:

2J(HH') =-13-91—1-55 cos> ¢y —2-80 cos*y +4-65cos’ ¢ (74)

Equation (74) corresponds to a total range of JJHH') of about 8 Hz. Some
calculations for larger model systems are also reported and the authors
conclude that geminal proton couplings may provide a complement for
other NMR parameters in attempts to probe the peptide conformation.*'®

Mohanakrishnan and Easwaran®’® have studied the dependence of
geminal couplings on the peptide ¢ angle. They have concentrated on
2J(CH) values corresponding in the notation of 52 to the coupling between
Cy and H;, and have applied the Dirac vector model and the Penney-Dirac
bond order formulation. They find that the orientational dependence
amounts to-several Hz.

Selected proton-proton couplings in model compounds for nucleosides
and nucleotides containing both the sugar fragment and the base fragment
have been reported.’?’ More recently, careful investigations of proton
couplings in the sugar fragment have been performed.****?* The authors
warn that attempts to establish the conformation about an isolated bond
on the basis of experimentally determined cisoid vicinal couplings and a
Karplus-type relationship may lead to erroneous conclusions unless the
influence of the remainder of the molecule is properly taken into account.
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IX. CONCLUDING REMARKS

When I concluded the 1977 review of calculations of nuclear spin—spin
couplings I stated that the picture presented by non-empirical calculations
was rather gloomy and that for the semiempirical work the general outlook
was much more optimistic. Further, I expressed the opinion that it would
be very interesting to see the non-empirical coupled Hartree-Fock method
applied both to problems where INDO performs poorly and to problems
where INDO performs well.

The non-empirical coupled Hartree-Fock studies that have appeared
during the last few years have indeed proved very interesting, not least
because of revolutionary findings regarding the role of non-contact mechan-
isms in couplings involving protons. The successes of the CHF and FP-CI
calculations have transformed what appeared earlier to be a gloomy situ-
ation into a satisfactory state of affairs for non-empirical calculations, and
new and interesting methodological developments seem to be under way.
Undoubtedly very much remains to be done, e.g. development of reliable
methods that would be able to handle molecules with multiple bonds. Also,
the application-oriented non-empirical calculations for systems containing
two or more atoms other than hydrogen are only at the initial stage. The
very recent work on the orbital diamagnetic term indicates that the role
of this mechanism may be ready for reassessment, and further work is
urgently needed. By and large, however, the state of the art in the field of
non-empirical calculations gives many good reasons for optimism.

Turning to the assessment of the situation in the field of semiempirical
work, I find that the developments of the last few years are less encouraging.
The CHF INDO approach applied to proton-proton couplings retains its
well deserved good reputation. Further, the CHF INDO approach has
proved to be successful when applied to certain other types of coupling,
e.g. \J(CH), where the agreement between the non-empirical FP-CI calcula-
tions and the FPT INDO results is striking. For the above-menioned cases,
however, most of the interesting calculations for model systems had already
been completed in the late sixties and early seventies, and thus most of
the work presented more recently has a touch of routine.-The CHF INDO
method does not perform satisfactorily for many other couplings involving
protons, both between directly bonded atoms, e.g. 'J(PH), and in particular
between atoms separated by two bonds. Attempts to apply the more
sophisticated MINDO/3 scheme in connection with the finite perturbation
approach have, when compared to FPT INDO, invariably led to poorer
agreement with experimental couplings.

The availability of experimental data on couplings between two nuclei
other than protons is increasing steadily owing to rapid developments in
instrumentation. The response of theoreticians to this challenge has not
been slow. Some of the calculations have provided good explanations of
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experimental observations and have helped to increase our understanding
of the underlying mechanisms and trends. The couplings between two
nuclei other than protons can contain a non-contact contribution at the
level of approximation consistent with the INDO method. For those perfor-
ming INDO calculations of such couplings a popular approach has been
to treat the integral parameters sx(0) and (ra"?) as adjustable parameters.
This approach certainly has some advantages but, if the resulting parameters
deviate in an unreasonable way from the atomic values, it also introduces
the risk of dimming the general picture rather than of illuminating it.
Hopefully the relative magnitudes of the contributions from various
mechanisms will soon be established for model systems by non-empirical
calculations and the possibility of using these data for calibrating the
semiempirical methods will not be neglected.

Another development contributing towards a closing of the gap between
non-empirical calculations and semiempirical work, that I feel is very
interesting and worth encouraging, involves the application of recent
advances in the field of pseudo-potentials to calculations of nuclear spin-
spin couplings. Excluding the inner shells from the configuration interaction
part of the FP-CI treatment has proved to provide a good approximation.
In the same way, the pseudo-potential description of the inner shells may
become a reasonable way to make reliable coupled Hartree-Fock type
calculations at a lower price.
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I. INTRODUCTION

In the four years since the topic of ''B NMR spectroscopy was last reviewed'
the literature has continued to proliferate, and so many new boron com-
pounds have been reported that an updated survey seems justified. Unlike
many other branches of spectroscopy, that dealing with ''B is infrequently
a free-standing discipline and is used more often as a characterization tool
to probe structure and reactivity in boron compounds. Nevertheless, out-
standing eﬁorts have been made to develop a deeper theoretical under-
standing of ''B chemical shifts and coupling constants. ? Further, a sufficient
177
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body of empirical data is available to at least partially deduce gross structural
features of large polyboron molecules directly from measurements of
chemical shifts, coupling constants, and spin—lattice relaxation times. The
situation will further improve as data from high-field spectrometers become
available. These instruments are now designed so that spectroscopic tech-
niques requiring sophisticated data manipulation have become practical,
examples of which are two-dimensional correlated "H-''B NMR, mulitiple
resonance experiments, line narrowing, and measurement of T; and 7.
An additional development which contributes much to the appreciation of
B NMR data is the increasing availability of X-ray crystallographic data,
which establishes solid state structural details beyond cavil, although it is
not necessarily true that these details will persist in solution.

In 1976 there began a change in the sign convention used for ''B chemical
shifts so that a positive sign denotes a shift at higher frequency than the
BF;-OEt; reference. Although this author does not agree that such a change
is justified, it is used here throughout. Adoption of the new convention
was not sudden and experimental sections of papers published in 1977-1978
especially should be examined to see how chemical shifts are expressed.
Also somewhat unsettled is the numbering convention for polyhedral boron
molecules, which has changed in the past and may do so again. Some
readers may be puzzled that insertion of a CpCo unit into 7,8-BeC,Hy;>~
generates 3,1,2-CpCoByC,H;;, but consultation of the original literature
should reveal the numbering schemes used.

In this account, ''B chemical shifts are expressed in ppm with respect
to external BF3-O(C,Hs),, followed by multiplicity (the abbreviations br,
s, d, t, and q refer to broad, singlet, doublet, triplet, and quartet respec-
tively), relative area, and B-H coupling constant.

II. SPECTROSCOPIC TECHNIQUES

Weiss and Grimes> have obtained linewidth and ''B spin-lattice relaxa-
tion time (T) data at different temperatures for B;H,o and BsHy, and have
also calculated line shapes for different values of 2#JT; for 1B spin coupled
to "H. For the B(2,4) resonances in B4Ho, the extra breadth of the peak
is found to be due principally to unresolved ''B-''B coupling, but for the
B(1,3) resonance the ‘“‘extra” linewidth contains a significant term associ-
ated with the scalar contribution to T, from B(2,4).

The collapse at —62 °C of the high-frequency quartet in the 'B{'H}
NMR spectrum of BsH, appears not to be due to thermal decoupling, i.e.
a decrease in T, of the apical ''B nucleus due to changes in 7., because
the spectra obtained at intermediate (higher) temperatures differ from those
calculated. Scalar contributions to 7, may again be important in this case.
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The authors make the important point that the lower boron hydrides
comprise complex spin systems, and that all spectral parameters must be
considered in an explanation of the "B NMR spectra.

Two-dimensional correlated NMR spectra of 2,4-Bs;C,H; have been
reported. This technique appears capable of resolving overlapping ''B
resonances and of correlating the resonances of individual ''B and 'H
nuclei which are spin coupled to one another. An added advantage is that
only "'B-'H pairs, and not protons in organic residues, are observed.

"8 oo
A

—t— —1,—

FIG. 1. Pulse sequence used in two-dimensional 'B_'H NMR experiments.

The pulse sequence employed is shown in Fig. 1. Application of a 90°
pulse to a proton population at thermal equilibrium generates transverse
magnetization. After a period ¢, the transverse magnetization vectors, viz.
the two components of a doublet, occupy different orientations in the
‘rotating frame. Application of a second 90° pulse rotates the dephased
vectors out of the x—y plane, producing corresponding vectors of different
M, values. The second pulse results in a selective pumping of the spin
populations of ''B nuclei scalar coupled to protons. Finally, a 90° pulse is
applied to the ''B nuclei to monitor the ''B free induction decay during
t;. Repetition of the experiment while varying f; and ¢, generates a two-
dimensional data matrix over ¢; and . Double Fourier transformation of
this matrix provides a two-dimensional spectrum with orthogonal 'H and
''B frequency axes. The two-dimensional correlated 'B-'H NMR spec-
trum of 2,4-B5;C,Hj> is shown in Fig. 2.

The same authors have also reported an elegant study of 'H and ''B
spin-lattice relaxation times in carboranes and metallocarboranes.* One
expects for ''B and nuclei with 7>1/2 that the magnitude of the quad-
rupolar interaction will be much larger than internuclear dipolar couplings.
Thus, T; for both normal and 'H decoupled ''B spectra of 2,4-BsC,H;
are the same within experimental error. For nuclei with I >1/2, the major
contribution to T is the quadrupolar interaction caused by modulation of
the tensor coupling between the nuclear spin and the electric field gradient
at the nucleus by reorientation of the molecule in solution, for an axially
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FIG. 2. Two-dimensional ''B-'H correlated NMR spectrum of 2,4-BsC,H;. The x axis
shows 'H chemical shifts in ppm relative to Me,Si at 150 MHz. The y axis shows 1B shifts
relative to BF;-OEt; at 48 MHz.

symmetric electric field:

i_i_3_77'2(_21+_3 ) 2 (1)
T, T, 10\rPer-n/X7™-

where x =e?qQ/h is the nuclear quadrupole coupling constant in hertz
(dependent on the field gradient at the nucleus, eq), I is the nuclear spin,
and 7. is the molecular correlation time which describes molecular
reorientation. Therefore alterations in T; may be traced, to a good approxi-
mation, to changes in the correlation time or the nuclear quadrupole
coupling constant.

g spin-lattice relaxation time data have been obtained for a number
of carboranes and metallocarboranes (Table 1). The data show some
interesting trends. T for 2,4-BsC,H; and 2,3-B,C,H; are longer than for
the corresponding metallocarboranes in which CpCo replaces a BH unit,
and these in turn have T; values which are longer then those for the
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TABLE 1

1B spin-lattice relaxation time data.

Compound 8 (ppm) Assignment T, (ms)
2,4-BsC,H, 12:5 B(3) 386
9-2 B(5,6) 477
-16-4 B(1,7) 68-3
2,3-B,C;Hg -1.9* B(4,5,6)* 47-0
-53-0 B(1) 939
CpCo-1,2,3-B;C,H, 27 B(4,6) 13.9
2-0 B(5) 16-0
CpCo-2-Me-1,2,3-B,C,H; 13-1 B(5) or B(7) 6-60
80 B(7) or B(5) 5-83
3-0 B(4,6) 591
CpCo-1,2,4-B,C,H, 6-7* B(3,5,6)* 9-70
1-4 B(7) 14.7
CpCo-1,4,5-B4C,H, 667 B(6) 166
4-1 B(3) 12-1
-3.7 B(2) 14-5
-96 B(9) 14-4
-16-4 B(8) 16-8
-21-0 B(7) 11-8
(CpCo),-1,7,2,3-B5C,H;s 533 B(5) 4-47
57 B(4,6) 3-19
(CpCo),-1,7,2,4-B;C,H; 212 B(5,6) 3-61
12-0 B(3) 2-86
(CpCo),-1,2,3,5-B5C,Hs 487 B(6) 5-60
8-0* B@3,7)* 9-08
(CpCo),-1,2,4,5-BsC,H; 447 B(3,6) 6-39
11-4 B(7) 6-64
(CpCo),-1,7,5,6-BsC,H, 80-3 B(@4) 7-01
-29 B(3,9) or B(2,8) 8-00
-12-3 B(2,8) or B(3,9) 9:72

* Overlapping, non-equivalent ''B signals.

corresponding dimetallocarboranes. The order of magnitude change in T;
is considered too large to be due solely to an increase in the electric field
gradient due to the presence of the cobalt atom and so changes in 7. must
also be involved.

Further, T, values for apical ''B nuclei are generally longer than for
those in non-apical locations. Another observation is that T, for 'H bound
to cage carbon atoms is strongly affected by 'B decoupling, indicative of
a scalar heteronuclear cross-relaxation effect. This cross-relaxation can be
used with good effect to help deduce the structure of CpCo-1,4,5-B¢C.Hs.
No unique geometry can be inferred from the ''B NMR spectrum, and
the crystal structure is unavailable.
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Saturation of the ''B peaks at —16-4, ~9-6, —3-7, and —4-1 ppm changes
T, for the low-frequency C-H resonance, whilst saturation of the ''B
peaks at —21-0, —16-4, and —3-7 ppm affects T, of the high-frequency
C-H signal. This implies that one carbon is directly bonded to three boron
atoms, and the other carbon to four boron atoms. Further, saturation of
the —3-7 and —16-4 ppm ''B resonances alters the T, data for both C-H
protons. Only placement of Co in position 1 and the CH units in the 4
and 5 positions is consistent with these data. Assignments of the ''B NMR
spectrum can then be extracted from the T, data. The doublet at 66-7 ppm
is logically due to B(6), the four-coordinate boron adjacent to cobalt. B(2)
and B(8) are associated with the ''B signals at —3-7 and —16-4 ppm. The
former has the shorter T, value (14:5 ms) and so it is assigned to B(2)
whose environment is slightly less symmetrical than that of B(8). Similar
arguments are used to assign 6 4-1 to B(3) and § 9-6 to B(9). Saturation
of the —21-0 ppm boron resonance does not occasion a large change in
the C-H T, value, and this peak can be assigned to B(7).

III. ANALYTICAL APPLICATIONS

"B NMR spectroscopy has been used as an analytical tool to monitor
reactions of various boron-containing compounds. Examples include the
methanolysis of Me,NBH;~,” electrolysis of B;Hs ™ salts at copper or silver
anodes in the presence of phosphine ligands,® a study of catalysed H/D
exchange in 1,2-, 1,7-, and 1,12-B10C2H12, 1,6-B3C2H10, CpC0-3,1,2-
ByC;H;;, CpCo-1,2,4-BgC,Hi0, BioHis, and Me;NBH,,” a study of the
kinetics of the diethyl ether catalysed isomerization of 1-CIBsHy to 2-
CIBsH,,? and an investigation of the systems AlH,-BH;~-THF and LiAlH 4~
BH;-THF in which are formed solvated AlH,; .(BH4), and
LiAIH;_,(BH4)n+1.”

IV. ONE-BORON COMPOUNDS

Materials containing only one boron atom comprise the most
heterogeneous of the classes considered in this review. The structural and
compositional diversity is such that few connections can be made amongst
the compounds considered in this section.

Pentaphenylborole, PhsBC,, has been synthesized from 1,1-dibutyl-
2,3,4,5-tetraphenylstannole and PhBCl,. Reduction using potassium
affords the dianion which forms 7 complexes with transition metals. ''B
NMR data are given in Table 2. Although the ''B signals are broad, it is
clear that complexation and reduction produces a large increase in boron
shielding. No "' B-"°Pt coupling is reported in (PhsBC4)Pt(CgHj5).'°
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TABLE 2
1B NMR data for complexes of pentaphenyl-
borole.

Compound s'B
PhsBC, 55«5
K3(PhsBC,) 29:+2
(PhsBC,)Fe(CO), 17+2
(PthC4)COCp 172
(PhsBC,)Ni(CO), 24+2
(PhsBC,4)Pt(CgH;,) 16+2

The chemistry of heterocycles containing, in addition to a boron atom,
carbon, nitrogen, or sulphur, has attracted increasing attention. Many of
these compounds form 7 complexes with metals. ''B NMR chemical shift
data for some of these compounds are collected below in linear form.
1-Me-2,5-(t-C4Hs),-1,3,5-BN,C,H, has "B 26-2 ppm and the Cr(CO),
complex 26-2 ppm.'" (1-Ph-2-Et-1-BC,H;)Fe(CO); in CsDs has 6''B
19:6.' "'B chemical shifts for 1-Ph-2-(t-C4Hy)-1,2-BNC3;Hs (46 ppm),
[1-Ph-2-(t-C4H,)-5-Me-1,2-BNC;H; ,Fe,(CO), (22 + 1 ppm in THF), and
1-Ph-2-(t-C4Hy)-5-Me-1,2-BNC;H; (41 ppm) have been reported.13 The
silicon-boron heterocycle 1-Ph-4,4-Me,-1,4-BSiC,H, has & g 52.7 pPpm
and (1-Ph-4,4-Me,-1,4-BSiC,H,)CoCp 20-9 ppm.** Again, complexation
to a metal usually appears to shield boron atoms in heterocyclic ligands.

Chemical shift data have been reported for tetramethylethylenediamine
adducts of BH; and BFs,'° and complexes of tertiary amines with 9-
borabicyclo[3.3.1]nonane.'® Exchange of Lewis bases between BBN and
the BBN adducts is slow on the NMR time scale and so it is possible to
observe peaks in the B NMR spectra that are due to complexes too
unstable to isolate.

Triphenylborane and (Et,N)[CpFe(CO);] form a 1:1 adduct (Et4N):
[CpFe(CO),BPhs], §''B 288, which contains an iron-boron bond. In
tetrahydrofuran this compound rearranges to form (Et4N)Ph;BH and
(Et,N)[Ph;BCsH,Fe,(CO),Cp] for which NMR data were not reported.'’

Biffer and Noth have characterized a series of trimethylsilylborates.18
"B NMR data for these compounds are given in Table 3. The sign of
1J(**Si~''B) is reported to be negative. There is an increasing Si-B coupling
and a low-frequency shift of the ''B resonance with increasing silicon
substitution.'®

"B chemical shifts for thirteen compounds of the type (2,4,6-
Me;Ph),BOR (R =alkyl, aryl, alkenyl, alkynyl) are reported to lie in the
range 512 ppm."°
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TABLE 3
B NMR data for trimethylsilylborates.

Compound 5''B J(Si-B) Solvent
Li(Me;BSiMes) -28:5 ~74 CeDs
Li[MezB(SlMeg)z] —-36-1 -61 C6H14
Li[MeB(SiMe3)s] —45.3 -53 CsDs
Li[B(SiMes).] -53.4 -48 CeDg
Li[(Me3Si),-9-borabicyclononane] —25-0 —65 THF

"'B (and N) chemical shift data have been recorded for a large series
of alkynylborane derivatives (Table 4). The diamagnetic anisotropy of the
carbon—carbon triple bond leads to an increase in shielding relative to the
corresponding alkenylboranes.>°

Boron chemical shift data for a large series of Cr(CO), complexes of
phenylboranes and benzodiazaboroles, in which chromium is 7-bonded to
the carbocyclic ring, have been published.”’

The relationships between ' B and '>C chemical shifts of three-coordinate
boranes and the analogous carbonium ions are more complex than pre-
viously thought. Divergence is notable in the case of ferrocenylboranes
and ferrocenylcarbonium ions, and indicates a contribution from a ful-
valene-like structure in the carbocationic compound.?” **C and ''B NMR

TABLE 4

UB NMR data for alkynylboranes.

Compound 8''B
Me,BC=CMe -71-7
Et,BC=CMe -732
(n-Pr);BC=CMe —-73-5
C4H8BCECBC4H8 _76'3
PhB(-C=CMe), ) —-40-0
(MeO),BC=CH -216
(MegN)zBCECH -23-8
(1,5,5-Me3-1,2,6-BO,C3H,)C=CH -20-9
(2,5-Me,-1,2,5-BN,C,H,)C=CH -249
[(Et;N),B}L,C, —24-0
Me,NB(C=CH), -23-5
Me,NB(C=CMe), -23.0
Et,NB(C=CMe), -22.0,'J(3C-"'B)=+132
(PhC=C),BLi 310

[MezBN(CECH)z]z 56
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data on a series of 29 boron-substituted aromatic heterocycles (e.g. thioph-
ene, furan, N-methylpyrrole) have been compiled. A roughly linear
relationship between 8'>C in phenylcarbonium ions and 6''B in the
analogous borane is taken to be indicative of a mesomeric pm—pm interac-
tion between boron and the aromatic rings. In a series of compounds of
the type (aryl);B, the ''B chemical shifts are aryl = phenyl 68-0, 2-thienyl
47-3, 2-(N-methylpyrrolyl) 44-3, 2-furyl 38-0 ppm. This suggests that the
five-membered heterocyclic rings are better 7~ donors than phenyl.?

Signs and magnitudes of coupling constants between boron and carbon
have been measured for 1-'>CH;BsHs, LiBMe,, and BuyNBPh, in multiple
resonance experiments. The results are collected in Table 5.2

TABLE 5

Boron coupling constants.

1-'3CH,BsHg  LiBMe, Bu,NBPh,
17*'B,-"'B,) +18:9 2J(13C,-"'B)= =14
tr2c-'By) +73-1 +39-8 3J'Hy-""B) = £2-2
5*3c-By) +24:6 +13:1
|2.’(13C~“B2)| ~1=2
25'B,-C-'H) —6-8

Partial replacement of hydride by SiF; occurs in the reaction of (n-
C4H9)4BH4 with SlF4 to giVC BHgsiF:;_ [8 46'9, JBH 86, JBSiF 20'9] and
BH,(SiFs),~ [6 556, Jsu 85, Jasir 24-3].>° Halogen-substituted BH,~
derivatives have also been prepared: (BusN)HBBr; (6 —13-0, Jpy 176) and
(BusN)HBCl; (6 3-1, Jgs 158).%°

'B NMR data for dihydroboron(+1) cations, and their halogenated
derivatives, of the type H,B(phosphine), "PFs_ are given in Table 6. J*'P-
1B) increases as hydride is replaced by chloride.”’

V. DIBORANE DERIVATIVES

Bulky alkyl groups stabilize the boron-boron bond in B,H, derivatives,
and this strategy has been used in the synthesis of long sought after tetraalkyl
diborane derivatives. ''B NMR data (CDCl; as solvent) are collected in
Table 7.%°

Some ''B NMR data have been reported for a series of related com-
pounds. Noteworthy is the spectrum of 1,1,2-(t-C4Hs)s-2-MesSiB,, in
which the boron bonded to two alkyl groups has & 102-0 whilst boron
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TABLE 6

''B NMR data for dihydroboron cations.

Compound s''B
[(CH3);NBH,P(CsHs)3] PFs~ 291 ppm (Jpp = Jpu ~92 Hz)
[(CH3)sNBH,P(CH,),C¢Hs] PFs~ 27-42 ppm (Jpg = Jgy =~ 86 Hz)
[(C¢Hs)sPBH,P(CH;), 1 PFg ™ 51-9 ppm (Jpg = Jpu =100 Hz)
[(CﬁHs)3PBH2P(CH3)2C6H5]+PF6_ 51-4 ppm (JPB’ JBH indeterminable)
[H,B-P(C¢H;),CH,CH,P(CsHs),) PR~ 51-7 ppm (Jpp, Jay indeterminable)
[(CH3);NBHCIP(C¢Hs); ] PFs~ 175 ppm (Jpg, Jg indeterminable)
[(CH3);NBHCIP(CH3),CsHs] ' PFg 18-7 ppm (Jpp =Jpu =121 Hz)
[(CH;3)3sNBCI,P(CH3),C¢Hs] PFs~ 12-1 ppm (Jpg = 156-6 Hz)
[(CsHs)sPBHCIP(CH,);] PFs~ 34-74 ppm (Jpp = Jpy =~ 104 Hz)
[(CsHs)sPBHCIP(CH;),C¢Hs] PFg~ 33-8 ppm (Jpg, Jpu indeterminable)
[(CeHs)sPBCL,P(CH;);]" PFs~ 20-75 ppm (Jpp = 134-6 Hz)
[(CsHs)sPBCILP(CH;),CsHs]"PFs~ 20-10 ppm (Jpg = 136-3 Hz)

TABLE 7

"B NMR data for alkylated diborane(4) compounds.

Compound 8,B~OCHj; (ppm) 8,B-R (ppm)
1,2-(t-C4Hyp),-1,2-(MeQ),B, 64 106
1,1,2-(t-C4Hy)s-2-(MeO)B, 65 106
1,2-(t-C4Ho),-1,2-(neopentyl), B, 103
1,1,2-(t-C4Hg)3-2-(neopentyl) B, 104

bonded to both carbon and silicon has § 126-9, the largest high-frequency
shift yet reported for three-coordinate boron.*

T, and T,* data for both '°B and !'B have been reported for
tetrakis(dimethylamino)diborane(4) and are given in Table 8. Simulation
of the line narrowed '°B NMR spectrum yields "J(*'B-'°B)<25 Hz and
J('B-"'B)=75Hz.*

TABLE 8

Boron relaxation time data for (Me,N)4B,.

Temp. (°C) g T, g T,* g 1, 11 T,*
34 1.9 1-8 2.7 24
100 5.0 41 7-3 3.9
150 88

200 117 7-5 179 (multiplet)




BORON-11 NMR SPECTROSCOPY 187

The two-boron heterocycle 2,5-Me,-3,4-Et,-~1,3,5-B,SC, forms a triple-
decker sandwich compound with cobalt. The suggested structure features
three stacked heterocycles with cobalt atoms in the two interplanar vacan-
cies. Accordingly, the ''B NMR spectrum contains singlets at 14 ppm for
the centre ligand and at 30 ppm for the two exterior B,SC; rings.>

A hydride-bridged diborohydride species, probably K(Et;BHBE!,), is
formed from Et,B and K*HBEt, in THF. It has §''B 7-5 (cf. =130 ppm
for K"HBEts). This compound may be in equilibrium with its constituents;
no B-H coupling data are reported.**

VI. TRIBORANE DERIVATIVES

Gaines and Hildebrandt have discovered a general synthesis of transition
metal complexes of BsHg™ of the type L,MB;H;g (L = ligand) which com-
prises the reaction of an organometallic carbonyl halide with (Me,N)BsHg
in dichloromethane. Spectroscopic studies indicate that in these compounds
the B;H; unit serves as a bidentate ligand and is bonded to the metal atom
through bridging hydrogen atoms. A representative suggested structure,
that of (CO),MnB;Hs, is shown in Fig. 3. The 86-7 MHz ''B NMR spectral

FIG. 3. Proposed structure of (CO);MnB;Hg.

data are collected in Table 9. Typical spectra contain a high-frequency
triplet of unit area which is assigned to B(2) and a ‘‘doublet” at low
frequency due to B(1,3). The “doublet’’ exhibits considerable fine structure;
some of this disappears upon decoupling the M-H-B protons but the
resulting signal is still broad. Upon broad band 'H decoupling, the reson-
ance collapses to a sharp singlet, showing that the complexity is due to
'H-"'B interactions. This low frequency resonance, upon ‘H decoupling
and line narrowing, reveals a wealth of fine structure due to a combination
of short- and long-range spin-spin interactions, and the spectrum has not
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TABLE 9

867 MHz ''B NMR data for metal-B;Hg complexes.

Chemical shift (coupling constant)

Complex Solvent  Temp. (°C) B(1,3) B(2)
(CO)sMnB3Hg (C,Hg),O ambient  —42-2 (133) +1-5(123)
to —40
CeDg ambient —41-8 (134) +2-4
CD,Cl, ambient —41-9 (134, 140%) +2-4
CD,Cl, -36-2 -41-8(127,139%) +1-9
(CO)4ReB3Hg CgDs ambient  —43-3(142) +0-3
CD,ClL, ambient  —43-2(132) +0-3
(n°-CsHs)(CO)FeB;Hg CsDs ambient  —42-0(132) +3-4 (122)
CD,Clh, ambient  —42-5(127,139%)  +2-5(125)
(H)(CO)sFeB3Hg CD,Cl, ambient  —42-1(127) +3-0 (127)
CD,Cl, -36-2 -42:0(137,142%) +2-8(107)
(n°-CsHs)(CO),MoB;Hg  C¢Ds ambient  —40-7 (98, 128%) +4:0 (112)
(n°-CsH;s)(CO),WB;H, (CD;3),CO ambient —42-5 -4.3
(Ph;P)(CO);MnB;Hg CeDg ambient  —38-5, -39-9 +1-4
CD,Cl, ambient  —38:3, —40-6 +0-3
(Ph,PCH,CH,PPh,)- Ce¢Ds/
(CO);MnB;Hyg DMF ambient  —40-6 +3-8
(PF3)(CO)3MHB3H8 C6D5 23 —41‘6, ‘428 +3'2, +2'2
CD;CsDs 23 —-41-6, —42-8 +2-6
(NH3)(CO)sMnB;Hg CeDs 23 -39:2, -40'3 +0-2
CD,Cl, 23 -39:2, -40:2 -0-2
(CO)4MnB;H,C! CD,Cl, -36-2 —41-3(122,139%)  +9-0(122, 139%)
CD,Cl, +23 —41:3(42%) +9-4
(CO)4MnB;H,Br CD,Cl, -36-2 ~41:6 (137%) +2:3(98)
CD,Cl, +23 —41-6 (44) +2:5
CD;CsDs +23 —41-9 +2:7
(CO)sMnB;H,I CD;CN +23 -41-1 -11-2

* Coupling constants obtained from line narrowed spectra.

yet been completely interpreted. Line narrowing enhances resolution of
the high-frequency triplet but does not lead to new fine structure. Therefore
the couplings J(B,~H;) and J(B,-H,) must be nearly identical and coupling
between B(2) and the bridge protons is small.

The ferraborane (CO);Fe(H)B3Hj is formulated as the mer isomer on
the basis that all nine protons have different chemical shifts in the 270 MHz
'H NMR spectrum. This absence of a plane of symmetry is not revealed,
however, in the 86:7 MHz ''B NMR spectrum which indicates that B(1)
and B(3) are equivalent over the temperature range —85 to 23 °C. It is
probable that there is an accidental degeneracy of chemical shifts. In
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general, increasing temperature and increasing solvent polarity increase
the resolution in the 'H and ''B NMR spectra. Part of this may be due to
effects associated with thermal decoupling and solution viscosity.
Treatment of (CO),MnB;H; with a ligand L (L =Ph;P, NH3, and PF;)
produces L(CO);MnB;H;. In these complexes the Bs;H; unit probably still
behaves as a bidentate ligand but the situation is complicated by the
coexistence of isomers since the ''B{'H} spectra contain more resonances
than would be expected for an isomerically pure compound.
Halogenation of (CO);MnB3;Hg with chlorine or bromine affords
(CO)sMnB;H,X (X =Cl, Br). At low temperatures, the B NMR spectra
suggest static structures in which the halogen atom occupies a terminal
position on B(2), since the B(2) resonance but not those of B(1,3) shift on
halogenation. An expansion of the low frequency resonance at 23 °C under
conditions of line narrowing, line narrowing with Mn-H-B protons de-
coupled, and line narrowing with B-H and B-H-B protons decoupled is
shown in Fig. 4. In sum, it is concluded that the Mn-H-B protons are static
on the NMR time scale and that B(1,3) are coupled to the equivalent
protons H(1-5). Even with line narrowing, fine structure in the B(2)

FIG. 4. ''B NMR spectrum of the B(1,3) resonance of (CO);MnB3;H,Cl at 23 °C.
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FIG. 5. 'B NMR spectrum of the B(1,3) resonance in (CO)4MnB,H,Cl at —36 °C.

resonance is not observed. An expansion of the same B(1,3) resonances
under similar conditions but at —36 °C is shown in Fig. 5. At this tem-
perature, H(1-5) are no longer equivalent. With line narrowing and decoup-
ling of the Mn-H-B protons, a large coupling (~122 Hz) between B(1,3)
and the terminal protons, H(1,3), is seen. Coupling to the bridge protons,
H(4,5), is about 37 Hz, and that to the Mn—-H-B protons, H(6,7), is ~53 Hz.
The scrambling of H(1,3), H(2), and H(4,5) is confirmed by the variable
temperature 'H NMR spectra. Such fluxional behaviour is the more remark-
able in that it is not observed in the parent (CO),;MnB;Hsg.

Photolytic or thermal decarbonylation of (CO);MnBs;Hg affords
(CO)sMnB;3;Hg whose static, solid state structure is shown in Fig. 6. It
demonstrates a fac-B;Hg unit bonded to the manganese atom by one
Mn-H-B bridge to each boron atom. Two hydrogen atoms bridge B(1)-B(2)
and B(2)-B(3) so that the symmetry is C,,. However, the 86:7 MHz g
NMR spectrum of this unusual compound consists of a single resonance
centred at —47-2 ppm down to —80°C. The 'H NMR spectrum at room
temperature shows two sets of resonances. One, at low frequency, has a
relative area of 3 and is assigned to the Mn—-H-B bridges. The single, higher
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FIG. 6. Molecular structure of (CO);MnB3Hg.

frequency, resonance of relative area 5 implies that the B-H and B-H-B
protons are rapidly interconverting. This, of course, also leads to magnetic
equivalence of the three boron atoms as is observed in the ''B NMR
spectrum. Line narrowed ' 'B NMR spectra, obtained with selective decoup-
ling at —10 °C, confirm that each boron atom is coupled to a single Mn—-H-B
proton. When these bridge protons are decoupled, a sextet appears, so the
normal spectrum is approximately a doublet (J =68 Hz) of sextets (J =~
44 Hz), although some additional fine structure is apparent.”

The reaction of halogens with (CO);sMnBs;Hg in the presence of
aluminium chloride yields (u-X){(CO)¢Mn,B3sHg. The molecular structure
of the dimanganoborane contains a (CO);Mn-Br-Mn(CO); unit in which
each manganese atom is linked to B(1,3) of a bis(bidentate) B;Hjg ligand
by Mn-H-B bonds (Fig. 7). The "B NMR data for X = Cl and Br are given
in Table 10;** these molecules appear to be static on the NMR time scale.

,H2)

u(a)‘ )( '
003) H(B) H(7)
0(23)
B(3) B(i)
. H(I) C(23)
Mn(2)

FIG. 7. Solid state structure of (u-Br)(CO)¢Mn,B;Hg.

The ''B NMR spectrum of CuB;H; in dichloromethane exhibits only a
very broad signal at —7 ppm (W/2 1790 Hz).**

Proton decoupled ''B NMR spectra have been employed to follow the
cleavage reactions of BsHy by trimethylphosphine. Thus, B;Hs(PMes); is
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TABLE 10

1B NMR data for (1-X)(CO)sMn,B;Hg.

X=Br X=Cl
B(1,3) -38-3 -371
B(2) 10-4 10-0

identified as a probable intermediate which showed broad signals at
-36-5 (2B) and ~39-0 (1B) ppm.>®

Diborane and tetraborane undergo unsymmetrical cleavage by
B,Hi(PMe;); to give [BsHs(PMes),]"'B,H;” and [B3He(PMes),]"BsHs™
respectively. The ''B NMR spectrum of the new triborane cation
[BsHs(PMes),]” shows a broad singlet at —39:0(1B) and
~10-5 (2B, Jgp 114) ppm.*’

The novel bimetallic CpFe(Mes-1,3-B;C,;)CoCp, which likely has a
triple-decker structure with iron and cobalt on opposite sides of a planar
B;C, ligand, has 6''B 19-6.%®

VII. TETRABORANE DERIVATIVES

Kodama and coworkers have studied the cleavage of B4His by Lewis
bases. The reaction with trimethylamine provides an intermediate,
B4Hs'NMes. The ''B NMR spectrum of this material at 0 °C shows reson-
ances at &81-1 (d,B(3),130), -85 (t,B(2,4),116), and -2'5
(d, B(1), 116).>° A similar reaction with hexamethylenetetramine leads to
(B4H10)2(CH2)6Ny, 6''B —1-1 (d, B(3), 132), —9-3 (t, B(2,4), 120), and
—28-5 (d, B(1), 96). Extrusion of borane yields (B3;H7),'(CH,)4Ny, & g
—15-2 (2B) and —24+7 (1B) in CH,Cl,.*’

A multinuclear (‘H, "'B, '°F, *'P) NMR study of B,Hs-PF,NMe, has
delineated geometrical and rotational isomers. The dimethyl-
aminodifluorophosphine ligand may assume an exo or endo orientation at
B(1) in the butterfly-shaped tetraborane unit. The ''B NMR spectrum of
this compound exhibits a triplet at —54-9 ppm with Jau=Jpe =175 Hz due
to the phosphine-substituted B(1). Upon line narrowing and 'H decoupling,
a complicated resonance is resolved into a singlet at ~3-9 ppm due to
B(2,4) and two quartets at 3:6 and —0-5 ppm with J(B;-Bs) 24 Hz. The
two quartets are assigned to B(3) in the two geometrical isomers, and these
two signals coalesce as the isomers interconvert at about 90 °C with AG?
19 kcal mol . Curiously, the chemical shifts of B(1) and B(2,4) in the two
isomers appear to be essentially the same. It is of interest that the barrier
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to rotation about the B-P bond in one of the isomers is found to be
7-8 kcal mol *.*!

Silicon-bridged carboranes of the type u-(CICH,SiMe,)-2,3-B,C,H;
have been prepared from CICH,SiMe,Cl and Na*2,3-B,C,H; . The silane
is considered to bridge a basal B-B edge in the pentagonal pyramidal B,C,
through B,Si three-centre bonds since the 32 MHz 1B NMR spectra (Table
11) show a low-frequency doublet due to the apical BH unit, doublets at

TABLE 11

1B NMR data for CICH,Me,Si substituted carboranes and related compounds.

Compound "B (Jan)
u~(CICH,Me,Si)-2,3-B,C,H, —47-1(d, B(1), 176), —2-8 (d, B(4), 124),
0-8 (dd, B(6), 164, 35),9-1 (d, B(5), 158)
5-(CICH,;Me,Si)-2,3-B4C,H, -51-3(d, B(1), 181), —0-5 (s, B(5)),
0-9 (dd, B(4,6), 154, ~35)
4-(CICH;Me,Si)-2,3-B,C,H, -51-8(d, B(1), 179), —2-2 (d, B(5,6), 148),
8:1 (s, B(4))
5-(CIMe,SiCH;)-2,3-B,C,H, —-52-1(d, B(2), 179), —2-6 (dd, B(4,6), 148, 38),
10-5 (s, B(5))
2-CIMe,;SiCH,-1,5-B3C;Hy 8:0(d, B(3,4)), 9-4 (s, B(2))
2-ClMe,SiCH,-1,6-B4C,Hs —23-1(d, B(4), 192), -17-3 (d, B(3,5), 188),
-9:6 (s, B(2))

—9:1 and 2-8 ppm assigned to B(5) and B(4) respectively, and a doublet
of doublets at —0-8 ppm due to B(6) which is spin coupled to the remaining
bridge proton bonded to B(5) and B(6). Distinction between B(5) and B(6)
is made on the basis of empirical correlations which show that in related
compounds the B(5) resonance is usually broader than those of B(4,6) and
lacks resolved coupling with the bridge proton.

Isomerization reactions of u-(CICH,SiMe,)B4C;H, lead to many new
carborane compounds. Thermal rearrangement at 60 °C involves migration
of the CICH,SiMe, group from a bridging to a terminal position and affords
5-(CICH,SiMe,)B4C,H,. The "B NMR spectrum of this compound con-
tains a singlet in the high-frequency region, which is consistent with basal
boron substitution, and a preference for B(S) comes from the observation
of only one bridge proton resonance. A 1,2-shift of the carboranyl group
from silicon to the methylene carbon is catalysed by aluminium chloride
and yields 4-(CIMe,SiCH,)B,C,H;. The ''B NMR spectrum still shows a
high-frequency singlet due to basal boron substitution, but two bridge
hydrogen peaks appear in the 'H spectrum, which is suggestive of transfer
of the isomerized substituent to B(4). Pyrolysis of 5-(CICH,SiMe,)-2,3-
B4C,H; at 150 °C generates a mixture of 4- and 5-(ClMe,SiCH,)B4C;H>.
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The C-substituted B(5) atom is shielded relative to the unsubstituted B(4)
atom. A useful trend in these compounds is noted: the degree of resolution
of basal B-H,, coupling is greater when the boron atom is adjacent to one
than to two bridge hydrogen atoms.

Flash thermolysis of 4- or 5-(CIMe,;SiCH,)-2,3-B4,C;H- at 690 °C pro-
duces inter alia 2-(CIMe,SiCH,)-1,5-B5;C;H, and 2-(ClMe,SiCH;)-1,4-
B.C,Hs.*

The cupraborane (Ph;P),CuB4Hy has been prepared from (Ph;P);CuCl
and KBsH;, or KB,H,. The 28:8 MHz ''B NMR spectrum obtained at
0 °C shows a triplet of relative area 1 at —55:2 ppm (Jgy 98) and a broad,
asymmetric resonance of area 3 at 3-2 ppm. The suggested structure of
this compound features a square pyramidal cage with BH; units at the 1,
2, and 4 positions. The (Ph;P)Cu unit occupies a basal position and is
simultaneously bonded to B(1,2,4). Low temperature ''B NMR spectra of
this material, and of the analogous Et;P derivative, would be of interest.*?

Tetraboron tetrachloride, B4Cls, has §''B 85 ppm at 28 MHz and over
a 200 °C temperature range. The compound is electron deficient and the
YB nuclei in it are very deshielded relative to perhalogenated polyhedral
borane anions and carboranes.**

VIII. PENTABORANE DERIVATIVES

Hydroboration of pentaborane(9) with dimethylacetylene in the presence
of (MeC=CMe)Co,(CO)¢ yields 2-(cis-but-2-enyl)BsHg, a compound not
detected in uncatalysed reactions. Its ''B NMR spectrum shows peaks at
6 -509 (d,1B,174), —18-6 (d, 1B, 167), —14-4 (d, 2B, 160), and 3-2
(s, 1B), consistent with B(2) substitution. Pyrolysis of the alkenylpen-
taborane produces inter alia the monocarbon carborane 2-Me-4-Et-2-
BsCH,, 8''B —48-4 (d, B(1), 156), —4-9 (d, B(5), 172), 117 (s, B(4)), and
13-7 (d, B(2,6), 141).*°

2-Benzyl- and 2-allyl-pentaborane have been reported. Respectively,
these compounds have §''B —52-3 (d, B(1), 173), —18:8 (d, B(4)), —14-1
(d, B(3,5),164), 1.8 (s,B(2)); and -52-5 (d,B(1),175), -18-8
(d, B(4), 166), —14-4 (d, B(3,5), 166), 0-5 (s, B(2)).*°

Pentaborane adducts of bidentate Lewis bases have recently been re-
ported. For BsHs(Ph,PC,H,PPh,), §''B —57-1 (1B), —28:8 (1B), —183
(3B), and for BsHs(Me,NC,H,NMe,), ''B —55-2, —12-4, —3-7, and 18-1.
The sequential cleavage of BsHy by MesP is followed by 'B{'"H} NMR
spectroscopy, and an unstable intermediate, B;Hs(PMes),, is characterized
by two broad overlapping peaks centred at —39-0 (1B) and —36-5 (2B) ppm.
Cleavage of this material with hydrogen chloride leads to BH,Cl-PMe;,
8"'B —18-1 (Jpy 115, Jgp 85).%
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Removal of four cage boron atoms from 6-Me;N-6-BoC,H;; with
methanolic potassium hydroxide affords BsCH;;-NMes. Its 32 MHz "B
spectrum  displays peaks at —60-2 (dd,2B, 140,55), -23:2
(dd, 2B, 120, 30), and —12-4 (t,2B, 115) ppm. It is suggested that this
compound is a structural analogue of BsH;; in which the hydrogen bridge
between B(3) and B(4) is replaced by a CHNMe; bridge. There would also
be a unique bridge hydrogen atom which tautomerizes between B(1)-B(2)
and B(1)-B(5) as is considered to occur in BsH;,.*

Trimethylamine and 5-Cl-2,4-BsC,Hs form a 1:1 adduct with §''B
-19-4 (d, 2B), 2-3 (d, 1B), 63 (d, 1B), 17-4 (s, 1B). The resonances are
broadened, suggesting possible nido—closo or neutral-ion-pair equilibria.
Removal of chloride ion with BCl; generates the Me;N substituted cationic
cage compound 5-Me;N-2,4-BsC,Hs", isolated as the BCl,~ salt, §''B
-19-3 (d, B(1,7), 190), 1-7 (d, B(6), 156), 6-3 (d, B(3), 183), 10-3 (BCl,"),
16-8 (s, B(5)).*’

Onak and coworkers’® have studied the reactions of 2-{(chlorodimethyl-
silyl)methyl]pentaborane(9), obtained from BsHg™ and SiMe,(CH,CCL.
The compound initially produced contains the Me,SiCH,Cl group in a
bridging position between two basal borons, as is required by the observa-
tion of two doublets in a 4:1 ratio in the 32 MHz ''B NMR spectrum
(Table 12). Diethyl ether induced rearrangement produces 2-
(CICH,)SiMe,B;sHj, in the ''B NMR spectrum of which a singlet appears

TABLE 12

"B NMR data for 2-[(chlorodimethylsilyl)methyl]pentaborane derivatives.

Compound s''B )
u-[(CICH,)Me,Si]BsHg —45.4 (d, B(1), 174), —9-4 (d, B(2-5), 145)
2-[(CICH,)Me,Si]BsHg —49-8 (d, B(1), 173), —13-1 (s, B(2)),

-10-7 (d, B(3,5), ~160), —7-2 (d, B(4), ~160)
1-[(CICH;)Me,Si]BsHg —58-2 (s, B(1)), —12-7 (d, B(2-5), 169)
2-[(CIMe,Si)CH,IBsHg 50-2 (d, B(1), 164), —18-2 (d, B(4), 156),

-13-2(d, B(3,5), 156), 1-5 (s, B(2))
1-[(CIMe,Si)CH,]BsHg —44-6 (s, B(1)), —13-8 (d, B(2-5), 164)
1-[(C13Si)CH,1BsHy —43-1(s, B(1)), —11-7 (d, B(2-5), 160)

in the high-frequency region. Rearrangement of the 2-isomer with
hexamethylenetetramine results in 1-(CICH;)SiMe,BsHs which exhibits a
low-frequency singlet at —58-2 ppm. Pyrolysis of the 2-isomer causes a
1,2-shift of the pentaboranyl unit and its isomerization to form 1-
[(CIMe,Si)CH;]BsHg. 2-[(CIMe,Si)CH,]BsHg is formed from this by
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hexamethylenetetramine-induced rearrangement or by aluminium chloride
catalysed isomerization of 2-CICH,SiMe,BsH3;.

Chemical shift data for a large number of methylated 2,4-BsC,H; deriva-
tives have been reported and are summarized in Table 13. Good agreement
with shifts calculated using empirically derived substituent parameters' is
obtained.*?

TABLE 13

g NMR data for Me,-2,4-B;C,H,__ isomers.

Compound B(1) B(3) B(5) B(6) B(7)
1-CH,-2,4-C,BsH; 116 ~8.3(183) —4-0(166) —4-0(166)  27-1(182)
3-CH,-2,4-C,BsHj 207 (178) -141 ~4-0(166) —4-0(166)  20-7(178)
5-CH5-2,4-C,BsH, 206 (176) —6-8(182) —11-2 —~2:7(169) 206 (176)
1,3-(CHj);-2,4-C,BsHs 12:0 -14-0 ~3.2(167) -3-2(167)  27-1(196)
1,5-(CHa);-2,4-C,BsHs 12-0 -7.2(176) -10-6 -32(167)  27-1(196)
1,7-(CHa);-2,4-C,BsHs 15-6-17-2 15-6-17-2
3,5-(CH;)-2,4-C,BsHs 20-4 (186) —12-8 -10-6 141032 20-4 (186)
5,6-(CHa),-2,4-C,BsHs 2014 (177)  -53(177) -9:6 -9.6 20-4 (177)
1,3,5-(CH,)5-2,4-C;BsH,  10-7 -13.9 -10-4 -32 25-2 (176)
1,3,7-(CH3)3-2,4-C;BsH, 169 ~-15.3 -3:2 -32 16-9
1,5,6-(CHs)5-2,4-C,BsH,  10-5 —-6-9(173) =96 -9.6 25-2 (175)
1,5,7-(CH3);-2,4-C,BsH, 169 -10-4 -10-4 -32 16:9
3,5,6-(CH,)3-2,4-C,BsH,  19:2(177) -13.9 -10-4 -10-4 19-2 (177)
1,3,5,6-(CHs)s-2,4-C,BsH; 126 -112 -9:3 -9.3 25-4 (160)
1,3,5,7-(CHa)s-2,4-C,BsH, 177 ~11-2 -112 0-9 17-7
1,5,6,7-(CH,)4-2,4-C;BsH,  16-0 -7-7(180) —-9-8 -9.8 16-0

IX. HEXABORANE DERIVATIVES

Shore and coworkers have prepared 3-CH1B¢H, from B,H¢ and K(1-
CH;BsH,). Cleavage with NH; removes the BH; unit furthest from the
methyl substituent; subsequent protonation then yields the alkylated
boranes 3-CH;BsH;o and 1-CH;B,H;o. The ''B NMR data for these
compounds are given in Table 14.>*

1:1 Adducts of B¢H ¢ and PMe; or PPh; have been reported. The
structure of these arachno compounds, isoelectronic with B¢H11 ™, presum-
ably comprises a square pyramidal array of borons with the ligand-bearing
B(6) bridging the B(2-5) basal edge. B(6) can be assigned on the basis of
the ~82 Hz *'P-''B coupling. The low-frequency resonance of unit area
is attributed to the apical B(1) boron but assignment of B(2,5) and B(3,4)
seems less certain (see Table 15).>*
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TABLE 14

13 NMR data for methylated boranes.

3-CH3B6H11 3-CH3B5H10 l-CH3B4H9
B(3) 35-2(s) B(3) 20-4(s) B(2,4) —4-7 (129, ~26)
B(6) 20-5 (150) B(5) 8-8(122) B(1) —2:9 (~40)
B4 or1) 9-8 (124) B(2) 2:4(127) B(3) ~-41-1(161)
B(lor4) 6-2(114) B(4) 7-8(179)
B(2or5) —19-1(162) B(1) 52-0(142)

B(Sor2) —24-0(151)

TABLE 15

B NMR data [S“B(JBH)] for phosphine-BgH, o complexes.

Position B6H10~PM63 B6H10'Pph3
B(2,5) —-10-5 (146) -9-1(140)
B(3,4) -23-1(151) -20-0 (155)
B(6) —44-2 (103, Jgp 84) —42:3 (~100, Jgp 80)
B(1) -56-3 -54-1(170)

Several anions derived from hexaborane(10) were prepared in a study
which shows that the Bronsted acidities are in the order 2-BrB¢Ho>
BsH10>2-CH;3BsHo,. ''B NMR data for the conjugate bases of these anions
are collected in Table 16. The 2-BrB¢Hs~ and 2-CH;B¢Hg™ ions are
fluxional, as are their conjugate acids, owing to movement of the bridge
protons or bridge magnesium atom in the case of (THF),Mg(2-CH;3B¢l is)..
It is noted that the basal boron signals broaden on cooling; this may oe a
general characteristic of pyramidal boranes containing basal B-B bonds.
In 2-BrBgHs ™, T; for B(1) and B(3-6) are 20+ 2 and 1-9+0-1 ms respec-
tively at —80 °C.>*

TABLE 16

1B NMR data ISHB(JBH)] for hexaborane anions.

Position K(2-BrBsHg) K(2-CH3B¢Hg) (0°C) (THF);Mg(2-CH;B¢Hg). (22 °C)

B(1) —48-9 (142) —48-0 (133) ~46-5 (142)
B(2) 225 32-5 327
B@4,5) 66 (130) —6-1 —4.2

B(3,6) 6-6 (130) 18-6 17-7
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Synthesis of halogenated derivatives of BgH;o has been reported. IBsHo,
ClBsHo, and I,BsH; are all substituted in the basal positions as judged by
the persistence of a low-frequency doublet of unit area in the ''B NMR
spectra (Table 17). A more precise location of the halogen is not feasible
because the compounds are fluxional. As noted earlier, this process involves
migration of the bridge protons along the basal B-B edges while terminal
substituents remain fixed. A 1:1 adduct of hexaborane(10) with triisobutyl-
aluminium is characterized by its ''B NMR spectrum; this compound
appears to be an unusual example of complex formation with an electron
acceptor rather than an electron donor.’®

TABLE 17

113 NMR data for halogenated hexaborane(10) compounds.

Compound 5''B (JsH)

IB¢H, -48-3(d, 1B, 159),7-1 (d, 2B, 161), 85 (s, 1B),
20-2 (d, 2B, 135)

CIB¢Ho —-48-8 (d, 1B, 160), 5-6 (d, 2B, 160), 15-9 (d, 2B, 160),
32:2(s, 1B)

I,B¢Hg -32-2(d, 1B, 165), —-3-5 (d, 1B, 160), 11-4 (s, 2B),
19-0 (d, 2B, 165)

BgH; o' Al(i-C4Ho)s —44-6 (d, 1B, 180), —16-4 (d, 2B, 120), —12-7 (d, 2B, 180),
8:6(d, 1B,140)

Compounds of the type R, B, can, in principle, exist either in a cyclic or
a polyhedral form. Cyclo-(Me,N)¢Bs exhibits a singlet at 65 ppm in toluene
solution, indicating that boron has a coordination number of 3 and that
the molecule is indeed cyclic. This has been confirmed by an X-ray crystal
structure analysis.>’

X. OCTABORANE DERIVATIVES

Dehydrogenation of 4-BsCHj4 at 350 °C provides BsCHy2, 8''B —57-9
(d, 1B, 150), —31-2 (d, 2B, 170), —16-0 (d, 2B, 150), —8-2 (d, 2B, 160), and
3.0 (d, 1B, 165). The doublets at —16:0 and —31-2 ppm exhibit a secondary
splitting of about 40 Hz due to coupling with bridge protons. The 1B NMR
spectrum indicates that this carborane has a plane of symmetry but the
carbon atom could be located at either the 4 or the 7 position, using the

. . . . — 58
same numbering system as in the isoelectronic BoH;, .

XI. NONABORANE DERIVATIVES

The 70-6 MHz "B NMR spectra of a large number of carbon- and
B(4,7)-substituted derivatives of 2,3-BoC,H;; have been reported and are
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collected in Tables 18 and 19. Figure 8 shows the structure of the carborane
cage and the numbering scheme employed.>

TABLE 18

1B NMR data forC-substituted 2,3-B,C,H,, derivatives.

Compound "B (Jgn)
2,3-BoC,Hy; -17-3 (4, 1B, 169), —10-5 (d, 2B, 169), —7-3 (d, 2B, 169),
—1-2(d, 4B, 164)
2,3-Me,-2,3-BoC,Hy -11-0(1B), -10-5 (2B), —6-8 (d, 2B, 169),
-2:9(d, 4B, 169)
2,3-Et,-2,3-ByC,H, —-14-1(1B), —12-6 (2B), -7-7 (2B), —4-9 (4B)
2,3-Ph,-2,3-B,C,H, -11-8 (1B), —10:3 (2B), —6-6 (2B), —4:5 (4B)
2-Et-3-Me-2,3-BoC,H, —-13-0(1B), —11:7 (2B), —8-4 (1B),~7-1 (1B),

—4-6 (2B), -4:0 (2B)

TABLE 19
''B NMR data for 4,7-(ORO0)-2,3-B;C;H, compounds.

/o) o)
/ /
1 (CH,C),B,H,(OH), 2 (CH,C),BoH, j 3 (CH,C)BoH, :@
o) o
0 0
4 (CH,O),BH, ) 5 (CH,C),BoH,
o) o)

B4,7) B(1) B(8,9) B(11) B(5,6) B(10)
1. 18-6 —-0-9 (190) —3-4(169) -9-4(146) -21-3(162) —22-6(137)
2. 16-3 -1-8(161) —4:2(168) ~11-6 (144) ~=-23-1
3. 14-5 -0-3(177) —4-7 (163) -11-1(151) ~=21-5
4. 19-5 ~-1-2 ~=37 —12-1(142) -23-3(161) -26-6(142)
5. 14-9 -2-9(171) —5-3(166) —12-4 (149) ~=24-1

The ''B NMR spectrum of the parent 2,3-ByC,H;; contains four doublets
of relative areas 4:2:2:1 (reading from high to low frequency). That of
area 4 must be due to the chemically equivalent B(4,5,6,7), and the doublet
of unit area is attributed to B(1). The doublet of area 2 at —7-3 ppm is
assigned to B(8,9) and the resonance at —10-5 ppm to B(10,11) because
in the ''B NMR spectrum of 2-Et-3-Me-2,3-ByC,Hj, in which the mirror
plane of symmetry passing through B(10) and B(11) is lost, the higher-
frequency doublet is split into two doublets each of unit area.

The "B NMR spectra of 4,7-(OH),-2,3-Me,-2,3-BoC,H5 and its con-
densation oroducts with glvcols, 4,7-(OR0)-2,3-Me,-2,3-ByC,H;, are
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FIG. 8. Structure and numbering scheme for 4,7-(OR0)-2,3-Me,-2,3-B,C,H>.

quite different from that of the parent carborane and extend over a larger
range of chemical shifts. Assignment of the spectra of these compounds is
achieved by clever use of isotopically and chemically labelled derivatives.

Deuterium exchange catalysed by (PhsP),Rh(H)-3,1,2-ByC,H;; between
D2 and 4,7-(1,2-C6H402)-2,3-Me2-2,3-B9C2H7 affords 4,7-(1,2-C6H402)‘
2,3-Me;-2,3-BoC;H;3Dy4 in which the doublets centred at —21-5, —11-1,
and —4-7 ppm collapse to singlets. The 'B NMR spectrum of 10-Br-4,7-
{(OH),-2,3-Me,-2,3-ByC;Hg, in which the halogen substituent is located at
B(10) by an X-ray structure analysis, has §''B —21-4 (d, 2B, 161), —14-8
(s,1B), -7-5 (d, 1B, 119), —3-4 (d, 2B, 156), 1:5 (d, 1B, 126), and 16-1 (s,
2B) ppm. Inspection of this spectrum allows assignment of the —22:6 ppm
doublet in the parent hydroxylated carborane to B(10). Further assignments
are made in the following way.

Reduction and hydrolysis of 4,7-(1,6-CcH,0,)-2,3-Me,-2,3-BoC,H~
involves displacement by hydride of the unique B(1) atom to the side of
the cage containing the dioxyphenyl group.60 When this reaction is applied
to 4,7-(1,2-C¢H40,)-2,3-Me,-2,3-ByC,H;D,, there is formed 3,4-
(CéH40,)-1,2,5,6-D4-7,9-Me,-7,9-BsC,H, ™. It has &''B —42:0(s),
—32(s), —25-6 (brq), —6-0(s), 3-7 (s), and 0-2 (d), and is a derivative of
7,9-BoC,H;,~ with the dioxyphenyl group attached to B(3,4). Placement
of the deuterium labels in the 1, 2, 5, and 6 positions follows then from
the previous assignment of the 1B NMR spectrum of 7,9-B9C;,_H12_.61

On the basis of this suggested mechanism for the cage opening reaction,
the doublet of area 2 at —21-5 ppm in 4,7-(1,2-C¢H,0,)-2,3-Me,-2,3-
ByC,H- is assigned to B(S5,6). Further assignments extracted from these
dataare 6 —11-1(B;), —0:3 (B,), and —4:7 (Bs ). Relative to 2,3-Me,-2,3-
BoC;H,, oxygen substitution deshields B(4,7) along with the adjacent B(1)
and B(6,9) positions. The B(5,6) resonances move to higher frequency,
possibly owing to an antipodal deshielding effect.
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Pyrolysis of TI,MeBoC,H;o generates thallium metal and
(TIMeByC,H;0), whose 80-6 MHz ''B NMR spectrum in THF contains
eight doublets, at —37 (144), —33-4 (112), —22-0(152), —18-7(112),
-17-8 (128), —13-5(138), —11-1(128), and -10-3(128)ppm. The
suggested static structure is shown in Fig. 9. Coupling with possibly
tautomerizing bridge hydrogen atoms may account for the fine structure
on the —33-4 ppm doublet.®*

FIG. 9. Proposed static structure of (TIMeByC,H 0),.

The 28-9 MHz ''B NMR spectra of BoX,>~ ions show two resonances
in the 1:2 ratio expected for a tricapped trigonal prismatic geometry.
Chemical shift data are: BoCly>~, 1:5 (1B), =55 (2B); ByBro>~, —0-8 (1B),
-8:2 (2B); Boly*>", —3-1 (1B), —16-0 (2B). Interestingly, the chemical shift
difference between the five- and six-coordinate boron increases in the order
I>Br>Cl, a trend noted earlier in B1oX10> .8

The 28-9 MHz ''B NMR spectra of BoBro and two alkylated derivatives
have been reported. Chemical shift data are: MeEtBgBr,, —62-4; BoBry,
—60-4; MeByBrg, —62:2 ppm. Again, the electron deficient, neutral clusters
are very deshielded with respect to the dianion. Higher field and lower
temperature spectra of BoBry would be of interest and might detect fluxional
processes.**

XII. DECABORANE DERIVATIVES

The temperature dependence of 'H and ''B longitudinal relaxation times
(T1) of B1gH14 in toluene-dg indicate that there is a transition between
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anisotropic and essentially isotropic motion between ~—35 and 25 °C.
Above ~25°C, plots of In[77(*H)] and In[T;(*'B)] versus 1/T indicate
isotropic motion. Between ~25 and —35 °C there is transitional behaviour.
At <~—35°C there appears to be increased solvent-solute interaction and
an anisotropic tumbling which is probably associated with relatively free
rotation about the C, axis.®’

Cleavage of Me,SnB,oH,, with bromine provides 5,10-Br,B;oH1, whose
70:6 MHz ''B NMR spectrum contains resonances at —35-6
(d, B(2,4),160), —4-3 (d, B(7,8), 165), 59 (s, B(5,10)), ~9-2(d), and
~13 (d) ppm. The bromines are located by a single-crystal X-ray structure
determination. The chemical shifts agree, where assignment is possible,
with those calculated from earlier empirical relationships.66

Normal and partially relaxed (180°-790° pulse sequence) 32 MHz ''B
NMR spectra and ''B spin-lattice relaxation times for (6-B1oH13),0 in
chloroform and in benzene have been reported (Table 20). The overall
spectral pattern is interpreted as being indicative of B(6) rather than B(2)
substitution. A plot of §(*'B) versus 8('H) is linear and has a slope of ~1-6.
The effect on ''B chemical shifts upon changing solvent from chloroform
to benzene appears to be rather small but the effect on the proton shifts
is much larger, up to 0-4 ppm for terminal protons.67

TABLE 20

1B chemical shift and relaxation time data for (6-B1oH,;,),0.

Position 5'"BinCDCl; 8"'BinCgDg Jpu (Hz)x10Hz) T (ms)(=15%)

B(6) 21-8 2241 0 6-8
B(9) 72 8-0 145 7-8
B(1,3) 5-6 5-6 145 17-1
B(8,10) 30 24 145 7-3
B(5,7) -10-7 -10-9 150 10-2
B(2) -33-2 -33-1 155 32-8
B(4) —42-5 -42-4 155 11-3

The antipodal shielding effect, in which a substituent on a polyhedral
boron framework causes a shift of the antipodal or opposite boron reson-
ance®® has been suggested to be analogous to the resonance effect observed
in carbocyclic systems having delocalized = electrons. Linear correlations
are found for antipodal ''B shieldings in 1-X-1,2-B;oC,H11, 2-XBjoHy3,
8-X-CpCo-1,2-ByC,H,0, and the shieldings for the para 13C in 1-XCgHs,
but not in 1-substituted bicyclo[2.2.2]octanes. Perturbations in ring currents
may not be important since antipodal deshielding is observed in both 2-
and 6-substituted decaboranes. The antipodal shift generally increases in
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the order RO >F>HS > Cl>Br>1, i.e. with increasing electron donating
capability of the substituent.®

XIII. COUPLED BORANES AND CARBORANES

Mercury-sensitized gas-phase photolysis of pentaborane(9) and of 2,5-
B;sC;H; has yielded a wide variety of carboranes and boranes coupled by
boron-boron bonds.”® The 32 MHz ''B NMR data are given in Table 21.

TABLE 21

NMR data for coupled boranes, carboranes, and metallocarboranes®.

Compound

8''B (Jn)

2,2’-(1-MCB5H7)2

3,3'-(2,4-B5sC,Hg)z
5,5'-(2,4-BsC;Hs),
1,1-(2,4-BsC;Hg),
1,3'-(2,4-BsC,Hg),

1,5'-(2,4-BsC,Hs),

3,5'-(2,4-BsC;Hg),

2',2-(1',5'-B5C,H,4-1,6-B4C,Hs)

1',2-(1',5'-B3C,H,4-1,6-B,C,Hs)

2-[1'<(2',4'-B5C,Hg)]-1,8,5,6-
(CpCo),BsC,Hg
2-[3'-(2',4'-BsC,Hg)]-1,8,5,6-
(CpCo);BsC,Hg
2-[5'-(2',4'-B5sC,Hg)]-1,8,5,6-
(CpCo),BsC,H¢
3-[1'-(2',4'-BsC,Hg)]-1,8,5,6-
(CpCo),BsC,Hg
3-[3'-(2',4'-BsC,Hg)]-1,8,5,6-
(CpCo),BsC,Hg
3-[5'-(2',4'-BsC,Hg)]1-1,8,5,6-
(CpCo),BsC;Hs

4,5'-(2,3-Me,-1,2,3-CpCoB,C,H,),

5 ’5"(2’3'Me2B4C2H5)2

—-42-2(2B),-12:0(d, 6, 113), —10-0 (2B)

—20-9 (d, 4, 183),4-9(d, 4, 176), 8-9 (2B)

-20-3(d, 4,178),6-0(d, 2,157),
7-9 (2B), 8:4 (d, 2, 183)

-19-1(2B), —-19-1 (d, 2B, 183),
5-0(d, 4,171),7-9(d, 2, 183)

-20-6 (d, 2,178), -17-6 (d, 1, 181),
5-2(d,4,167),8:1(d, 1,157)

-20-2(d, 2, 181), -17-8(d, 1, 176),
—14-4 (brs, 1),6-2 (d, 3, 174),
8:7(d, 2, 196)

-20-2(d, 4,181), 54 (d, 3, 183),
8-6 (d, 4,176)

-16:6 (d, 2, 189), -11-2(d, 1, 167),
2:6(d,?2,183)

—22-9(d, 1,178), -16-3 (d, 2, 200),
-11-1(1B), 5-6 (d, 3, 189)

114-2 (d, 1B, 152),4-9 (5B), —11-5 (3B),
-21-5(d, 3B, 178)

114-5(d, 1B, 134), 4-3 (5B), —~11-8 (2B),
-21-5(d, 2B, 178)

116-0 (d, 1B, 160), ~4:5 (5B), —11-1 (2B),
-21-5(d, 2B, 174)

115-6 (d, 1B, 156), 4-9 (5B), —10-5 (3B),
—20-5(d, 1B, 183)

115-2 (d, 1B, 145), ~4-7 (5B), —10-5 (2B),
~20-8(d, 2B, 178)

115-2(d, 1B, 145), 7-6 (~3B), 4:6 (~2B),
-10-4 2B), -20-9 (4, 2B, 178)

7-3 (br)

-3:3(dd, 3B, 151, 44), —46-3 (d, 1B, 166)

*In some areas the integrals do not sum to give the expected number of boron atoms
because of the presence of broad or overlapping resonances.
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Spectra obtained at 115-5 MHz have been found to display *'B-"'B spin
coupling involving the boron atoms linked by two-centre, two-electron
single bonds. For example, the B(2') resonance in 1,5'-(2-BsHg), shows
quartet structure with a 106 Hz spacing which is attributed to coupling
between B(1) and B(2'). The B(2') signal shows the required fine structure
but is less well resolved. Similarly, in 1,5'-(2,4-BsC,Hs),, the B(1) resonance
shows a 109 Hz splitting due to coupling with B(5').”" These direct B-B
couplings are quite large and consistent with the calculated results of Kroner
and Wrackmeyer.”?

Plotkin and Sneddon’® have prepared metallocarboranes from the B-B
coupled carboranes (2,4-BsC,Hg), and (2,3-Me;-2,3-B4C,Hs),. These
compounds are characterized by 32 MHz FT "B NMR spectroscopy. Data
for compounds whose structures can be inferred from spectroscopic experi-
ments are given in Table 21. In the case of the isomeric (BsC,;Hs)-
[(CpCo),BsC,Hg] compounds, the doublet at ~115 ppm is indicative of a
boron bonded to two cobalt atoms.”

Two isomers of bi(decaboranyl), formed by the photolysis or thermolysis
of ByoH,4, have been carefully studied by ''B{*H} and partially relaxed
"'B NMR spectroscopy. In these materials, the two decaborane cages are
connected by B-B ¢ bonds, which has been confirmed by X-ray crystal-
lography in the case of 2,2'-(B1oH13),.”* "B NMR data for 6,6'-(B1oHi3)a,
recorded at 32 MHz in CsDs at 25 °C, are given in Table 22. Comparison

TABLE 22

1B NMR data for 6,6'-(B1oHy3)2-

8B (Jgw) T, (ms)

15:0(s, 1B) 2:8
13-5(d, 2B, 150) 150
11:7 (d, 1B, 150) 4:0
2-7(d, 2B, 160) 82
0-9 (d, 2B, 155) 62
-33-9(d, 1B, 150) 200
-34-6 (d, 1B, 150) 9-4

with the chemical shifts of pure BioH;4 indicates that the two doublets
with largest shieldings are due to B(2,2,4,4'). The fact that B(2) and B(4)
are non-equivalent, when taken with the high symmetry indicated by the
g spectrum, indicates that coupling involves the B(6,6") positions."

The ''B NMR spectrum of 2,2'-(BoHis), is similar to that of BioHis.
Positional assignments are made with the aid of partially relaxed 32 MHz
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spectra obtained for benzene solutions at 23 °C. Apparently, increased
resolution is achieved with toluene solutions at 88 °C which permit
differentiation of the 6,9 positions. The results are given in Table 23. In
this and the preceding table, the uncertainty in T, values is £20%. It is
interesting that the 2, 2', 9, and 9' boron nuclei have shorter longitudinal
relaxation times than those in other positions. This effect is attributed to
rotational anisotropy in rod-shaped 2,2'-(BioHi3). since the principal
intramolecular rotation axes and molecular rotation axis should lie close
to the 2,2’ boron atoms. Nuclei on these axes will experience greater
effective rotational correlation times and more effective relaxation than
those residing in off-axis positions.

TABLE 23

'R NMR data for 2,2'-(B;oH;3);.

Position 5"'B (Jan) T, (ms)
1,3 14-0 (145) 13:5
6 11-5 (~170) 7.9
9 10-7 (~170) 45
5,7,8,10 0-9 (155) ~5-5
2 -31-6 (0) 48
4 ~34.5 (155) 21-0

The coupled carboranes 2,2'-(1,5-B;C,H,), and 2,2'-3,2'-(1,5-B;C,H,),-
1,5-B;C,H; have been comprehensively studied by quantum chemical
calculations and ultraviolet photoelectron spectroscopy. There appears to
be a substantial barrier to rotation about the B-B bonds connecting the
cages, due to 7 interaction between the carborane units. The "B NMR
spectra are indicative of averaging of the solution state conformers,
however.”®

Mercuri-boranes and -carboranes are less common than those, say, of
iron, cobalt, and nickel because of the oxidizing properties of Hg(i),
However, Hosmane and Grimes’’ have prepared (BsHs);Hg, §''B —7-9
and —9-6 (overlapping d, 4B) and —43-9 (d,1B,176), and (2,3-
Me,B,C,H;),Hg, 6"'B —4-0 (d, 3B, 117) and —47-7 (d, 1B, 181). These
compounds presumably feature boron cages connected by three-centre,
two-electron B-Hg-B bridges, but no '*’Hg-''B spin coupling is reported.
(2,3-Me;,B,C,Hs),Hgundergoes a formal internal redox reaction on heating
to generate the B-B coupled carborane 5,5'-(Me,B,C,Hs),, whilst oxida-
tion in benzene proceeds by solvent attack to form 4-Ph-2,3-Me,B,C,H;,
5'"B5-9 (s, 1B), —2-2 (d, 1B, 180), —4-9 (d, 1B, 180), —44-8 (d, 1B, 176).”
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XIV. MERCAPTO-SUBSTITUTED BORANES AND
CARBORANES

Boranes and carboranes containing exopolyhedral sulphur substituents
have received renewed attention on account of their potential for incorpor-
ation into pharmaceuticals and because of the potential scope of the

TABLE 24

1§ NMR data for mercapto-substituted boranes and carboranes.

Compound 5"'B (Jau)
B,,H,;:SOSB,H11>~ —5-0(s, 1B), —8-1 (s, 1B), —~16-9 (d, 22B, 131)
Bi2H,1S:B1;Hy ™ —6-7 (s, 2B), —15-6 (d, 10B, 138),

-17-2(d, 10B, 131), =20-3 (d, 2B, 139)
Bi,H;0 [S:C6H3(NO,)CO,HL?™ ~6+9 (s, 2B), —15-8 (d, 10B, 120)
B1,H,:S;C,H,OH>" —7-1(s, 1B), =166 (d, 11B, 125)
B,,H;28,CH,CO,H?~ —-7-2 (s, 1B), —6-6 (d, 11B, 119)
B1;H;1CsHa(NO2)(CO,H)*~ —7-2 (s, 1B), —6+6 (d, 11B, 120)
B,>H;1SCeH,3(NO2),~ -9.5(s, 1B), —16-6 (d, 11B, 122)
Bi;H;1SH>~ —10-4 (s, 1B), —14-8 (d, 5B, 125),

-17-0(d, 5B, 112), —20-5 (d, 1B, 135)
B1,H;1S:0C¢H,CH3>~ —~11-0(s, 1B), —16-8 (d, 11B, 131)
Bi2H1o(SH),>™ -10-9 (s, 2B), ~14:5, —17-5, =209

B1;H;;SCTh®™*

2-HS-1,5-B3C,Ha
2-HS-1,6-B,C,Hs
1-HS-2,4-BsC,H,

3-HS-2,4-BsC;Hs
5-HS-2,4-BsC,Hs

5,5'-82-(2,4-BsC,He)2
1,1'-8,-(2,4-BsC,He)n

3,3'-8,-(2,4-B5sC,H¢)>
9-HS-1,2-B1oC,H11

9,9'-8,(1,2-B1oC;H11)2
8-HS-CpCo-3,1,2-BoC,H,

9-HS-CpCo-3,1,2-BsC,H 0

8,8'-HS[(ByC,H;)2Co]

-14:3
7-6 (d, 2B, 175), 60 (s, 1B)
-12-2 (s, 1B), -16-8 (d, 2B, 191),
-22-6(d, 1B, 186)
4-4(d, 1B, 161),1-2 (d, 2B, 170), —18-7 (s, 1B),
-31-0(d, 1B, 180)
13-1 (s, 1B), 2:3(d, 2B, 169), —18-4 (d, 2B, 180)
7-3 (s, 1B), 1-9 (d, 1B, 186), ~3-5 (4, 1B, 161),
—23:3(d, 2B, 185)
13-3 (s, 1B), 4-6 (d, 1B, 189), —0-7 (d, 1B, 145),
—-19-6 (d, 2B, 183)
65 (d, 1B, 181),2-9 (d, 2B, 153), —13-2 (5, 1B),
-27-9 (d, 1B, 188)
15-1 (s, 1B), —2-8 (d, 2B, 178), —18-1 (d, 2B, 185)
4-4 (B(9)), —1-5 (B(12)), —8-1 (B(8,10)),
—13-4 (B(4,5)), 141 (B(7,11), —16-5 (B(3,6))
7-0 (B(9)), —2-1 (B(12)), —9-6 (B(8, 10)),
—13-4 (B(4,5)), —14-9 (B(7, 11)), =17-1 (B(3,6))
13-1 (B(8)), —1-2 (B(10)), —4-9 (B(9,12)},
—6-8 (B(4,7)), —18-2 (B(5,11)), —27-5 (B(6))
5-6 (B(8)), 1-4 (B(10)), 0-2 (B(9)),
—-5-4 (B(12)), —-7-1 (B(4,7)), —17-6 (B(5,11)),
—23-5 (B(6))
2:4 (B(10)), —6-1, -7-2 (B(4,7,9,12)),
—14-1(B(5,11)), 22-3 (B(6))

* SCTh = N-methylbenzothiazole-2-thione.
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chemistry imparted by reactive mercapto groups. Tolpin and coworkers’®
have reported a large series of new polyhedral boranes based on
HSB;,H;,*". The 28-9 MHz 'B NMR data are collected in Table 24. The
'H decoupled spectra of many of these compounds reveal unsymmetrical
peaks with low-frequency shoulders. The shoulders may be due to the
boron nucleus para to the substituents which experiences an antipodal
shielding effect.

Mercapto derivatives of 1,5-B;C,Hs, 1,6-B4C,;Hs, and 2,4-BsC,H; are
formed in reactions of the carboranes with atomic (‘D) sulphur. Their
32 MHz ''B NMR spectra are also summarized in Table 24. Both boron
atoms in 2-HS-1,5-B;C,H, are deshielded relative to the parent carborane
(6 —1-1). In 2-HS-1,6-B,C,;H;, B(2) is deshielded by 6-8 ppm and the
trans, or antipodal, boron atom is shielded by 3-6 ppm. Similarly, in 1-HS-
2,4-BsC,Hg, the antipodal B(7) is shielded by 10 ppm relative to the starting
carborane but B(3) and B(§,6) shift by only 2:8 ppm. Photolytic decomposi-
tion of the B-mercapto derivatives of 2,4-BsC,H; provides 5,5'-S,-(2,4-
B5C2H6)2, 1,1'-82-(2,4-B5C2H6)2, and 3,3’-52-(2,4-B5C2H6)2 in which the
carborane cages are linked by disulphide bonds. The ''B resonances shift
to slightly higher frequencies in disulphide compounds, but otherwise the
spectra are quite similar to those of the B-mercapto analogues.”

Sulphydrylation of 1,7-B1oC;H1,, achieved with aluminium chloride and
elemental sulphur, provides 9-HS-1,7-B,0C,H;; along with a series of
polysulphides 9,9'-(S),-(1,7-B1oC;H;1)2 (x =1, 2, 3). The 9-mercaptocar-
borane is a useful starting point for the synthesis of carboranes containing
such functional groups as SO,Cl, SO,NMe,, SMe,", SOMe, and SO,Me.
The 32 MHz ''B NMR spectra of these compounds are fairly well resolved
and have been assigned (see Table 25).%° Electrophilic sulphydrylation of
1,2-B10C,Hi; and CpCo-3,1,2-BoC,H;; has also been reported. ''B NMR
data for the mercaptoboranes are in Table 24.%

TABLE 25

1R NMR data for 9-X-1,7-B4,C,H;; compounds.

X B(9) B(5,12) B(10) B(4,8;6,11) B(3) B(2)
-5- -0-4 -0-7 -10-3 -13.6 -145 -18-1 -21-3
-S2- -5-8 -95 -12.6 -13-2 -~17-0 -19-6
S5~ ~6-0 -9-4 -13:2 ~17-0 -19-4
-S0,Cl 0-0 —6-1 -10-2 -12-8 -16-6
~SO,N(CH3), -2-9 -6-7 -10-6 -13-3 -17-0
-SCH; ~6-4 -9-6 -133 -17-2 -20-3
-$*(CHa), -7-3 -11-0 -13.9 -17-5 -20-9
-SOCH; —-6-8 -10-5 -12-8 -16-5

-S0,CH; =22 —6-4 -10-4 -12-6 -16-2
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XV. BERYLLABORANES

An unusual beryllium insertion into a pentaborane cage is achieved in
the reaction between 1-CIBsHg and Be(BH,), to produce BsH;oBeBH.,,
whose structure is shown in Fig. 10(A). The exopolyhedral boron, B(7),
appears as a quintet at —33-4 ppm, J(B-H) 86 Hz, indicating that the bridge
and terminal hydrogens bonded to this boron undergo rapid intermolecular
exchange. The broad resonance at —9-8 ppm is resolved by line narrowing

©

FIG. 10. Structures of (A) BsH;oBeBH,, (B) (BsH,),Be, (C) CpBeBsHs.

into a doublet of doublets whereupon it is seen that J(B-H) is 135 Hz and
J(B-Be) is 83 Hz. While the details of the structure and bonding in this
compound are not understood, it may be formally considered as a derivative
of BsHjo . Consonant with this is the cleavage of BsH;oBeBH, with HBr
to form the useful intermediate BsH;oBeBr and, ultimately, BsH,;. The
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halogen atom in BsH;oBeBr may be displaced to afford BsH;oBeMe or
BsH;0BeCp, and a novel reaction with CsBs;Hjy yields (BsH1o).Be. The lig
NMR spectra of this family of beryllaboranes are rather similar to each
other (see Table 26), with the exception of BsH;oBeCp in which the B(3,6)

TABLE 26

UB NMR data [S"B (Jgn)] for beryllapentaboranes.

Compound B(1) B(3,6) B(4,5) B(7)
BsH;oBeBH, —53-5(146) -9-8 (135, 83) 8-2 (164) —33-4 (86)
(BsH;0):Be —54-6 (139) —-8-1(127,98) 5-3(159)

BsH;oBeBr —54-0(146) -1-6 (138, 84) 10-0 (161)
BsH;oBeCl ~54-5 (146) —2-9(138, 84) 9-2(164)
BsH;oBeCp -64-0(117) -3-6(117,117) —-0-3 (156)
BsH;,BeMe —54-6 (146) ~2-0(138, 83) 9-6 (161)

resonance is a triplet, indicative of nearly equal coupling of boron with
terminal and Be-H-B bridge hydrogens. The apical B(1) resonance in this
compound occurs at lower frequency than in related compounds and
J(B-H) is smaller.?? The structures of BsH;oBeBH, and (BsH;o),Be
inferred from NMR data have been confirmed by X-ray crystallography.®®
The former compound has a pentagonal pyramidal geometry with the
beryllium atom in a basal position; B-B edges are bridged by hydrogen
atoms and the BH, unit is attached to beryllium by two bridge hydrogens
[see Fig. 10(B)]. The solid-state structure of (BsHjo),Be reveals two pen-
tagonal bipyramidal cages sharing a common beryllium atom; the com-
pound crystallizes with one molecule of m-xylene.

Structurally different CpBeBsHjg is obtained from KBsHg and CpBeCl.
X-ray crystallography demonstrates a CpBe unit bridging one basal edge
of a square pyramidal BsHg ligand [Fig. 10(C)]. This architecture is similar
to that found in other metal complexes of 7,-BsHs, but in the 86-7 MHz
!B NMR spectrum the chemical shift difference between the two sets of
basal boron nuclei is much larger: §''B —13-4 (d, 2B, 161), —21-8 (d, 2B,
141), and —54-6 (d, 1B, 170).>* NMR data for these beryllapentaboranes
are summarized in Table 26.

At <-30°C, Be(B3Hjg), appears to be static on the NMR time scale.
The 86-7 MHz ''B NMR spectrum comprises a triplet at —11-8 ppm due
to B(2) and a complex signal at —43-9 ppm due to B(1,3), the interpretation
of which is not unambiguous even in the "H decoupled line narrowed
spectrum. At 23 °C, the low-frequency resonance appears as a quartet with
J(B-H) 74 Hz. At >60°C, the ''B signals broaden and begin to coalesce,
indicating that all three boron atoms become equivalent and are
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FIG. 11. Molecular structure and numbering scheme for Be(B;Hg)-.

equivalently coupled to all eight hydrogen atoms. The molecular structure
of this beryllaborane and the numbering scheme used are shown in Fig. 11.

IB NMR spectra for CpBeBs;Hg and (MeBeB3Hsg), are also reported.
That of the former in CD,Cl, at 23 °C consists of a nonet, § —25-5, Jgn
24 Hz; tautomerism is rapid even at —87 °C. The room temperature line
narrowed ''B NMR spectrum of the methyl bridged dimer (which may be
a mixture of geometric isomers) in benzene contains a triplet due to B(2)
at —11-5 ppm, J(B-H) 116 Hz, and what appears to be a doublet of triplets
centred at —42-2 ppm, J(B-H,) 127 Hz and J(B-H,) 56 Hz. At 37°C,
however, the B(1,3) resonance appears, under line narrowing conditions,
as a quartet, § ~42-3, Jgyy 78 Hz.*’ It is a puzzle why the B;Hj; ligand is
fluxional in CpBeB;Hg and not in (MeBeB;3;Hp),.

The gas-phase (saturated vapour) 1B NMR spectrum of Be(BH,), com-
prises a quintet with J(B-H) 87 Hz; similarly, a quintet, § —35-8, J(B-H)
85 Hz, is observed for this compound in benzene solution. No evidence is
seen of 'B or "H spin coupling to °Be (I = 3/2, 100% natural abundance).
Beryllium borohydride in solution evidently contains a linear B---Be---B
framework but the number of bridging hydrogen atoms cannot be specified
on account of their rapid exchange with terminal hydrogen atoms. The ''B
NMR spectrum of CpBeBH, exhibits a pentet of quartets at —56-3 ppm,
which is an unusually low frequency for a borohydride compound, with
J(B-H) 84 Hz and J(B-Be) 3-7 Hz. The lines for the BH, resonances are
quite narrow; half-widths for the ''B and 'H signals are 1-5 and 1:2 Hz
respectively.®® A suggested mechanism for hydrogen interchange in solution
phase Be(BH,), is depicted in Fig. 12.

XVI. MANGANABORANES

The reaction of BsHo with HMn(CO); provides the novel manganaborane
(CO)sMn-2-BsH;p. Its suggested structure, shown in Fig. 13, comprises a
pentagonal pyramid with a (CO);Mn unit in one of the basal positions.
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FIG. 12. Proposed mechanism for hydrogen interchange in Be(BHy),.

FIG. 13. Proposed structure of (CO)sMnBsH,o.
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The compound is analogous to (CO)sFeBsHy, 2-CpFeBsHo, or 2-BsCH,,
and the gross structure follows from the normal 86-6 MHz ''B NMR
spectrum, which shows three types of boron in a ratio of 2:2:1 (see Table
27). Upon line narrowing and selective proton decoupling, the B(3,6)
resonance at 318 ppm is seen to be a doublet of doublets with couplings
of 140 and 70 Hz. These splittings are due respectively to coupling of
B(3,6) with the terminal and Mn-H-B protons. Similarly, the doublet at
11-3 ppm emerges to be a doublet of triplets with couplings of 156 and

TABLE 27

'R NMR data for (CO)3;MnBsH,, and related compounds.

Compound Solvent B(3,6) B(4,5) B(1)
2,2,2-(CO);-2-MnBsH, o CsDs +31:840b +11-27 (156) -53-70
{140, 870}{2] {156, 44 t}[2] (142)[1]
2,2,2-(C0O),-2-MnBsH ¢ CD,Cl, +32:37b +11:63 (161)  —53-45
{137, 72}{2] {155,481} (146)[1]
1-Br-2,2,2-(CO);3-2-MnB;sH, CsDs +32:06b +11-05 (161) —39-56
{70 m}{2] {161, estd. 41 t}f2] s[1]
Na[2,2,2-(CO);-2-MnBsHg] (C,Ds5),0 +32:00b +17:57b ~43:85
{59 d}{2] (2] (122)(1]
[(n-C4H),N1[2,2,2-(CO)5-2-MnBsHy ] CD,Cl, +31:12b +20:92b -41:32
[2] [2] (119)[1]
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44 Hz. The large splitting is due to 'J(B-H), and the triplet structure to
nearly equal coupling of B(4,5) to the two adjacent bridge protons.

Bromination of (CO);sMnBsH;, produces (CO);MnBsHyBr. The g
NMR spectrum of this compound now contains a low-frequency singlet,
indicating that substitution has occurred at the apical B(1) position.
Deprotonation of the manganaborane gives (CO);MnBsHy ', whose g
NMR spectrum still shows three resonances of relative areas 2:2: 1. Since
the '"H NMR spectrum shows equal numbers of B-H-B and Mn-H-B
protons, and only one kind of the former, base removes the proton bridging
B(4) and B(5).

Comparison of the '3 NMR spectra of (CO)sMnBsH, with those of
other pentagonal pyramidal molecules and with BgH 1 is of interest. Substi-
tution of a transition metal for a BH unit in BgH;, seems to have little
effect on the shift of the apical boron but B(3,6) moves by 20-30 ppm to
higher frequencies.®

XVII. METALLO-BORANES AND -CARBORANES
CONTAINING IRON AND RUTHENIUM

The metalloborane K[u-Fe(CO),B»H,] is obtained from K,Fe(CO), and
THF-BH;. It appears to be an unusual example of a diborane(6) derivative
with a bridging transition metal. The suggested structure, shown in Fig.
14, can be inferred from the ''B NMR spectrum which comprises a triplet

¢
0 H
H\OC\'.!e/C B/
8 | N
T——H H
2
H 0

FIG. 14. Proposed structure of [u-Fe(CO)4B2H5]_.

of doublets, § —15-4. Coupling of the two equivalent boron nuclei to the
terminal hydrogen atoms is 112 Hz and to the bridge hydrogen atoms
25 Hz.*" A Fe,(CO)s unit bridging hydrogen atoms in B,Hg is suggested
to occur in B,HgFe,(CO)s (see Fig. 15). Its ''B NMR spectrum contains
a doublet at —24-0 ppm, J(B-H) 90 Hz; coupling involving bridge hydro-
gens is not resolved.®® A more complicated ferraborane, Bs;H,Fe,(CO)s,
is prepared from B,Hs, Fe(CO)s, and LiAlH, in dimethoxyethane. Its
structure is depicted in Fig. 16. Its "B NMR spectrum contains a doublet
of relative area 2 at 4-2 ppm and a quartet of unit area at 12-1 ppm.*® This
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FIG. 15. Proposed structure of B;HgFe,(CO)g

FIG. 16. Structure of Bz;H;Fe,(CO)s.

may be a case where coupling of B(2) to the bridge and terminal protons
is nearly the same.

The five-boron cluster 2-CpFeBsH;, has been isolated in low yield from
a reaction of FeCl, with NaCp and NaBsHs. The ''B NMR contains
doublets at 44+4, 82, and —53:0 ppm in a 2:2:1 ratio, so the molecule is
static at room temperature in toluene solution. On heating to 175°C,
rearrangement occurs to give 1-CpFeBsH,, whose ''B NMR spectrum
exhibits only a doublet at 5-1 ppm. The suggested structures are shown in
Fig. 17. A helpful view of these compounds is that they are analogues of
BsH;, with a BH unit replaced by the isoelectronic CpFe group."0

A related ferraborane, (CO);FeBsH,, has been obtained by copyrolysis
of BsHy and Fe(CO)s. The NMR data are consistent with a pentagonal
pyramidal metalloborane having the Fe(CO); unit in a basal position. Low
temperature NMR spectra reveal that the bridging proton moves between
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FIG. 17. Proposed structures of (A) 2-CpFeBsH;, and (B) 1-CpFeBsH .

the two Fe-B polyhedron edges. This interconverts B(4) and B(5), B(3)
and B(6) (see Fig. 18). ''B NMR data for (CO);FeBsH, in CH,Cl, at —80
and 25 °C are given in Table 28.°!

8
H &
:-7/43\63'
“\ /”
H-83 eB-H
\.Fc-n/
(CO)y

FIG. 18. Proposed structure of (CO);FeBsHs,.

Maxwell, Wong and Grimes® have developed an extensive derivative
chemistry of (2,3-Me,-2,3-B4C,H,),FeH,. Irradiation of this material in
presence of carbon monoxide affords 2,1,4-(CO);FeMe,B;C;H;. The sug-
gested structure is that of a bicapped square antiprism with carbon atoms
in the 1 and 4 positions and the iron atom in the 2 position. It can be
deduced from the 2:2:2:1 pattern of doublets in the ''B NMR spectrum
and the observation of non-equivalent methyl groups. Deprotonation of

TABLE 28
Variable temperature **B NMR data for (CO);FeBgHo,.
Position 5''B (-80°C) 8"'B (Jan) 25°0)
B(1) —47-0 ~47-4 (140)
B(S or B0 135 (82150}
B(6) 377

B(3) 55.5 {46-0 (150)}
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OBH .C‘CH3

FIG. 19. Proposed structure of MFeMe BgC,Hg (M = Sn, Ge).

(2,3-Me,B,C;H,),FeH, followed by reaction with Gel, or SnCl, leads to
insertion of the Group IV element and formation of MFeMe,BsC,Hg
(M =Sn, Ge). The suggested structures (Fig. 19) feature an iron atom =
bonded to pentagonal pyramidal Me,B,C,H, cages; the Sn or Ge then
occupies a wedge position between the carborane units. These molecules
may be fluxional with tin or germanium alternating between two equivalent
wedging positions involving the four FeB, faces. This would account for
the chemically equivalent methyl groups and the 2:4:2 pattern of doub-
lets in the ''B NMR spectrum (Table 29). However, the 'H NMR
spectrum is unchanged at —66 °C. Reaction of (2,3-Me;B,C,H,),FeH, with
ethanolic KOH, CoCl,, and CsHs produce inter alia
(CpCOM62B3C2H3)FeH2(M62B4C2H4) and (CpCoMe2B3C2H3)Fe(H)Cp.
These compounds are considered to contain a CoB1C; cage with cobalt in

TABLE 29

113 NMR data for metallo-boranes and -carboranes containing iron and ruthenium,

Compound 5'"B (Jan)

K[u-Fe(CO)4B,Hs] —15-4 (td, 112, 25)

BszFez(CO)g -24-0 (d, 90)

B3;H;Fe,(CO)¢ 12-1(q, 1B, 170), 4-2 (d, 2B, 160)

2-CpFeBsH,o 44-4 (d, 2B, 145), 8:2 (d, 2B, 146),
—-53-0(d, 1B, 145)

1-CpFeBsH; o 5-1(d, 145)

2,1,4-(CO);FeMe,B,C,H, 19-1(d, 1B, 156), 6-4 (d, 2B, 156),
-13-1 (d, 2B, ~156), —15-9 (d, 2B, ~156)

GeFeMe,BzC,Hy 13-8(d, 2B, 166), 3-7 (d, 4B, 156),
-9-9(d, 2B, 126)

SnFeMe BsC,Hjg 11-4(d, 2B, 175), 2-3 (d, 4B, 170),
-10-9 (d, 2B, 160)

(CpCoMe2B3C2H3)

FeHz(MezB4C2H4) 10'9, 7-3

(CpCoMe,B;C,H;)FeCp —355 (W/2 ~1500), —564 (W/2 ~3000)

(CpFe)EtOMe,B,C,H; 6 (W/2 ~1000), —303 (W/2 ~1300)

4,5-(CpFe),-2,3-BoyC,H;, -113-1(d, 1B), —42-4 (d, 2B),

—22-4(d, 4B), -5-7(d, 2B)

(continued overleaf)
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Compound

8"'B (Jpn)

Me N[(CpFe)BoC,H,FeByC,H 1, ]

(CpFe),BsC,Ho(OH)
(Pth)3RU(H)-1,2,4-B3C2H9
(Ph3P)2Ru-6,2,3-B7C2Hg
(Et3P)2RU-6,2’,3-B7C2H9
(Et3P),Ru(CO)-6,2,3-B,C,Hy

(Et3P)3RU-6,2,3-B7C2H9
(SP)RU-6,2,3-B7C2H9“

(AP)Ru-6,2,3-B;C;H,’
(SP)RU-6,2,3-M62B7C2H7
(SP)Ru-6,2,3-PhB,C,Hyg
(AP)Ru-6,2,3-Me,B,C,H,
(MBP)Ru-6,2,3-Me,B,C,H*
(DBP)Ru-6,2,3-Me,B,C,H,*
(AP)Ru(C0O),-6,2,3-B;C,H,
(MBP),Ru-6,2,3-B,C,H
(DBP)2Ru-6,2,3-B7C2H9
(DBP)zRu(CO)-6,2,3-B7C2H9
(MBP);Ru(C0O)-6,2,3-B,C,H,
(Pth)zRuH2-2,1,7-B9C2H1 1
(Ph3P)2RuH2-3,1,2-B9C2H1 1
(Ph3P)2RU-2,1,7-BgC2H1 1

(PhsP),RuH-7-CsH;N-
311:2'B9C2H10

-110-1 (d, 1B), ~46-1 (d, 1B), —39-8 (d, 1B),
-23-9(d, 2B), —22-6 (d, 2B), —5-8 (d, 2B),
-7-7(d, 1B), 0-5 (d, 1B), 4-8 (d, 4B),
17-5(d, 2B), 20-6 (d, 1B)

-0-8(d, 1B), -3-6 (d, 1B), —17-3 (d, 2B),
-19-3(d, 2B), —26-4 (d, 2B)

35-5 (d, 1B, Jgp 130), 6-1, 0-6, —-5-2, ~18-5,
-27-1,-42-0

108-0 (1B), 16-4 (1B), —4-2 and —5-9 (5B)

105-5 (1B), 15-4 (1B), —5-7 (2B), 7-8 (3B)

14-3 (1B), ~4-9 (1B), —10-3 (1B), —21-4 (2B),
—-24-4 (2B)

—8-1(4B), —24-2 (3B) (at ~79 °C)

106-8 (1B), 18-9 (1B), 5-6 (1B),—3-8 (1B),
—4-6 (1B), —5-9 (1B), —8-8 (1B)

108-4 (1B), 15-0(1B), 4-8 (1B),
-5-2(1B), -7-0 (2B), —10-3 (1B)

107-6 (1B), 17-9 (1B), 11-9 (1B),
-0-1(1B), —2:2 (2B), -9-6 (1B)

106-8 (1B), 15-2 (1B), 9-1 (1B),
—4-8 (3B), —10-4 (1B)

108-0 (1B), 19-2 (1B), 14-6 (1B),
-2-1(3B), -11-0(1B)

107-5 (1B), 17-5 (1B), 10-6 (1B), 0-2 (1B),
-2:3(1B), -3-6 (1B), —9-7 (1B)

106-8 (1B), 17-2 (1B), 9-7 (1B), —0-1 (1B),
—2:3(1B), —4-5 (1B), —9-9 (1B)

1-4 (2B), —9-3(1B), —20-4 and —23-2 (4B)

107-5(1B), 17-3 (1B), 2-5 (1B), —5-0 (2B),
—6-5 (1B), —8-7 (1B) (at 44 °C); 20-4 (2B),
—6-0 (2B), —23-2 (3B) (at —40 °C)

2:6 (3B), —15-8 (4B) (at 44 °C); 24-9 (2B),
—-3-4 (2B), —19-9 (3B) (at —71°C)

0-0 (2B),—9-1 (1B), —23-4 (4B)

0-4 (2B), —8-2 (1B), —22-0 (4B)

1-2(1B), -7-6 (3B), 13-1 (4B), —18-:3 (1B)

13:9 (2B), 4-6 (5B), —5-4 (2B)

3-0(1B), 0-0 (1B), —5-2 (2B), —10-9 (2B), —22-1 (3B)

5-2(1B), -11-1(4B), -13-4 (2B),
-23-4 (1B), -29-4 (1B)

¢ 8P = (o-styryl)diphenylphosphine.

®AP= (o-allylphenyl)diphenylphosphine.
¢ MBP = (but-3-enyl)diphenylphosphine.
“DBP= di(but-3-enyl)phenylphosphine.
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(A)

FIG. 20. (A) Proposed structure of (CpCoMe,B3;C,H;)FeH,(Me>B,C;H,).
(B) Established structure of (CpCoMe,B3C,;H3)Fe(H)Cp.

an equatorial position and an apical iron atom. This has been confirmed
by an X-ray structure analysis of (CpCoMe,BsC,H;)Fe(H)Cp (Fig. 20).”
Amongst the major products of this complicated reaction are
(CpFe)Me,B,C,H, and its B-ethoxy derivative, (CpFe)EtOMe,B,C,Hs.
Both presumably have a pentagonal bipyramidal geometry with an apical
iron atom and adjacent equatorial carbon atoms. The ''B NMR spectra
exhibit very broad signals (half-widths 1000-3000 Hz) and so do not reveal
the position of the ethoxy group.”*

Polyhedral expansion of (CpFe)BosC,H;,; leads to three new biferracar-
boranes: 4,5-(CpFe),-2,3-BoC,H 4, (CpFe),BsC,Ho(OH), and
Me, N[(CpFe)By,C,H;FeBoC,H;,]. The first compound contains two para-
magnetic centres and a preliminary X-ray study indicates that the Fe-Fe
separation is about 3-20 A. The ''B NMR spectrum does not exhibit grossly
broadened or contact shifted resonances, and the apparent diamagnetism
may arise from spin pairing mediated by the carborane cage. A doublet at
—113-1 ppm is assigned to the low-coordinate boron atom adjacent to the
two iron atoms. The thirteen-atom cage appears not to be fluxional and
the ''B NMR spectrum is unchanged at —75°C. A plane of symmetry
is established by the 1:2:4:2 pattern of doublets; placement of the
iron atoms in the 4,5 positions and the carbon atoms in the 2,3
positions is reasonable (see Fig. 21). The ''B NMR spectrum of

@cH
Qo4

FIG. 21. Proposed structure of 4,5-(CpFe),-2,3-BoC,H ;1.
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MeyN[(CpFe)BoC,H 1 FeByC,H, ] is interpretable as a superposition of
resonances at —110-1, 46-1, ~39-8, —23-9, —22-6, and —5:8 ppm due to
the Fe,BoC,H;1 cage, and at —7-7, 0-5, 4-8, 17-5, and 20-6 ppm due to
the capping BoyC,H;; cage (see Table 29). It appears that insertion of a
second iron atom causes an overall decrease in shielding of the cage boron
atoms.”*

Carboranes incorporating ruthenium as a heteroatom are currently of
interest because of the potential of such materials as catalysts. Jung and
Hawthorne®® obtained (Ph;P);Ru(H)-1,2,4-RuBsC,H, from NaBgC,H,
and (Ph;P);RuHCI. The NMR data are consistent with a closo eleven-atom
cage structure. The 'B{'H} NMR spectrum reveals a high-frequency doub-
let, & 35-5, assigned to a low-coordinate boron atom next to a ruthenium
atom. The splitting is due to >'P-''B coupling and thus it appears that one
of the triphenylphosphine groups is directly bonded to the cage.”

Metal insertion into B,C;H;, (and its C-alkyl derivatives) generates
(Ph3P),RuB,C,H,. Compounds of this type are referred to as hyper-closo,
denoting an n vertex cluster of less than n + 1 skeletal electron pairs which
is significantly distorted from the idealized closo polyhedral geometry. The
'B{*H} NMR spectrum of this ruthenacarborane is not well resolved but
does indicate the presence of a plane of symmetry. A very high frequency
resonance at 108-0 ppm appears to be characteristic of Ayper-closo 10-
vertex ruthenacarborane compounds, and such peaks are not observed in
the ''B NMR spectra of closo-metallocarboranes containing second- and
third-row metals. The interesting solution phase chemistry of (EtsP);Ru-
6,2,3-B;C,H, has been probed by ''B NMR spectroscopy. At —80°C,
phosphine dissociation is slow. The 127 MHz 'B{*H} NMR spectrum at
this temperature shows peaks at —8-1 (4B) and —24-2 (3B) ppm indicative
of a fluxional process, which is probably restricted rotation of the (Et;P);Ru
vertex. At higher temperatures, equilibrium loss of Et;P generates hyper-
closo (Et;P),Ru-6,2,3-B,C,H,, with the formation of which a new reson-
ance at 105-6 ppm is observed. This process is depicted in Fig. 225 Ligand
displacement by carbon monoxide is used to prepare (CO),Ph;PRu-6,2,3-
B,C,H, and (CO)(Et;P),Ru-6,2,3-B,C,H,. The 'B{*H} NMR spectrum
of the latter compound is well resolved at 127 MHzandshowsa1:1:1:2:2
pattern of resonances (see Table 29), indicating that the barrier to metal
vertex rotation may be higher when phosphines are replaced by carbon
monoxide.

Reaction of (Phs;P),Ru-6,2,3-B,C,Hy with styryl- and o-allylphenyl-
diphenylphosphine (L) produces hyper-closo LRu-6,2,3-B;C,H, in which
the alkenyl group is coordinated to ruthenium. An X-ray structure analysis
of (allylphenyldiphenylphosphine)Ru-2,3-Me,-2,3-B;C,H,; demonstrates
this feature and an arachno RuB,C, cage with boron and carbon atoms
at the vertices of an 11-vertex polyhedron; the ruthenium atom is in a
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FIG. 22. Proposed equilibrium between (Et3P);RuB;C,H, and (Et;P);RuB,C,H,.

non-vertex position but within bonding distance of all six atoms on the
open face (Fig. 23). The most highly resolved ''B NMR spectra of com-
pounds of this class show seven doublets of unit area, and the resonance
at 107 ppm is associated with B(1). The solid-state structure appears to

FIG. 23. Structure of [(0-allylphenyl)diphenylphosphine]Ru-2,3-Me,-2,3-B;C>H>.
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persist in solution. The ''B NMR spectrum of (CO),LRuB;C,Hy [L=
(o-allylphenyl)diphenylphosphine] is quite similar to that of (CO),Ph;PRu-
6,2,3-B,C,H, (see above), indicating that the two Ru(i1) compounds are
isostructural and that the allyl group is not coordinated to ruthenium.”’

Ruthenium complexes of BoC,H;;>~ have also been reported. The
80-5 MHz spectrum of (Ph3P)2Ru(H)2-2,1,7-B9C2H11 in CH2C12 shows
resonances at —1:2 (1B), 7:6 (3B), 13-1 (4B), and 18-3 (1B) ppm, which
is similar to, for example, the rhodium analogue. This compound eliminates
dihydrogen on heating. The 'B NMR spectrum of (PhsP);Ru-2,1,7-
ByC,H;; in THF contains peaks at —3-0 (1B), 0:0 (1B), 5-2 (2B), 10-9
(2B), and 22-1 (3B) ppm, and it appears that this rather drastic change at
the metal centre has only a rather small effect on *'B shieldings.”®

XVIII. COBALTA-BORANES AND -CARBORANES

Condensation of NaBsHg, NaCsHs, and cobalt chloride leads to an almost
bewildering variety of cobaltaboranes. They may be classified by electron
counting rules into (a) nido or 2n + 4 electron structures, (b) closo or 2n +2
electron structures, (c) capped polyhedral 2n electron systems. Structures
of such molecules are elucidated in part by ''B NMR spectroscopy and
representative examples are depicted in Fig. 24.°

The nido compound 5-CpCoBgH;, is a structural analogue of BioH;4
and the B-B distances differ from those in the pure borane by an average
of only 0-:019 A.'* Indeed, considering the gross electronic changes atten-
dant on replacing boron by cobalt, the ''B NMR spectra are rather similar.

Both ''B and 'H NMR data indicate that the dicobaltaborane
(CpCo),B,Hs has C,, symmetry, so B(4,6) and B(3,5) form equivalent
pairs. The location of the “extra” protons, i.e. those in excess of one per
boron, is not precisely determined but some bonding interaction with boron
seems probable. The B(4,6) positions, adjacent to only one cobalt atom,
have & 61-1, at high frequency with respect to B(3,5), § 19:4, which are
adjacent to two cobalt atoms. This assignment is reasonable in view of the
single resonance at 62-7 ppm in (CpCo);B;Hs whose structure has been
established by X-ray crystallography and in which all three boron atoms
are each bonded to two cobalt atoms. The solid-state geometry is that of
an octahedral B;Cos; cage. The two “extra’” hydrogen atoms could not be
refined but, from electron density maps, they appear to be associated with
the triangular tricobalt face.'’’ Therefore, in (CpCo),BsHs an antipodal
effect may operate so that B(4,6), which are antipodal to cobalt, appear
at higher frequency. Usually, ''B signals of four-coordinate adjacent borons
appear at very high frequencies. A crystal structure analysis of this com-
pound confirms the octahedral B,Co, cage inferred from the "B NMR



13
o ¢ Qe

€25
car
[er¥4
(B)
c23 (33
c22’ ci2'
c2i -
ci2

(D)

(E)
FIG. 24. Structures of (A) (CpCo),B4H.
4BsHs, (B) (CpCo)3B4H,, (C) (CpCo)sB3H
(CpCo),B4Hg, (E) u-(CsHy)-1,7,2,3-(CpCO),B3C,H3, and (F) 2-:md l-CpgoB?H:. = ®
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spectra. The metal atoms occupy adjacent vertices with the “‘extra’ hydro-
gens in face bridging positions approximately over the centres of the
two BCo, triangular faces.'”” Finally, w(2,3)-1,3-C3H,s-1,7,2,3-
(CpCo),B3C,H3, also produced in the same reaction, possesses a seven-
vertex pentagonal bipyramidal cage with the cage carbons bridged by an
exopolyhedral propenylene group.'®

The “'B NMR spectrum of the cobaltaborane (CpCo)sBsH4, which
comprises a doublet at 121-4 ppm, conveys little structural information.
An X-ray study reveals a closo eight-vertex B,Co, cluster with nearly D,y
symmetry; the cobalt atoms are in contiguous positions at the five-coor-
dinate vertices and the boron atoms occupy four-coordinate vertices. It is
a puzzle why this cage which has 16 skeletal valence electrons violates
Wade's rules'® and adopts a closo polyhedral geometry.'% It is, of course,
possible that a dynamic distortion occurs in solution which is not detected
by ''B NMR. In the same vein, it is possible that the bridging hydrogen
atoms in (CpCo);Bs;Hs and (CpCo),BsHs may be mobile and migrate
between several polyhedral faces. High resolution, low temperature ''B
NMR studies of these molecules would be of interest.

The metalloborane CpCoBsHg undergoes with acetylene an insertion
reaction to produce the carborane derivative 1,2,3-CpCoB;C,;H5. In addi-
tion to insertion products, substituted alkynes, such as propyne, but-2-yne,
and phenylacetylene, also yield products incorporating 1 equivalent of the
acetylene. Extensive overlap of peaks in the 32 MHz 1B NMR spectra
hinders incisive structural characterization, but singlet resonances are
observed which indicate that these products arise from hydroboration and
that they are B-alkenyl derivatives of CpCoB4Hg. Condensation of
CpCoB4H; with iron pentacarbonyl produces 1,2,3-(CpCo),Fe(CO).B;H;,
whose suggested structure is shown in Fig. 25, In it there are two types of

FIG. 25. Proposed structure of 1,2,3-(CpCo),Fe(CO)4BsHa.
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boron atoms, each bonded to two metal atoms. Such a structure should
exhibit two very high frequency doublets, and these are observed at 87-5
and 73-0 ppm.'%°

Irradiation of (2,3-Me,-2,3-B;C,H;s)CoH(2,3-Me,B,C,;H,) and CpCo-
(CO), in tetrahydrofuran yields 5-(CpCoCsH,)[2,3-Me,B,C,H;]-
C0[2,3-M62B3C2H5] and a'-(THF)-[2,3-Me2B4C2H3]Co[2,3-
Me;B3;C,Hs). These are zwitterionic compounds with exopolyhedral sub-
stituents. Unfortunately, the ''B NMR spectra are not well resolved at
32 MHz. However, the X-ray crystal structure of the cobalticenium com-
pound reveals a ring-like 2,3-Me,B;C,H; ligand with hydrogen atoms
bridging the B-B edges and a pentagonal pyramidal 2,3-Me,B,C,Hj; ligand
with the CpCoCsH, unit bonded to the unique equatorial boron, B(5), as
shown in Fig. 26.'"

FIG. 26. Structure and numbering system of 5-[CpCoCsH,]}-[2,3-Me,B,C,H3]Co[2,3-
Me2B3C2H5].

Reaction of (Et;P);Co with 1,5-B;C,Hs results in insertion of the
(EtsP),Co moiety to give paramagnetic (Et;P),Co-2,1,6-B;C,Hs whose
"B NMR spectrum has not been reported; that of the hydrocobalt analogue
(EtsP),Co(H)-2,1,6-B3C,H; has doublets at 20-1 (1B) and —1-7 (2B) ppm.
Similar insertion chemistry applied to 1,7-B¢C,Hs yields (Et;P),Co(H)-
2,1,8-B¢C,Hs. The ''B NMR spectrum contains six doublets, consistent
with the solid-state tricapped trigonal prismatic geometry with C(1), B(6),
and B(8) in the capping sites (Fig. 27).'%®

The new cobaltacarborane 2,5-Me,-(CpCo),-2,5,1,7-BsC,Hs is prepared
from cobalt atoms, BsHy, CsHe, and but-2-yne. Its suggested structure is
shown in Fig. 28. The 'H and ''B NMR spectra (Table 30) indicate the
absence of a plane of symmetry. If it is assumed that the carbon cage atoms
remain adjacent and that the cobalt atoms occupy five-coordinate positions,
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FIG. 27. Molecular structure and numbering system for (Et;P),Co(H)-2,1,8-BsC;Hs.

FIG. 28. Proposed structure of 2,5-Me,-(CpCo),-2,5,1,7-BsC,Hs.

then the doublets of area 1 at 73-2 and 55-4 ppm may be assigned to B(4)
and B(6), the four-coordinate boron atoms adjacent to two cobalt atoms.'®

2-CpCoBoH,3, an analogue of decaborane with a CpCo unit replacing
B(2) (see the isomeric 5-CpCoBoH;3, above), is produced from pen-
taborane and CpCo(CO);. Also isolated from this rather energetic reaction
is 1-CpCoBsHo. Its structure (Fig. 29) is suggested to contain a planar
BsHy?™ ring #-bonded to cobalt. The 'B{'H} NMR spectrum at —70°C
shows two resonances at 15-2 (4B) and 4-8 (1B) ppm and a singlet at 25 °C.
The borane ligand thus appears to be fluxional on the NMR time scale
owinlg1 Oto rapid shifts of bridging hydrogens about the periphery of the Bs
ring.

Metal atom chemistry has also led to the preparation of
poly(cobalt)borane, (CpCo);BsHs, and the cyclopentenyl-substituted
derivative (CpCo);BsHa(c-CsHy). Two possible structures for these com-
pounds are shown in Fig. 30. The resonance at 12-8 ppm in (CpCo);BsHs
is attributable to B(8), the unique boron atom which is not bonded to
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TABLE 30

115 NMR data for cobalta-boranes and -carboranes.

225

Compound "B (Jan)
1-CpCoB,Hjg ~4-4(d, 162)
2-CpCoB,Hg 6-2 (d, 1B 154), -15-9 (d, 3B, 136)

5-CpC0B9H13

1,2-(CpCo),B,Hs
3-0’-C5H9-1,2-
(CpCo),B4Hs
4-0’-C5H9-1,2-
{CpCo);B,4Hs
1,2,3-(CpCo);B;3H;s
CsH;-(CpCo);B3H,4
1-(2,3-C3H,)-1,7,2,3-
(CpCo),B;C;H;
(CpCo);B,H,
(CpCo)sBsH,
5-(CpCoCsH,)-
[2,3'M32B4C2H3]-
CO[2,3-MC2B;C2H5]
1,2,3‘CPC0B3C2H7
1,2,3-CpCoMeBsC,Hg
1,2,3-CPC0M82B3C2H5
1,2,3-CpC0PhB3C2H5
CPCOB4H8'MCC2H
CpCOB4Hg'MCC2Me
CpCOB4HgPhC2H
1,2,3-
(CpCo),Fe(CO)4B;H;
(Et3P),Co(H)-
2,1,6-B3C,H;s
(Et3P)2CO(H)-
2,1,8-B¢C,H3s

(CpCo)2-1,7,2,5-
M32B5C2H5

1-CpCoBsH,

2-CpCoBoHi5

(CpCo)3B5H5
(CpCo)3(c-CsHg)BsH,
(Mes CpCO)M82B4C2H4
1,7,2,3-(MesCpCo),-

Me,B;C;H;
(MCSCPCO)M62B3C2H5

30-2 (d, 1B, 170), 25-1 (d, 1B, 200), 12-3 (d, 1B, 160),
8-0(d, 2B, 160), 2-2 (d, 1B, 160), —2-9 (d, 1B, 160),
-16-0(d, 1B, 160), —36-4 (d, 1B, 160)

61-1(d, 2B, 151),19-4 (d, 2B, 146)

59-3 (d, 2B, 149), 39-2 (s, 1B), 18-7 (d, 1B, 122)

76-2 (s, 1B), 55-9 (d, 1B, 142), 17-7 (d, 2B, 129)

62-7(d, ~112)
99-8 (d, 1B, 228), 63 (d, 1B, 225), 61 (s, 1B)
64-4 (d, 1B, 130), 4-2 (br, 2B)

141-4 (br, 1B), 86-6 (d, 3B, 146)
121-4(d, 137)
7-0 (3B), ~0-1 (br d, 6B, ~156)

~2-7(d, 2B, 149), ~2-0 (d, 1B, 147)
~—1-8 (asymm. d, 121)

09

4:4 (d, 1B, 140), 1-2 (d, 2B, 140)
189 (s)

219 (s)

18:1(s)

87-5(d, 1B, 166), 73-0 (d, 2B, 158)

20-1 (1B), —-1-7 (2B)

49-6 (1B), —0-2 (1B), ~8-2 (1B), —10-1 (1B),
-19-6 (1B), —34-8 (1B)

73-2(d, 1B, 156), 55-4 (d, 1B, 164),1-0 (d, 1B, 133),
-1-9(d, 1B, 129), —13-4 (d, 1B, 164)

15:2 (4B), 4-8 (1B) (at =70 °C); 12-8 (at 25°)

17-0 (d, 2B, 133), 14-6 (d, 1B, 164),9-0(d, 1B, 173),
1-7 (d, 4B, 156), —38-2 (d, 1B, 155)

136-8 (d, 1B, 147), 1244 (d, 1B, 141). 104-0 (d, 2B, 154),
-12-8 (d, 1B, 134)

137-4 (d, 1B, 138), 123-4 (d, 1B, 137),
102-1(d, 2B, 132), 3-3 (s, 1B)

14-9 (d, B(5), 146), 5-5 (d, B(4,6,7), 136)

52-0 (d, B(5), 112), 12-3 (d, B(4,6), 115)

10-5 (d, B(5)), 4-0 (d, B(4,6))
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for 1-CpCoBsHs.

FIG. 29. Proposed static structure

for (CpCo);BsHs.

sible structures

FIG. 30. Two pos!
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cobalt. This resonance collapses to a singlet and shifts to lower frequency
in the cyclopentenyl compound, indicating that the assignment is correct.!'!

The pentamethylcyclopentadienylcobalt carboranes (MesCpCo)-
Me2B4C2H4, 1,7,2,3-(Me5CpCo)2Me2B3C2H3, and (Me5CpCo)-
Me,B;C,H; have recently been reported. Their ''B NMR spectra appear
to parallel those of the corresponding cyclopentadienyl analogues.''?

XIX. RHODA- AND IRIDA-CARBORANES

Insertion of Rh(1) into B,C,H;, ™ gives (PhsP),Rh(H)-6,2,3-B;C,Ho. The
proton decoupled "'B NMR spectrum of this compound exhibits a
1:2:2:1:1 pattern of resonances (see Table 31). Although no signal in

TABLE 31

13 NMR data for rhodacarboranes.

Compound

5''B (Jgn)

(Ph3P),Rh(H)-6,2,3-
B7C2H9
[(p-tol)sP];Rh(H)-
6,2,3-B,C;Hs
(Ph3P),Ir(H)-
6,2,3-B,C;Hy
(Ph3P),Ir(H)-
1,2,4'B8C2H10
(PhPMe,),Ir(H)-
1,2,4-BgC;H, o
(PhAsMe,),Ir(H)-
1,2,4-BgCyH ;o
(PhAsMe,);Rh-9,7,8-
B-C;H;,
(PhPMe,);Rh-9,7,8-
BgCoHyy
(Me5P);Rh-9,7,8-
BsCyH 1y
(MC3AS)3Rh-9,7,8-
BgCoHy,y
(Me;Sb);Rh-9,7,8-
BgC,Hyy
(Ph3P),Rh-9,7,8-
BgC,H1y
[(p-tol);P);Rh-9,7,8-
BsC>Hi;
[(p-tol)sP1.Rh(CO)-
9,7,8-BgC,H 1,
(EtsP);Rh-9,7,8-
BsCzHy;

23-6 (1B), —-5-9 (2B), —19-5 (2B), —22-1 (1B), —33-6 (1B)

22-9 (1B), ~7-3 2B), —20-5 (3B), —34-0 (1B)
-8-5,-22-0, -22-4

55-2(1B), 10-1 (1B}, 2-7 (1B), —6-0 (1B),
—-11-2 (1B), —24-8 (2B), —45-0 (1B)
53-6 (1B), 8:6 (1B), 1:4 (1B), -8-3 (1B),
-13-9 (1B), —22-8 (1B), —28:2 (1B), —46-5 (1B)
51-9 (1B), 94 (1B), —0-4 (1B), ~7-6 (1B),
—-13-6 (1B), —23-7 (1B), —28:5 (1B}, —47-8 (1B)
13-2 (2B), -3-3 (1B), —13:1 (2B), —18:4 (1B),
—-22:6 (1B), —25-2 (1B)
12-2 (2B), -39 (1B), —12-8 (2B), —18:5 (1B),
—-22:4(1B), -25-2 (1B)
12-6 (1B), 9-3 (1B), 5-1 (1B), —13-4 (1B),
-15-2 (1B), —18-1 (1B), —22-2 (1B), —27-2 (1B)
12-5 (1B), 10-2 (1B), —4-6 (1B), 14-6 (2B),
—18-6 (1B), —23-1 (1B), —27-7 (1B)
10-7 (1B), 9-6 (1B), —6-3 (1B), —12-9 (1B),
—15-1 (1B), —18-7 (1B), —22-7 (1B), —26-5 (1B)
12-9,1-4,-17-9, -20-5

13-3,1-0,-18-3, -20-8

13-7 (2B), 0-8 (1B), —10-8 (2B), —18-1 (1B),
~21-3(1B), —22-7(1B)

9-4 (2B), —7-3(1B), —13-7 (1B), —18-5 (2B),
—-22-6 (1B), —27-4 (1B)
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FIG. 31. Proposed structure of (Ph;P),Rh(H)-6,2,3-B,C,H,.

the 140-80 ppm region, which might be associated with a low-coordinate
boron bonded to a first-row cage metal atom, is observed, the ten-vertex
structure shown in Fig. 31 is suggested. Proton NMR studies indicate that
the triphenylphosphine ligands dissociate in solution, so the spectrum
observed may contain contributions from (PhsP)Rh(H)-6,2,3-B,C,H,.'?
Reaction of NaBsC,H,; with IrCIL, (L = PhPMe,, PhAsMe,) produces
L,Ir(H)-1,2,4-BgC,H,;, which can be regarded as a BgC,H;o complex of
octahedral Ir(mm). In these compounds, the resonance at ~50 ppm is
attributed to the low-coordinate boron atom next to iridium. A similar
reaction with RhCIL; yields instead L3-9,7,8-RhBsC,H;;. Eight doublets
are observed in the best resolved ''B NMR spectra, those of the PMes;
and SbMe; derivatives (Table 31). For steric reasons, only two
triphenylphosphine ligands can be accommodated at the rhodium atom,
and use of this ligand leads to (Ph;P),Rh-9,7,8-BsC,H;;. Unfortunately,
the 'B NMR spectrum of this compound contains broad, poorly resolved
peaks, so it is not possible to probe the effect of adding extra electron
density to the cage rhodium atom. The solution chemistry of nido-
(Et;P);Rh-9,7,8-BsC,H;; is complex and summarized in Fig. 32. In the
tris(triethylphosphine) complex, the ‘“extra” hydrogen is suggested to
occupy a bridging position between B(10) and B(11). Dissociative loss of
1 equivalent leads to (Et;P);Rh-9,7,8-BgC,H,; which is closo-
(EtsP);Rh(H)-1,2,4-BgC,H ;0. The rearrangement involves a shift of the
“extra’ hydrogen from a B-B edge to a terminal position on rhodium with
concomitant cage closure. Variable temperature ''B{’H} and *'P NMR
data have been used to determine AHP for the process.'™
Triphenylphosphine complexes of metallo-boranes and -carboranes
frequently exhibit broad, structureless ''B resonances. (Et;P),Rh(H)-3,1,2-
ByC,H;: has been prepared by in situ phosphine exchange with the more
easily prepared triphenylphosphine analogue. This greatly improves resol-
ution in the ''B NMR spectrum, possibly because of an increase in the
rate of molecular tumbling and an increase in 7. The decreased linewidths
have facilitated an assignment of the 111:8 MHz 'B NMR spectrum of
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FIG. 32. Solution equilibria involving (Et;P);Ir-9,7,8-BgC,H;;.

the rhodacarborane.'"” Its structure is probably very similar to that of the
precursor, which features a regular icosahedron with the rhodium atom
symmetrically bonded to the B;C, pentagonal face.''® The high resolution
''B NMR contains five resonances of relative areas 1:1:2:2:3. The implied
increase in symmetry over that in the solid state is attributed to rapid
rotation of the (EtiP),Rh vertex. Use of deuterium and bromine labelled
derivatives leads to a complete assignment: § —2-8 (d, B(10), 130), —3-9
(d, B(8), 115), —9-0 (d, B(9,12), 140), —10-9 (d, B(4,7), 100), and —21-1
(d, B(5,6,11), 150). The chemical shifts are, with the exception of that of
B(6), to lower frequency than in (ByC;H;;),Co™. In the cobaltacarborane,
the assignments, reading from high to low frequency, are B(8), B(10),
B(9,12), B(4,7), B(5,11), and B(6); thus, the relative shifts of B(8) and
B(10) are inverted.'"” Note that, for the sake of consistency, the numbering
system used (Fig. 33) is that employed in the earlier literature and which
is no longer fashionable.

Recently, the "B NMR spectrum of the rhodaborane catalyst (Ph;P)-
(NOs)Rh-3,1,2-ByC,H;; has been reported. In chloroform it has 6 11-8
(d, 2B), —3-1 (d, 4B), —9-2 (d, 2B), and —25-7 (d, 1B)."'® The spectrum of
(Phs;P),Rh(HSO,)-3,1,2-BsC,H;; contains two broad humps centred at —9
and +5 ppm.'**
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FIG. 33. Numbering system for (Ph;P),Rh(H)-3,1,2-BoC,H;;.

XX. NICKELABORANES

Reaction of B H;5~ with sodium amalgam and Cp;Ni yields
CpNiB;1H;; . The 1B NMR spectrum of this ion contains three doublets
at 19-9, 16-0, and —5-1 ppm in a 1:5:5 ratio, supporting the suggested
structure, an icosahedral B, Ni cage. From B;oH;4 and Cp,Ni was obtained
CpNiB;oH;3 which could be deprotonated to form CpNiBoH;2 . The lig
NMR spectra of these nickelaboranes resemble that of [(B1oH12).Ni}*” and
their suggested structure features a similar n;-B10H;2 cage bonded to CpNi.
The bimetallic Cp,NiCoB1oH1o is produced by insertion of a CpCo unit
into CpNiBoH;, . It is believed to be the 1,2-isomer (i.e. the metal atoms
are adjacent) on the basis of the 2:1:3:2:2 pattern of doublets in the
80-6 MHz ''B NMR spectrum.

Metal insertion into BgH;, produces isomeric 1- and 2-CpNiByH, .
The 1:4:4 pattern of doublets in the ''B NMR spectrum of the 1-isomer
defines the cage geometry as a bicapped square antiprism with an apical
CpNi unit. The other apical position is occupied by a boron atom and this
position is strongly deshielded, & 786, possibly owing to an antipodal effect
of nickel. The antipodal boron in CpNiB;,H;; , however, has 6§ 19:-9 and
does not appear to be so strongly deshielded. In this regard it is curious
that the antipodal boron positions in Cp,NiCoB;oH;o are not resolved;
the highest frequency resonance appears at § 45-7 (2B).

Nickel insertion into BioH1o>~ gives 1,2-(CpNi),B1oH1o. The placement
of the nickel atoms in the adjacent 1 and 2 positions is indicated by the
1:1:2:1 pattern of doublets in the ''B NMR spectrum in glyme and by
the doublet of relative area 2 at 54:3 ppm. ''B NMR data for these
compounds are given in Table 32.'%°

Condensation of BsHg ™, NiBr,, and CsHs™ leads to a remarkable series
of nickelaboranes. Icosahedral (CpNi),B;oH; o could be either the 1,2- or
the 1,7-isomer. 1,6-(CpNi),BsHg presumably adopts a closo ten-vertex
geometry [Fig. 34(A)]; placement of the metal atoms in the 1,6 positions
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TABLE 32
B NMR data for nickelaboranes.
Compound 5"'B (Jgpn)
Me,N(CpNiB;;H;,) 19-9 (1B), 16:0 (5B), ~5-1 (5B)
CpNiB,oH,3 10-5 (3B), 4-8 (1B), 5-8 (1B), —6-7 (3B), —26-9 (2B)
MesN(CpNiBoH12) 11:8 (3B), 6:4 (2B), —6-0 (3B), =269 (2B)
Ph,As(Cp,NiCoBoH)0) 457 (2B), 19-8 (1B), 10-7 (3B), 79 (2B), —5-2 (2B)

1,2-(CpNi),B1oH10
Me,N(2-CpNiBgHo)
MC4N(1 -CpNiBgHg)
Me N(2-CpNiByCly)
Me4N( 1 —CleBgClg)
1,7-(CpNi)2B10H10
1,6-(CpNi)2BgHg

(CpNi)4B,H,

1 ,6,7,8-(CpNi)435H5
(CpNi);Me;B4C,H,
(CpNi)2M32B5C2H5

—4-3(2B), 26-1 (2B), 21:3 (4B), 6:7 (2B)

59-0 (1B), 12-6 (1B), 6-9 (3B), —14-7 (2B), —21-8 (2B)

78-6 (1B), 29-0 (4B), —1-3 (4B)

60-5 (1B), 182 (1B), 12-4 (3B), —0-6 (2B), —11-1 (2B)

54-3 (1B), 38-5 (4B), 18-4 (4B)

38:9(d, 4B, 149), 20-3 (d, 4B, 149), —3-9 (d, 2B, 151)

93-6 (d, 1B, 145), 47-5 (d, 2B, 147), 20-4 (d, 2B, 145),
12-2 (d, 1B, 140), 6-7 (d, 2B, 137)

56-2(d, 156)

64-7 (d, 2B, 156), 55-0 (d, 1B, 157), 29-4 (d, 2B, 117)

24-6 (d, 2B, 166), 3-2 (d, 2B, 156)

30-1(d, 1B, 146), 1-2 (d, 2B, 156), —2-8 (d, 2B, 127)

is indicated by a doublet of unit area at 93-6 ppm, due to a four-coordinate
boron atom adjacent to two nickel atoms.

(CpNi)4B4H, is an eight-vertex 20-electron system [Fig. 34(B)] but the
X-ray structure reveals that the cage has nearly D,4 dodecahedral geometry.
The nickel atoms occupy the four low-coordinate positions and the com-
pound shows one resonance at 56-2 ppm in its "'B NMR spectrum. In
contrast, the cobalt atoms in (CpCo);B4sH, occupy the five-coordinate
positions and the equivalent boron nuclei have & 121:4 (d, 137). The

(A)

(B) (C)

FIG. 34. (A) Proposed structure of 1,6-(CpNi);BgHs. Established structures of (B)
(CpNi),B4H, and (C) (CpNi)BsHs.
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tetrametallic (CpNi)4BsHs adopts a nine-vertex monocapped square
antiprismatic nido structure [Fig. 34(C)], and the ''B NMR spectrum
contains three doublets at 64:7 (2B), 55-0 (1B), and 29-4 (2B) ppm in
agreement with this. The nickelacarboranes (CpNi);Me,B,C,Hs and
(CpNi),Me,BsC,Hs are also prepared by nickel insertion.'?

XXI. PLATINABORANES

Metal insertion into 2,3-B4C,Hs or 2-BsCHs using Pty(cod)(PEts)s
(cod = cycloocta-1,5-diene) yields the nido platinaboranes (Et;P),Pt(H)-
2,3-B,C;H; and (Et;P),Pt(H)-2-BsCHj; respectively, whose B NMR
spectra are summarized in Table 33. A crystal structure of the former
compound demonstrates the essential preservation of the pyramidal pen-
tagonal cage structure with the (Et;P);Pt(H) moiety bridging one of the
B-B edges [Fig. 35(A)]. In the 32 MHz ''B NMR spectra (Table 33) the
basal boron resonances are broad, and only two signals for these positions
are seen; the apical positions occur at much lower frequency, ~50 ppm.'?
Loss of dihydrogen occurs to give closo- 1-(Et;P),Pt-2,3-Me;-2,3-B4C,H..
The ''B NMR data show that this compound, whose structure is depicted
in Fig. 35(B), is not isostructural with (Et;P),PtB,C,Hs in which the
equatorial carbon atoms are probably non-adjacent.'?* Similarly prepared
from 5,6-BsC,H;, is (Et;P),Pt(H)-7,8,9-BsC,H;; which undergoes de-

TABLE 33

B NMR data for some platinaboranes.

Compound §"'B (Jpn)
(Et3P),Pt(H)-2,3- 0-5 (br, 2 basal B), —9-2 (br, 1 basal B), —52-3 (d, 1B, 168)
B4C2H7
(Et;P),Pt(H)-2,3- -1-5(d, 2B),—10-9(d, 1B), —45-6 (d, 1B, 159)

Mez‘2,2‘B4C2H5
(Et3P),Pt(H)-2-BsCHj, 14-9 (d, 2 basal B), —5-6 (d, 2 basal B), —50-5 (d, apical B)
(Et;P),Pt-2,4-B,C,H; 7-4 (1B), —1-8 (3B)

(Et3P),Pt-2,3- 6-3 (3B), —50-3 (1B)
Mez'2,3-B4C2H4
(Et3P),Pt(H)- 89,-11.9,-22-2,-26'8
7,8,9-PtBsC2Hu
(Et3P),Pt-7,8,9- 8-8,0-6, —13-7, —22-5 (100 °C in C¢Ds)
PtBgC,H;o
(Ph3P),PtBgSH, o 38(d, 1B),4-6 (d, 1B), —6-7 (d, 2B), —17 (d, 2B), —25-5 (d, 2B)

(PhPMe,),PtB3SH, o* 36-8 (d, 1B, 130), 3-7 (d, 1B, 130), —-5-1 (d, 2B, 116),
—21-6 (d, 2B, 113), —27-0 (d, 2B, 142)
(Et3P),PtSBgH, 38(d, 1B), 4-2(d, 1B), -5-1 (d, 2B), —21-5 (d, 2B), 26 (d, 2B)
(PhsP),Pt(8-EtOBgSHy)  36-1 (1B), 7-7 (2B), —5-5 (2B), —13-3 (1B), 23 (1B), 26-1 (1B)

* Recorded at 86-6 MHz.



BORON-11 NMR SPECTROSCOPY 233

(B)

H(Pt)

©

FIG. 35. Molecular structure of (A) nido-(Et3P),Pt(H)-2,3-B4C,Hg, (B) closo-(Et;P),Pt-
2,3-Me2-2,3-B4C2H4, and (C) (Et3P)2Pt(H)-7,8,9-B3C2H9.

hydrogenation and cage closure to yield (Et;P),Pt-7,8,9-BgC,Ho; a singular
feature of this reaction is the shift of one triethylphosphine from platinum
to B(10), as indicated in Fig. 35(C). No P-B spin coupling has been
reported.'?*

Reaction of 1-BySHy with (R3P)4Pt in refluxing ethanol leads to elision
of one boron atom and the formation of nido platinathiaboranes of the
type (RgP)thBsSHm, but use of (Ph3P)2Pt(C2H4) affords (Ph3P)2Pt(8-
EtOBgSHy). An X-ray crystal structure (Fig. 36) determination of the
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FIG. 36. Structure of (Ph;P),Pt(8-EtOBgSHj).

8-ethoxy substituted compound shows that the platinum is bonded to the
cage boron atoms in a n; fashion. The bridge hydrogen atoms are not
located but evidence for their presence is found in the '"H NMR spectrum
where they appear at —1 to —2 ppm. The boron resonances are broad,
possibly complicated by '>*Pt-''B coupling, and do not provide clear
evidence for B-H-B units. The chemical shifts are listed in Table 33.'*

XXII. METALLOPENTABORANES

A large class of metallopentaboranes of the type (ligand),MX(BsHg)
containing Pd, Pt,'*® has been prepared from BsHs~ and a metal halide
complex. ''B NMR data for these compounds are summarized in Table
34. In these metallopentaboranes, the metal is considered to bridge two
adjacent basal boron atoms. This structural paradigm has been verified by
X-ray crystallography in the case of (BsHg)Cu(PPh;), in which all borane
hydrogens are located.'*® It should be noted that a structure featuring two
metal-H-B bridges may exist in solution; movement of hydrogens from
B-B to B-metal edges would not perturb the molegcular symmetry, and it
might be difficult to detect in low-resolution ''B NMR spectra obtained
at ~27°C. In the cadmium and silver BsHg derivatives, the signals from
the non-equivalent pairs of basal boron atoms are resolved in the 29 MHz
spectra. Comparison with the chemical shift data for pure pentaborane(9)
suggests that the higher frequency of the basal boron resonance is due to
the boron atoms being bonded to the metal. In the transition metal series,
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g NMR data for metallopentaboranes.

235

Compound

8''B (Jan)

(BsHg)PdCl(Ph,PC,H,PPh;)
cis-(BsHg)PdCI(PPhs3),

cis- (Bng)PdCl(PthMe)z
(BsHg)PtCl(Ph,PC,H,PPhj,)
CiS-(Bng)PtCl(PPhg)z
cis-(BsHg)PtCl(PPh,Me),
cis-(Bng)PtCl(PMe3)2
(BsHg)PtBr(Ph,PC,H,PPh,)
cis-(BsHg)PtBr(PPhs),
cis-(BsHg)PtBr(PPhMe,),
(BsHg)PtI(Ph,PC,H,PPh,)
Cis-(Bng)PtI(PPhg)z
cis-(BsHg)PtI(PPhMe,),
cis-(BsHg)PtMe(PPhMe,),
cis-(BsHg)PtCl(AsPh;),
"'ans-(BsHs)PtI(PPh:;)z
trans-(BsHg)PtMe(PPhMe,),
CiS-[(BsHg)Pt(ﬂ-sMe)(PPhMez)]z
(BsHg)Cu(PPh;),
(l-BrB5H7)Cu(PPh3)2
(B5H3)CU(Ph2PC2H4PPh2)
(BsHg)Ag(PPh;),

(BsHg)CACH(PPh;),
(1-BrBsH7)CdCI(PPh);

(BsHg)NiCl(Ph,PC,H,PPh;)
(1-BrBsH7)N1C1(Ph2PC2H4PPh2)
(B5H3)NlBr(Ph2PC2H4PPh2)
(1-BrB;s;H;)NiBr(Ph,PC,H,PPh,)
(BsHg)NiI(Ph,PC,H,PPh,)
(1-BrBsH;)Nil(Ph,PC;H,PPh,)
(BsHg)NiBr(Ph,PC;H¢PPh,)

-47-6 (d, 1B, 160), —12-5 (br d, 4B)
—46-1(d, 1B, 165), —13-0 (br d, 4B)
—45-7 (d, 1B, 150), —13-2 (br d, 4B)
—44-1(d, 1B, 160), —12-1 (brs, 4B)
—46-4 (d, 1B, 160), —12-9 (brs, 4B)
—45-1(d, 1B, 160), —11-6 (brs, 4B)
—51-0(d, 1B, 155), —15-5 (brs, 4B)
—46-1(d, 1B, 160), —~13-6 (brs, 4B)
—48-3 (d, 1B, 155), —14-3 (brs, 4B)
—49-1(d, 1B, 155), ~15-0 (brs, 4B)
—47-8 (d, 1B, 155), —12-6 (brs, 4B)
—49-0 (d, 1B, 160), —12-3 (brs, 4B)
—-50-0(d, 1B, 155), —14-7 (brs, 4B)
—48-3 (d, 1B, 150), —14-3 (brs, 4B)
—46-3 (d, 1B, ~140), —13-8 (brs, 4B)
—47-1(d, 1B, 150), —14-5 (brs, 4B)
—48-8 (d, 1B, 160), —12-8 (brs, 4B)
—49-1(d, 1B, 160}, —15-1 (brs, 4B)
—49-1(d, 1B, 146), —14-3 (brs, 4B)
—42-5(s, 1B), —14:6 (brs, 4B)
—46-6 (d, 1B, 145), —13:6 (brs, 4B)
—48-0 (d, 1B, 140), —14-0 (d, 2B, ~130),
—-8-0(d, 2B, ~130)
-51-5(d, 1B, 160), —13-8 (d, 2B, ~150),
-9-4 (d, 2B, ~150)
—45-2 (s, 1B), ~14-2 (d, 2B, ~145),
-9-6 (d, 2B, ~145)
—44-1(d, 1B, 150), —12:5 (d, 4B, 160)
—38-5(s, 1B), —12:6 (d, 4B, 155)
—44-4 (d, 1B, 155), —12-6 (d, 4B, 155)
—38-1¢(s, 1B), —-12-9(d, 4B, 158)
—45-0 (d, 1B, 155), -12:0(d, 4B, 155)
—-37-8 (s, 1B), —13-0 (d, 4B, 150)
—45-6 (d, 1B, 150), —13-0 (d, 4B, 155)

the linewidths of the high-frequency peaks increase in the order Ni<Pd <
Pt, and in the case of cis-(BsHg)PtCI(PPh,), it also increases on cooling.
More recently, the 64MHz ''B NMR. spectrum of (BsHs)-
PtCI(Ph,PC,H,PPh;) has been obtained. In it, the signals from the basal
positions are resolved with §''B —11-3 and —13-7 (x1-0) ppm; T values
are short, ~1 ms."®!

Structurally different metallopentaboranes, 2-BsHgFe(Cp)(CO), and
2,4-BsH;[Fe(Cp)(CO),],, are obtained from BsHy by successive
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deprotonation and treatment with CpFe(CO),I. These compounds may be
considered as derivatives of pentaborane(9) having exopolyhedral iron-
boron o bonds. The ''B NMR data are collected in Table 35.'*

TABLE 35

'R NMR data for iron-substituted pentaboranes.

2-BsHgF.(Cp)(CO), 2,4-BsH;[Fe(Cp)(CO), ),
Position 8"'B(Jan) Position 8"'B(Jpn)
1 —48:5(170) 1 —45-0 (168)
2 7-9 (0) 2,4 1-4 (0)
3,4 -10-6 (150) 3,5 —-8-6(127)
5 ~14-3 (160)

XXIII. TETRACARBON CARBORANES AND
METALLOCARBORANES

The tetracarbon carborane Me;BgC,4Hj; is derived from the air oxidation
of (Me;B4C,H,),Co ** or (Me,B4C,H,),FeH,,'* and this unusual material
is now fairly readily available. It has a distinct and substantive chemistry,
primarily centred about metal insertion products. A critical feature of C,
metallocarboranes is that, whilst electron counting rules predict gross
geometries, they are silent about many subtle structural features which
must be elucidated by X-ray diffraction studies. It is a long-range hope
that 'B NMR data obtained at very high fields can be correlated with
X-ray data and be used to directly deduce solution phase structures.

Reduction of Me,BgC4Hjg produces Me,BsC4Hg>™ into which one or two
metal atoms can be inserted. ''B NMR data for the dianion and related
metallocarboranes are collected in Table 36. The ''B NMR spectrum of
Na,(Me4BgC4Hsg) in CD3CN contains signals at § —1:7 (2B), —13:3 (2B),
-22-9 (2B), and —38-6 (2B). Taken by itself, this spectrum could be
interpreted in terms of a static structure having a mirror plane of symmetry.
However, the distribution of metallocarboranes derived from Me,BsCaHs”~
suggests that the dianion is actually a mixture of rapidly interconverting
isomers; indeed, neutral Me,BsCsH; itself is known to be fluxional.
Unfortunately, low solubility of the sodium salt precludes determination
of the low temperature "B NMR spectrum but such a study on another
salt would be of great interest.

Iron insertion into Me,BgC4Hg produces CpFeMe,B;C4Hg and three
isomers of (CpFe);MesBgC4Hj; nickel insertion yields three isomers of
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TABLE 36

' NMR data for tetracarbon carboranes and metallocarboranes.

Compound 8"'B (Jau)
Me4BgCyHg (isomer A) 9:2 (2B), 8-4 (2B), —22-4 (2B), —29-5 (2B)
Na,Me BgC4Hg (CD3CN) -1.7 2B), —13-3 (2B), —22-9 (2B), —38:6 (2B)
(CpFe),Me,BsCyHg
isomer 1 38:5(d, 1B, 156), ~26-6 (d, 1B, 127),
~22-7(d, 2B, 137), ~19-0(d, 1B, 137),
12.9 (d, 1B, 180), —3-8 (d, 1B, 157),
—-18:7(d, 1B, 136)
isomer 2 9:3(d, 2B, 160),2-3 (d, 2B), —1-6 (d, 3B),
-12:5(d, 1B)
isomer 3 5-0(d, 3B), —3-5 (d), -89 (d), —23-9 (d)
isomer 4 24-1(d, 1B, 137),19-9 (d, 1B, 185),
13-4 (d, 1B, 157),9:2 (d, 1B, 127),
5-5(d,2B,136),2:7 (d, 1B, 115),
-12-4 (d, 1B, 156)
isomer 5 -12-8 (d, 1B, 145), —17:5 (d, 2B, 146),
~19-7 (d, 1B, 186)
isomer 6 -18:0(d, 152)
CpFeMe, B,C,Hy 5-4 (d, 2B, 166), —0-1 (d, 1B, 168),

(thPC2H4PPh2)NiMC4B7C4H7
isomer 1

isomer 2
(Ph2PC2H4PPh2)NiMC4BgC4Hg

isomer 1

isomer 2

isomer 3

(CO)3M0M64B8C4H8

CpC0B7C4H11

(CpCo);BCsHjo
isomer 1
isomer 2
isomer 3

(CpCo),Me4BsCsH,
CpCoMe,B,C,H;
isomer 1

-6-2(d, 1B, 175), —15-0 (d, 1B, 160),
-25-0(d, 2B, 146)

17-3(d, 2B), 4-2 (d, 1B), —~16-8 (d, 3B),
-26:9(d, 1B)
1-8(d, 3B), —13-8 (d, 3B), —36-0 (d, 1B, 156)

7-5(d, 2B), —15-0 (d, 2B), —30-5 (d, 4B)
5-2(d, 2B), —2-7 (d, 4B, 165), —17-6 (d, 2B, 157)
22-1(d, 3B), 12-4 (d, 1B), —13-8 (d, 2B),
-21-7(d, 2B)
50-9 (d, 3B, 156), 43-7 (d, 1B, 176),
41-0(d, 2B, 172),29-5 (d, 2B, 168)
15-8 (d, 1B, 168), 8-9 (d, 1B, 160),
2-5(d, 2B, 168),—-4-5 (d, 1B, 160),
-8-5(d, 1B, 168), -11-5(d, 1B, 136)

34-8(d, 2B, 145), —12-4 (d, 4B, 150)
69-1(d, 2B, 155), ~15-8 (d, 4B, 135)
306 (d, 1B, 130), 21-5 (d, 1B, ~165),
15-4 (d, 1B, ~136), 12-5 (d, 1B, ~155),
9-9 (d, 1B, 140), —7-8 (d, 1B, 170)
30-9(d, 2B, 137), -12-8 (d, 4B, 122)

166 (d, 1B, 144), ~2-0 (d, 2B, ~150),
-3-8(d, 1B, 140), —8-7 (d, 1B, 112),
-12-9(d, 1B, 136), -18:7 (d, 1B, 144)

(continued overleaf)
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TABLE 36 (cont.)

Compound 8''B (Jon)

isomer 2 23:6(d, 1B, 156),11-7 (d, 1B, 147),

-~0-8(d, ~136) and —2:8 (d, ~137)

(3B total), —17-6 (d, 1B, 146), —29-1 (d, 1B, 146)
isomer 3 12-8 (d, 2B, ~140), 11-:0 (d, 1B, ~140),

3.7(d, 2B, 137), —8-2 (d, 1B, 156),

-12.7(d, 1B, 127)

CPCOMC4B6C4H6
isomer 1 4-9 (d, 3B, 156), —9-7 (d, 2B, 150),
—23-4 (d, 1B, 140)
isomer 2 -3-0(d, 3B, 160), —10-3 (d, 2B, 150),
-32-1(d, 1B, 140)
CpCoMe, BgC,Hg 12-7(d, 1B, ~112),9-5 (d, 1B, ~146),
2:3(d, 1B, 166), —7-5 (d, 2B, 166),
-11-5(d, 1B, 120), —15-1 (d, 1B, ~136),
-18-5(d, 1B, 127)
o-(CpCoCsH,)Me BsC Hg 14-9 (d, 1B, 150), —6-0, —11-9, —13-4 (5B),
-22:2 (s, 1B), —47-2 (d, 1B, 146)
Me,(EtO),BsC He 1.0 (s+d, 4B), —10-0 (d, 2B, 127), -12:7 (d, 1B, 112)
CpCoMe, EtOB,C,Hg 11-1(d, 1B, 136),9-1 (s, 1B),

1-2(d, 2B, 137), -7-9 (d, 2B, 127),

~16-8 (d, 1B, 136)
4-CpFeCsH,-2,3,7,8-Me,BgC,H,  7-1 (s, 1B), —4-8 (d, 3B, 150), —9-4 (d, 2B, 140),

22-4(d, 1B, 180),-28-8 (d, 1B, 180)
Me,B,C,H, —12-4 (d, 2B, 138), -14-0 (d, 2B, 170)
(EtC)4(BMe), —6-3

(Ph,PC,H,PPh,;)NiMesBsC4sHg, and from Mo(CO)s is obtained
(CO);MoMe,BgC,Hy. ">

The geometry and isomerization reactions of the fourteen-vertex iron
compounds are particularly complex and are summarized in Fig. 37. Crystal
structures of isomers 1 and 2 of (CpFe),Me;BsC4Hg have been deter-
mined."*® Both are open-sided (nido) cages. The former has a B;C, open
face and, in isomer 2, this face is comprised of one boron, one iron, and
three carbon atoms. Both of these compounds rearrange at about 170 °C
to provide isomer 4 in which the BH and CMe units at positions 3 and 11
are interchanged. Finally, isomer 4 is converted at 300 °C into isomers 5
and 6. The pattern of ''B resonances in isomer 5 is suggestive of a bicapped
hexagonal antiprism with capping CpFe units; placement of the cage carbon
atoms in the 2, 4, 10, and 12 positions is preferred on the basis that the
span of ''B chemical shifts is small, 7 ppm. The ''B NMR spectrum of
isomer 6 comprises one doublet. This is indicative of a D,y hexagonal
antiprismatic geometry with the two iron atoms at the antipodal, high-
coordinate vertices and the cage carbon atoms in a staggered arrangement
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FIG. 37. Interconversion of (CpFe);Me BgC,Hg isomers.

in the two equatorial rings. The structure suggested on the basis of NMR
data has been confirmed by a single-crystal X-ray study.'®’

The structure of the nickelacarborane (Ph,FC,H4PPh,)NiMe,BsCsHs
has recently been described.'®® It is a thirteen-vertex nido cage derived
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from a bicapped hexagonal antiprism with a nickel atom and a BH unit in
the apical positions by removal of an equatorial vertex.

The structure of the twelve-vertex nido CpFeMe4B,C4Hjg is shown in
Fig. 38. The “‘extra” proton is located at a B-B edge in the B3;C; open
face although the 32 MHz ''B NMR spectrum of the compound is not
reported to show coupling between boron and the bridge proton. More
highly resolved spectra and line narrowing would be helpful in assigning
the facial boron atoms.

cP

Ce

CP3,

FIG. 38. Structure of CpFeMe,B,C,Hsg.

One isomer of CpCoB,C4H;; and three isomers of (CpCo),BsC,H;o are
formed in an oxidative fusion reaction which takes place when closo-CpCo-
1,2,3-B4,C,Hs or nido-CpCo-1,2,3-B;C,H; are treated with air and
ethanolic potassium hydroxide, but only one isomer (see below) of
(CpCo),Me,BsC4Hs is produced from the C-methylated starting materials.
The geometry of isomer 3 of (CpCo),BsC4H1o is approximated by a thir-
teen-vertex closo polyhedron with one vertex removed to generate a
six-membered open face containing two boron atoms and four adjacent
carbon atoms as shown in Fig. 39."* The C-methylated metallocarborane
formed in this complex reaction is, based on examination of its '3 NMR
spectrum, isostructural with isomer 1 of (CpCo).BsCsH0, since it is likely
that replacement of CH terminal hydrogen atoms by methyl groups should
only slightly perturb the spectral pattern. An X-ray structure analysis of
the methylated compound reveals two pentagonal pyramidal
CpCoMe,B;C,H; units partially fused along the B3C; faces, so the molecule
resembles a severely distorted icosahedron with a large opening on one
side.’*® The ''B NMR spectrum of isomer 2 of (CpCo),BsC4H;o contains
doublets at 69-1 (2B) and —15-8 (4B) ppm, indicative of a molecule with
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FIG. 39. Structure of (CpCo),B¢C4H;0.

C,, symmetry and with two boron environments in a 2:4 ratio. The
resonance at 69-1 ppm suggests the presence of two four-coordinate B-H
units adjacent to two cobalt nuclei and supports the suggested structure
shown in Fig. 40.

Photochemical insertion of CpCo(CO); into MesBsC,Hg gives isomer
1 of CpCoMe,B,C;H; and isomers 1 and 2 of CpCoMe4BsCsHe; isomer
3 is produced by rearrangement of isomer 1 at 140 °C. Cobalt insertion
into MesBgC4Hg affords inter alia CpCoMe,BsCsHg and o-
(CpC0C5H4)Me4B3C4H8.141 The latter compound is zwitterionic and it is

FIG. 40. Structure of (CpCo),Me,BsCsHs.
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of interest because it can be regarded as a cobalticinium-substituted deriva-
tive of the unknown Me,BgC,Hy™ ion. The molecule has an open, basket-
like geometry in which the carbon atoms occupy contiguous positions on
the open face (Fig. 41). The “extra” hydrogen occupies an endo position
on the carbon next to the substituted boron atom. Removal of this proton
is thought to lead to a cage whose geometry is similar to that in one of the

(fluxional) isomers of MesBgC,Hg>™.'#?

FIG. 41. Structure of (CpCoCsH,)Me,BgCyHg.

The tetracarbon carborane derivatives (EtO),MesBgCsHs and
CpCOMC4EtOB7C4H6 have been obtained from (MC2B4C2H4)2FCH2. The
B NMR spectra of both compounds show singlets due to the B-OFEt
groups. The structure of the ethoxycobaltacarborane is that of a severely
distorted icosahedron the two halves of which have partly separated to
create a large opening on one side (Fig. 42).'**

The unusual cobaltacarborane (MesCpCo),CoMe,BsC4H7 has been iso-
lated from the reaction of LiMesCp, NaMe,B,C;H;s, and CoCl,. Its solid-
state structure (Fig. 43) is singular in that it contains a short bond between
B(8) and B(8'). This accounts for the broad singlet at 92:9 ppm in the g
NMR spectrum. The position of the *“‘extra’ non-methyl hydrogen atom
is not established from electron density maps but detailed analysis of subtle
distortions in the heavy-atom framework suggests that it lies in a wedging
position [cf. (Me,B,C,H,4).FeH,] in the vicinity of Co(3), B(6,6'), and
B(8,8"). This proton is strongly deshielded with §'H 1312 ppm. It is
suggested that in solution the B(8)-B(8') bond is cleaved and the “extra”
hydrogen atom tautomerizes between terminal positions on these two boron
atoms. If the rate is comparable to the reciprocal of the coupling constant,
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FIG. 43. Structure of (MesCpCo),CoMe,BgC,H>.
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such a process would serve to reduce J(B-H). The "B linewidths in
{(MesCpCo),CoMe,BsC,H, are large, 260-290 Hz, owing to very fast
relaxation of the ''B nuclei. The spin-lattice relaxation times are about
1 ms. This nearly obscures scalar coupling to terminal protons. An alterna-
tive possibility considered for the solution state structure features a static
hydrogen bridge between B(8) and B(8'). This is consistent with the 4:2:2
pattern of ''B resonances which are too broad to reveal coupling to the
bridge proton. Low temperature NMR studies of this novel material, and
of its conjugate base, would be of interest. The careful work already extant
underscores the difficulty of precisely locating potentially mobile hydrogen
atoms in metalloborane clusters.'**

A derivative of Me,BgC4Hg with a ferrocenyl group substituted at the
B(4) position has been prepared. The 1:3:2:1:1 pattern of resonances in
the ''B NMR spectrum of 4-CpFeC;H,-2,3,7,8-Me,BgC,H; indicates that
the molecule is static on the NMR time scale, and the chemical shifts, with
the exception of that of the C-substituted boron atom, 7-1 ppm, correspond
to those of isomer A of the fluxional parent carborane Me,BsC,4Hs. An
X-ray crystal structure determination shows that the 4-ferrocenyl sub-
stituent does not significantly affect the cage geometry.'*’

Photolysis of B,HgFe(CO); in the presence of but-2-yne affords
Me,sB4.CsH,. The 1B NMR spectrum of this novel eight-vertex tetracarbon
carborane shows two doublets at —12-4 (2B) and —14-0 (2B). The low-
frequency signal is the broader of the two; the ratios of the peak widths
are the same at 25-2 and 32:1 MHz and appear not to be temperature
dependent over the range —80 to 80 °C. The NMR data do not define a
structure; several arachno cage geometries are possible and the molecule
may be fluxional. An intermediate in the synthesis reaction,
Me,B4CH,Fe(CO)s, has been detected. Its ''B NMR spectrum comprises
a multiplet centred at —5 ppm.'*® A possibly related tetracarbon carborane,
(EtC)s(MeB)4, is obtained by desulphurization of 2,5-dimethyl-3,4-
diphenyl-1,2,5-thiadiborol-2-ene. The ''B NMR spectrum shows a singlet
at ~6-3 ppm, and the '"H NMR spectrum indicates the presence of two
non-equivalent ethyl groups. This suggests that alkyl groups may raise the
energy barrier to fluxional processes or that this carborane has a cage
structure different from Me4B4C4H4.147 Precedent for the former explana-
tion might be found in the behaviour of 4-CpFeCsH,-2,3,7,8-Me BsC,H>.

XXIV. HETEROATOM BORANES

General methods have been developed for insertion of groups and
heteroatoms such as CH™~, CNMe;, AsR, As, S, Se, and Te into polyhedral
boron cages, and the chemistry of the resulting heteroatom boranes now
constitutes an important subset of boron chemistry.
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A thorough 70-6 MHz ''B NMR study has been performed on eleven-
vertex compounds of the type B;oH;,E whose general structure is shown
in Fig. 44. The NMR data are collected in Table 37. The spectra of these

D

FIG. 44. Proposed general structure for B;oH;,E compounds.

compounds generally exhibit a 1:2:2:2:1:2 pattern of doublets. In par-
ticular, resonances in the spectrum of B,oH;,CNMe; are assigned (reading
from high to low frequency) to B(5), B(2,3), B(8,11), B(9,10), B(1), and
B(6). The B(8,11) peak is identified by use of a partially deuterated

TABLE 37

"B NMR data* for B1oH;;E heteroatom boranes.

T,
Compound Solvent Shift  J(''B-'H) Area Assignment  (ms)
CsNa[B,;H,,] DMSO (with -204 122 10 B(2,3,4,5,6,7, 14
NaOH 8,9,10,11)
added)
-31-0 132 1 B(1) 24
{(CH3),N][B1oH,CH] acetone 03 137 1 B(5) 62
-11-2 139 4 B(2,3)and 34
B(8,11)
-22-4 141 2 B(9,10) 42
—(24-8) 1 B(1) 69
-30-4 136 2 B(4,6) 92
B;oH1,CNMe; acetone 1-9 144 1 B(5)
-9:0 154 2 B(2,3)
-13-2 132 2 B(8,11)
-21-6 129 2 B(9,10)
-25-4 144 1 B(1)
—32-2 144 2 B(4,6)
B1oH12P(n-propyl) acetone 32 144 1 B(5)
-83 (181) 2 B(2,3)
-12:4 (154) 2 B(,11)
-17-2 149 2 B(9,10)
—(24-4) 1 B()
-25-0 147 2 B(4,6)

(continued overleaf)
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T
Compound Solvent shift J(''B-'H) Area Assignment (m;)
[(CH3)4N1'[B1oH1,As]™ acetone 7-8 142 1 B(5) 50.
—(6-9) (137) 2 B(2,3) 34
—(8:7) 2 B(8,11) 27-5
-14-5 137 2 B(9,10) 36
—-(21-6) (149) 1 B() 79
-23-7 144 2 B(4,6) 93
B10H12ASCH3 acetone 4-4 141 1 B(S) 24-5
—(2-5) (120) 2 B(8,11) 11-6
—(4-4) (139) 2 B(2,3) 171
-14-4 156 2 B(9,10) 20
-18-1 151 1 B(1) 42
-23-0 154 2 B4,6) 42
B10H12ASC6H5 acetone —-4:4 137 1 B(S)
(2:5) (188) 2 B(8,11)
49 (159 2 B(2,3)
142 144 2 B(9,10)
18:2 149 1 B(l)
229 154 2 B(4,6)
B;oH;2S CHCl, 164 151 1 B(5) 25
-17) (@171 2 B(2,3) 7
—(4:0) (151) 2 B(8,11) 12
-10-8 156 2 B(9,10) 20-5
-17-7 156 1 BQ) 265
-25-1 151 2 B(4,6) 39
BioH;;Se acetone 18-7 142 1 B(5)
0:3) 2 B(2,3)
—(1-0) 2 B(,11)
-9:1 149 2 B(9,10)
-16-1 151 1 B()
—24-6 151 2 B(4,6)
B;oH,2Te acetone 19-7 147 1 B(5)
-(33) @174 4 B(2,3)and
B(8,11)
—(5-9) 2 B(9,10)
-14-1 149 1 B(1)
—-24-5 152 2 B({4,6)
(CH3)4N[4,6-
Bl'zBloHloCH] DMF 2:5 138 1 B(S)
—-(11-1) 2 B(2,3)
—(13-1) 2 B(,11)
-(21-0) 2 B(9,10)
-21-8 2 B@4,6)
—(23-0) 1 B(1)

* Values in parentheses are approximate owing to overlap with other signals.
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derivative, and the B(4) peak from the spectrum of 4-BrB;oH;;CNMe
obtained in turn from 2-BrB;oH,3. The B(9,10) signals are recognized from
coupling to the static bridge protons. The peak of unit area at —25:4 ppm
is sharper than that at 1-9 ppm. This indicates that the former is associated
with a boron nucleus in a more symmetrical electronic environment, and
on this basis it is assigned to B(1). Similar sets of spectral assignments are
probably valid for the other heteroatom boranes studied. The B(S) and
B(9,10) positions, most remote from the heteroatom, are most shielded
for Group IV derivatives and least shielded in the Group VI compounds.

1B gpin-lattice relaxation time data are reported for B Hj;,
B1oH;2CH ™, B1gH,;As™, B1yHi2AsMe, and B1gH;5S. In these compounds,
B(1), B(5), and B(4,6) are expected to have the most symmetrical electric
field gradients, and the ''B signals assigned to these positions do indeed
have the longest 7 values. The authors make the cogent point that
interpretation of T, data for different molecules in terms of field gradients
may be invalid owing to differences in the details of molecular motion.'*®

The smaller heteroatom boranes BgSe.Hio, BoSe;Hy, and B;SeC,H;;
are obtained from sodium polyselenide and BgH;3SMe,, BsHis, and
B;C;Hi3 respectively.149 ''B NMR data for these compounds are given in
Table 38. The selenaborane BoSe>Hy can be converted into other interesting
selenaboranes. Treatment with ethanolic potassium hydroxide produces
red MesN(BoSe;H,0). The 1B NMR spectrum displays six doublets of
relativeareas2:1:2:2:1:1; the absence of singlets suggests that the oxygen
is attached to selenium. Subsequent treatment with base, CsHs, and CoCl,
provides CpCoBySe,Hy and (CpCo),BsSeH,. The geometry of the former
is that of a thirteen-vertex closo polyhedron with one vertex removed
(Fig. 45). However, the ''B NMR spectrum contains six doublets in a
1:2:2:1:1:2 ratio, which may be due to overlapping peaks or to fluxional
processes. Treatment of BSH1;~ with a mixture of potassium polysulphide
and polyselenide affords both BoSSeH, and BsS,H,. The ''B NMR spec-
trum of CpCoBeSSeHy, produced by cobalt insertion, is very similar to
that of CpCoBySe,Hy, so it probably has a similar arrangement of boron
and heteroatoms. Degradation of BgSSeHs in methanolic potassium
hydroxide yields B,SSeH,, whose 70-6 MHz ''B NMR spectrum shows
seven doublets of unit area, indicative of the absence of symmetry."*° The
sharp doublet of unit area at —1-0 ppm is most likely due to the boron
atom on the open face of the cage bonded to both sulphur and selenium
atoms.

Degradative insertion of sulphur into BoSH;, ™ and the “reactive isomer”
of B1oC,H;s~ provides 6,8-B;S,H, and 6,8-B,SCH;; respectively. ''B
NMR spectroscopy has provided some insight into the electronic structure
of these materials. Sulphur (or selenium) can in principle donate either
four electrons (and three orbitals) or two electrons (and two orbitals) to
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FIG. 45. Molecular structure of CpCoBgSe,;Hs.

the bonding framework. In the second alternative, S is electronically similar
to CH,. The ''B spectra of both thiaboranes are similar to that
of B,C,H;3; which is known to have CH, groups in the 6,8 positions (Fig.
46), and therefore sulphur in them functions as a two-electron donor. The
sharp doublet at 40 ppm in B;S;Hs and 0-7 ppm in B;SCH,; is assigned
to B(7). This boron atom experiences a low symmetry field gradient about
the B-H axis, is not connected to bridge hydrogen atoms, and is little
broadened by 'B-''B or '°B-''B coupling. Narrow ''B signals may be a
general feature of boron atoms located between two heteroatoms on the
open face of a molecule.'*’

FIG. 46. Proposed structures of B;S,Hy (X=Y =8) and B,SCH;; (X=S8, Y=CH,), and
the established structure of B;C;H;; (X =Y =CH,).
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Chalcogen insertion into BoH;3SMe, with polyselenide or polytelluride
salts gives BoSeH;, and ByTeH;, . The chemistry of these anions is rather
extensive and their ''B NMR spectra, and those of related compounds, are
given in Table 38.152 Assignment of the various 1B resonances in BoSeH;2~
and BoTeH;, presumably follows those deduced earlier for BgSH;,,'*?
and a decrease in shielding in the order S>Se > Te is observed for B(4),
B(9), and B(8,10). In the case of BoTeH;, , B(2) and B(5,7), which are
adjacent to the tellurium atom, show an increase in shielding.

Metal insertion into B;oAsH;,” provides Co(B1oAsH1o)2" ™,
Ni(BloAsHlo)f_, and CpCo(B1pAsH1o) . From BgAs,H;, are obtained
the metalloboranes Co(BoAs;Hs),” and CpCo(BsAs;Hs). The 70-6 MHz
B Nl}g{ spectra of these compounds (Table 38) indicate C; cage sym-
metry.

Decaborane(14) and Na,Se4 or Na,Te, yield B;oSeH;; and ByoTeH;;
which protonate to give B1oSeH;; and B;oTeH;, respectively. Metal inser-
tion reactions afford (B;oEH;,).Co~, CpCo(B;0EH;,), and (B1oEHio),Fe?~
(E=Se, Te). The ''B NMR spectra of icosahedral heteroatom boranes of
the type (B1oEH,0)Co(ligand) all show the expected 1:1:2:2:2:2 patterns
of doublets. The two highest frequency doublets of unit area are probably
due to the boron atoms antipodal to cobalt and the heteroatom, and they
exhibit the most variation in chemical shift.'**

Insertion of antimony into B1oAsH;,  forms 1,2-B;0AsSbH;o. The di-
stibaborane, 1,2-B;0Sb,H;, is prepared from decaborane, antimony tri-
chloride, and zinc metal. The ''B NMR spectrum of the arsastibaborane
B10AsSbH;, contains two doublets of unit area at 14-2 and 12-3 ppm,
while the highest frequency doublets of area 2 in the spectra of 1,2-
B1oAs;H;0 and 1,2-B¢Sb,H;o occur at 15-5 and 13-9 ppm. Therefore, the
14-2 ppm signal is assigned to the boron nucleus antipodal to arsenic and
that at 12-3 ppm to boron para to antimony. Similarly, the high-frequency
doublet at 9-4 ppm in the ''B NMR spectrum of BquHu is assigned to
boron para to the heteroatom. 136

Treatment of NaB;,H;4 dioxanate with ammonium polyselemde affords
Bi1:SesHo” ™ which contains an exopolyhedral Se; chain bonded to adjacent
boron atoms in the By; cage. The 70-6 MHz ''B spectrum of the tetraethyl-
ammonium salt in acetone contains a singlet of relative area 2 at —6-9 ppm
due to the selenium-substituted boron atoms and a doublet of area 9 at
—14-2 ppm. That the nine BH units appear equivalent suggests that, despite
the presence of the Ses bridge, the boron cage may be fluxional.'*’

The reaction between NaHSeO; and NaB;,H;4 or 7,8-BsC,H;, " leads
to B:11.SeH;: and BgSeC,H;o; similarly, B;;TeH,;; is obtained from
NaB;;Hi4 and TeO,. The 'B NMR spectrum of B;;SeH;; contains three
doublets at 22-9 (1B), ~3-5 (5B), and —4-4 (5B) ppm; the 22-9 ppm peak
is logically assigned to the boron atom para to selenium in the icosahedral
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TABLE 38
'R NMR data for heteroatom boranes.
Compound "B (Jgp)
BgSe,H; o 14.9 (d, 2B, 178), —16-9 (dd, 4B, 160, 35)
B,SeC,H;; 5-2(d, 1B, 166), —9-2 (br, 2B), —11-0 (d, 1B, 161),
—18-2 (dd, 1B, 153, 47), —23-6 (d, 1B, 161),
—48-1 (d, 1B, 151)
MeyN(BgSe,Hyo) -0-9 (d, 2B, 150), —2-5 (d, 1B, 150), —3-5 (d, 2B, 145),
-10-6(d, 2B, 162),—44-5(d, 1B, 140),-46-6(d, 1B, 150)
CpCoBySeHy 27-8(d, 1B, 161), 14-0 (d, 2B, 166), ~0-0 (2B),
~2:1(1B), ~—4-5(1B), -22-4 (d, 2B, 158)
(CpCo),BsSeH, 25-7(d, 2B, 134), ~13-4 (d, 3B, ~150), ~11-1 (1B),
0-1(d, 2B, 149), —8-0(d, 1B, 139)
ByS,Hy ~-2-5(7B), -11-4 (d, 1B, 176), —37-1 (d, 1B, 156)
BgSSeHy -1-1(3B), —2:6 (4B), —10-5 (d, 1B, 176),
-36-2 (d, 1B, 152)
CpCoBySSeHy 25-4 (d, 1B, 176), 10-4 (d, 2B, 161), —1-:3 (d, 3B, 146),
-3-9(d, 1B, 155), —20-3 (d, 1B, 163), —24-6 (d, 1B, 156)
B,SSeHg 5-8 (1B),4:6 (1B), —1-0(d, 1B, 166), —16-2 (d, 1B, 176),
-21-7(d, 1B, 185),—-34:3(d, 1B, 171),-48-9(d, 1B, 152)
6,8-B,S;H, 3.2(d, 2B), -4-0 (d, 1B),—22:7 (d, 2B),
-37-3(dd, 1B), —48-4 (d, 1B)
6,8-B,SCH;, 1-2,-0-7, -15-2, -26-9, —33-3 (dd), —49-9
MeyN(BoSeH,) 5-5(d, 1B, 137), ~7-7 (unsymm. d, 3B), —13-6 (t, 1B, 115),
—-33-7(d, 2B, 139), —36:3 (d, 2B, 141)
BgSe,;H;o 14-9 (d, 2B, 178), ~16-9 (dd, 4B, 160, 35),
-30-7 (d, 2B, 155)
MeN(BoTeH;,) 7-3(d, 1B, 137),~-10-8 (m, 4B), —25-3 (d, 2B, 137),
-35-5(d, 2B, 139)
BoSeH;; 289 (d, 2B, 172), 16-7 (d, 1B, 161), 6:2 (d, 2B, 157),
-9:6 (dd, 2B, 159, 37), ~21-5 (d, 1B, 167),
-29-9 (d, 1B, 174)
BgTeH;; 31:3(d, 2B, 170), 15-7 (d, 1B, 158), 7-5 (d, 2B, 146),

BgSeH“-CH3CN

BgTeH1 1 ‘CH3CN

BgSeH, 1 ‘NEt3

BgseHg

(Me4N),[(B1oAsH;0),Col-H,O

{Me,N)[(B1oAsH p);Ni]

-7-4 (d, 2B, 144), -21-4 (d, 1B, 149), ~31-0(d, 1B, 177)
7-6 (d, 1B, 135), ~—6-4 (d, 1B), —8-8 (d, 2B, 160),
-19-5 (d, 1B, 130), ~27-9 (dd, 2B, 142, 43),
-36-9 (d, 2B, 149)
8-7 (d, 1B, 137), —6-9 (d, 1B, 159),
~—14-9 (unsymm. d, 3B),
-23-3(d, 2B, 129), —-36-2 (d, 2B, 149)
2:6 (d, 1B, 130), -4-0 (d, 1B, 130), —8:8 (d, 3B),
—29-8 (dd, 2B, 130, 40), —38-1 (d, 2B, 146)
73-3(d, 1B, 180), —5-4 (d, 4B, 176), —19:9 (d, 4B, 156)
6:2 (d, 1B, 130), 4-3 (d, 2B, 130), 1-7 (d, 2B, ~120),
0-0(d, 1B, 120), -11-9 (d, 2B, 125),
~-13-4 (d, 2B, ~125)
20-9 (d, 1B, 130), 12-5 (d, 4B, 140), 8-3 (d, 1B, 145),
—4-3 (d,2B, 130), —6-1 (d, 2B, ~130)
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Compound

8"'B (Jpn)

(Me4N)CpCoBjpAsH, o
(Me4N);[(ByAs,Hg),Co]
CpCoByAs,Hy

BgSe;Hg

BioTeH;,
(Me4N)B1oSeHy
(MeyN)ByoTeH;,
(MeqN);[(ByoSeH ) Fe]
(Me4N),[(B1oTeH;()-Fe]
(Me4N),[(B1oSeH;0)>Co]
(Me4N),[(B1oTeH;0),Co]
CpCoB,¢SeH;¢SeH;q
CpCoB,oTeH;o
1,2-B,0AsSbH;,
1,2-B1oSb,H;0
(Me,N)B;,SbH;
CpCoByAsSbH,
CpCoBySb,Ho
(Et4N)By;Se3Hy;
B11SeH,

B;;TeH,,

BgSeC;H;o

6,8,7,9-(CpCo),BsS,H;
2,3,6-(CpCo),BsSH,

7,6,8-CPC08652H8

BgCHl 1 'NMC3

8:0(d, 2B, 125), ~6-7 (d, 1B, ~120), 5-0 (d, 1B, 120),
3:2(d, 2B, 140), -7-3(d, 2B, 135), -12:7 (d, 2B, 145)

20-6 (d, 1B, 145), ~16-1 (d, 1B, ~140), 12-3(d, 2B, 115),
11-5(d, 2B, 130), ~—1:7 (d, 1B, ~140), —2:6 (d, 2B, 145)

17-1(d, 1B, 145),12:3 (d, 5B, 145),~4-7 (d, 2B, 155),
—8:8(d, 1B, 165) .

-0-1(d, 3B, 170), -2-6 (d, 4B, 175), —9-7 (d, 1B, 176),
-36-3 (d, 1B, 158)

21-4(d, 1B, 149), -3-2(d, 4B, 176), ~—5-6 (d, 2B),
-14-0(d, 1B, 151), —24-8 (d, 2B, 156)

-6-0(d, 2B, 138), —9-5 (d, 2B, 147), ~—15 (IB),
-16-8(d, 4B, 143), —35-9 (d, 1B, 139)

-5-4 (d, 2B, 139), —12-4 (d, 3B, 139), ~—16-9 (2B),
~-18-3(2B), —33-7 (d, 1B, 147)

~8-8 (d, 1B, ~145),6:3 (d, 2B, 133),0-9 (d, 3B, 130),
-14-1(d, 2B, 135), ~—17-3(d, 2B, ~167)

12-4 (d, 1B, 134),5:7 (d, 2B, 120), ~3-4 (d, 1B),
~-1-5(d, 2B), -12-9 (d, 2B, 137), —19-5 (d, 2B, 142)

16-3 (d, 1B, 149), 12-3(d, 3B, 132), 6:1 (d, (d, 2B, 164),
-7-0 (d, 2B, 144), —10-7 (d, 2B, 168)

18:-9 (d, 1B, 144),15:2 (d, 1B, 143), 10-4 (d, 2B, 135),
5-9(d, 2B, 157), —6-1 (d, 2B, 144), —10-9 (d, 2B, 152)

17-2 (d, 1B, 145), 12-4 (d, 2B, 140), 8-1 (4, 1B, 150),
4.5 (d, 2B, 170), —6-9 (d, 2B, 144), —12-5 (d, 2B, 161)

19-9 (d, 1B, 140), 13-7 (d, 2B, 144),9-1 (d, 1B, 145),
4-2 (2B, 160), —6-2 (d, 2B, 145), —13-6 (d, 2B, 162)

14-2 (d, 1B, 140), 12-3 (d, 1B, 130), 3-0 (d, 2B, 160),
-0-1(d, 2B, 140), —2:0(d, 2B, ~130), —3:5 (d, 2B, 130)

13-9 (d, 2B, 140), 3-9 (d, 2B, 155), ~1-7(d, 4B, 155),
~—4-6(d, 2B, ~150)

9-4 (d, 1B, 135), —6:9 (d, 5B, 110), —9-3 (d, 5B, 120)

~15-8 (d, 1B, ~130), 13:7 (d, 3B, 150),
~11-2 (d, 2B, ~140),
~-5-7(d, 2B, ~130), -7-3 (d, 1B, 125)

15-7 (d, 2B, 140), 13-8 (d, 3B, 130), 9:5 (d, 1B, 145),
-4-0(d, 1B, 160), —7-5 (d, 2B, 145)

-6-9 (s, 2B), —14:2(d, 9B, 134)

229 (d, 1B, 142), ~-3-5(5B), —4-4 (d, 5B, 139)

22:3(d, 1B, 142), —4-3 (unsymm. d, 10B)

0-6 (d, 1B, 176), ~5-3 (d, 2B, 173), -10-3 (d, 2B, 161),
~-12:5(2B), —39-5 (d, 1B, 154)

-11-7(d, 4B, 169), -5-9 (d, 1B, 184)

1009 (d, 1B, 158), 6:6 (d, 1B, 156), —4-0 (d, 1B, 145),
-22:1(d, 1B, 167), -32:1(d, 1B, 154)

4-8 (d, 2B, 156), —9-8 (d, 2B, 166), -33-7 (d, 1B, 153),
~40-2 (d, 1B, 143)

31-8(d, 1B, 142), —-17-3(d, 4B, 156), —26:-0(d, 4B, 142)
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cage. The spectra of BgSeC,Hio and BgSC;H;, are similar and both
molecules probably have nido eleven-atom cage structures similar to
ByC,H;,.'*

Three novel cobaltathiaboranes have been synthesized in reactions of
cobalt atoms, boron hydrides, and various sulphur-containing reagents.
Their structures are shown in Fig. 47. The 115-5 MHz ''B NMR spectrum

(A) (B)

FIG. 47. Structure proposed for (A) (CpCo),S,BsHs, and structures established for (B)
(CpC0)2585H7 and (C) (CPCO)SzBGHQ

of (CpCo),S,BsHs comprises two overlapping doublets of relative area
4:1, indicating that the Bs cage in the starting pentaborane(9) survives
and that it incorporates two cobalt and two sulphur atoms into a nido
monocapped square antiprism. Five doublets, each of unit area, are seen
in the 32 MHz ''B NMR spectrum of (CpCo),SBsHj, indicating the absence
of a plane of symmetry. The 100-9 ppm resonance in this compound may
be assigned to B(1), the four-coordinate boron atom next to two cobalt
atoms. The peaks at —4-0 and —22-1 ppm are broadened, probably owing
to coupling with the bridge protons. The 115:-5MHz spectrum of
CpCoS,;BsH;g displays four resonances of relative areas 2:2:1:1. The
doublet of unit area at 33-7 ppm shows evidence of structure due to spin
coupling with the bridge protons and may be assigned on this basis to the
unique atom, B(4)."*°

The derivative chemistry of 1-BoSHy and B;;SH;, continues to expand.
Sequential electrophilic halogenation of these thiaboranes has yielded a
large number of substituted derivatives whose ''B NMR spectra are sum-
marized in Table 39. Knowledge of the crystal structure of 2,2'-(1-
BoSHjs), '*° allows assignment of the higher frequency doublet of area 4
at —4-8 ppm to the upper-belt B(2-5) positions (see Fig. 48) and the doublet
at —17-6 (4B) ppm to the lower-belt B(6-9) borons. The axial B(10)
resonance occurs at 74-5 ppm. From this assignment, the positions of
substitution in the halogenated thiaboranes is deduced. For both axial and
lower-belt boron atoms, a linear correlation between 8''B and the Pauling
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FIG. 48. Structure and numbering scheme for 1-BgSHy; positions B(2-5) are in the upper
belt and B(6-9) are in the lower belt.

electronegativity of the halogen is found. As with alkylated thiaboranes,
the principal chemical shift perturbations induced by lower-belt substitution
are in the lower-belt resonances.'®'

A large number of alkyl derivatives of 1-BoSHy have been prepared by
Friedel-Crafts alkylation. ''B NMR data for these compounds are included
in Table 39. Several trends in the spectral data are noted. Substitution at
B(10) causes a 5-10 ppm deshielding relative to the parent thiaborane.
Lower-belt B(6-9) substitution has little effect on the shift of the axial
boron nucleus but effects that propagate to other positions are more
appreciable.'®

Hydroboration by 6-BoSH;; of alkenes and alkynes occurs by addition
of the exo B(9)-H bond to the C-C unsaturated linkage. ''B NMR data
for 9-R-6-BySH;¢ compounds prepared in this manner are found in Table
40. B(9) is deshielded as a result of alkyl substitution. 32 MHz FT ''B
NMR spectroscopy was used to study the reactions of 6-BgSH;; with
carbonyl compounds. Difference spectra, from which signals due to the
starting material are subtracted, allow partial characterization of intermedi-
ates. In the reaction with acetaldehyde, peaks are observed at 32-1 (s, 1B),
23-1 (d4,2B), —4-4 (d,2B), —22:1 (4,1B), —28:6 (d,2B), and —329
(d, 1B) ppm which are attributed to 9-EtO-6-B,SH;,. Another product,
possibly (EtO),BsSHe, is also found. Its ''B difference spectrum contains
peaks at 29 (s, ~2B), 4-8 (d, 1B), —1-6 (d, 2B), —13-4 (d, 2B), and 17-4
(d, 1B) ppm.'®*
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TABLE 39
1B NMR data for substituted thiaboranes.
Compound 8"'B (Jan)
1-BySH, 74:5(d, 1B, 180), —4-8 (d, 4B, 170), —17-6 (d, 4B, 150)
6-1-1-BoSHyg 71-2(d, 1B, 175), -5-1 (d, 4B, 180), —16-8 (d, 2B, 135),
-19:9(d, 1B, 135), —24:1(s, 1B)

10-1-1-BoSHpg 50-1 (s, 1B), —6:7 (d, 4B, 185), —16:2 (d, 4B, 165)
6-Br-1-BgSHjg 69-3(d, 1B, 175), -3-0(d, 2B, 175), —6-9 (d, 2B, 190),

lo-Br-l'Bgng
6-Cl-1-BoSHg

10-Cl-1-BySH;
6,10-1,-BySH,

6,10-Br2-1'B9SH7
6,7,8-Cl;-1-BgSHg
1-B;;SHy,y
12-1-1-B,;SH;,
12-B|’-1-B118H10
7-Cl-1-B,;SHyo

10-CH;-1-BoSH;
6-CH;-1-BoSH;

6,7,8-(CHj)3-1-BoSHe

6,7,8,9-(CH3),-1-BgSH;s

-10-0 (s, 1B), —15-4 (d, 2B, 180), —21-3 (d, 1B, 195)
65-6 (s, 1B), —8-3 (d, 4B, 175), —18-4 (d, 4B, 150)
68-7d, 1B, 175), —2-0 (d, 2B, 194), —4-2 (s, 1B),

-7-0(d, 2B, 180), —14-6 (d, 2B, 170), —23-2 (d, 1B, 160)
73-4 (s, 1B), —3-3 (d, 4B, 185), —17-3 (d, 4B, 160)
484 (s, 1B), —5'5 (d, 4B, 180), —13:6 (d, 2B, 155),

-15-7 (d, 1B, 180), —23-5 (s, 1B)

64 (s, 1B), —5-3 (d, 2B, 190), -7-6 (d, 2B, 175),

—-10-4 (s, 1B), —14-8 (d, 2B, 180), —20-6 (d, 1B, 185)
61-9(d,1B, 170), 1-5 (s, 1B), 0-6 (d, 2B, 180),

-2-8(d, 2B, 160), —-3-5 (s, 2B), —13-9 (d, 1B, 165)
19-2 (d, 1B, 145), -3-8 (d, 5B, 140), —-5-8 (d, 5B, 160)
0-8 (s, 1B), —1-8 (d, 5B, 160), —5-0 (d, 5B, 180)

16-8 (s, 1B), ~2-8 (d, 5B, 140), —6-1 (d, 5B, 160)
20-4 (d, 1B, 145), 81 (s, 1B), —3-6 (d, 4B, 150),

-5.9(d, 4B, 160), —11-7 (d, 1B, 170)

85 (s, 1B), —7-7 (4B, 176), -20-4 (4B, 161)
75-3 (1B, 171), -3:6 (2B, 176), —6-2 (2B, 195),

—6-2 (s, 1B), —16-5 (2B, 146), —20-7 (d, 1B, 142)
74(1B, 156), 1-0 (2B, 150), —218 (2B, 150),

-2:9 (s, 1B), —6-6 (s, 2B), —15-5 (1B, 151)

74-6 (1B, 151), —0-8 (4B, 166), —4-5 (s, 4B)

6,7,8,10-(CH;),-1-BsSHs 827 (s, 1B), ~3:0 (2B, 150), —4-8 (2B, 150),

6,7,8,9,10-(CHj)s-1-
BgSHs
6-C2H5-1-B9SH3

6,7,8,10-(C,Hs)s-1-

—6-1(s, 1B), -9-5 (s, 2B), —17-0 (1B, 146)
82:7 (s, 1B), —2-2 (4B, 166), —7-2 (4B)

73-2 (1B, 162), —3-3 (2B, 160), —5-7 (s, 1B),
—-6-4 (2B, 160), —16-6 (2B, 142), —21-0 (1B, 142)
84-1 (s, 1B), —3-2 (2B, 156), —4:3 (s, 1B),

BySH; —6-9 (s, 2B), —18-2 (1B, 156)
6,7,8,9,10-(C,Hs)s-1- 79-9 (s, 1B), —5-0 (4B, 190), —5-9 (s, 4B)
BQSH4

Cobalt insertion into BoCH;,‘NMe; affords the eleven-atom cluster
CpCoByCHy-NMes. This compound is clearly fluxional. The 70-6 MHz ''B
NMR spectrum at —40 °C reveals nine overlapping resonances at 70-9 (br s),
3-9 (127), —1-7, —3-8, —6-8, —8-8, —16-2 (146), —21-2 (127), and —32-9
(137) ppm. At 16 °C, a doublet at 4-5 ppm and a broad hump at ~—12 ppm
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TABLE 40

1B NMR data for alkyl and alkenyl derivatives of BySH,;.

B(1,3)or B(5,7) or
B(5,7) B(4) B(2) B(1,3) B(8,10) B(9)

3[9-(6-Thia-nido-decaboranyl)Jhex-3-ene
+3-4 (151) -31:3(181) —16:4(156) +24(161) -16-4 (156) -31-3

1-[9-(6-Thia-nido-decaboranyl)]cyclohexane

+4-6 (146) -31-7(171) -18-8(151) +24-1(176) -13-9(161) +34-2
[9-(6-Thia-nido-decarboranyl)Jethane

+4-6 (146) -31-8(177) -—-18:5(171) +24(171) -13:3(171) +33-5

1-[9-(6Thia-nido-decaboranyl)loctane
+4-4 (147) -31-9(191) -18:6(156) +23:8(176) —13-7(154) +32:2

1-Methyl-2-[9-(6-thia-nido-decaboranyl)Jcyclohexane

+3-9 (149) —31-7(193) —18:6(144) +24-3(169) —14(144) +34-8
1-[9-(6-Thia-nido-decaboranyl))-cis-1,2-diphenylethane

+3:7 (147) -30-8(201) -16-6(151) +23-5(156) -—16:6(151) +29-2

1,1-Bis-[9-(6-thia-nido-decaboranyl)Jethane
+4-25(152) -31-8(175) —-18-5(123) +24.6(166) —14:2(142) +33-8

1,3-Bis-[9-(6-thia-nido-decaboranyl)]cyclopentane
+4-6 (146) -30-1(161) ~—18-8(156) +24-4(161) -13-6(177) +34-1

6-Thia-nido-decaborane(11)
+6-8 (150) -30-7(180) -—21-5(160) +24-9(170) —10-1(145) +17-3(170)

are observed. Owing to thermal lability, the limiting high-temperature
spectrum was not attained but, at 70 °C, signals at 33-4 (brs, 2B), 5-1
(d, 1B, 127), —10-6 (d, 2B, 142), and —15-0 (d, 4B, 156) ppm are reported.
The solid-state structure of BoCH;,"NMe; was established by an X-ray
diffraction study, and the dynamic processes which occur in solution can
be analysed in terms of a diamond-square—diamond rearrangement (see
Fig. 49) of that structure. Cleavage of the bond between cobalt and B(1)
generates an intermediate having a square face. Re-formation of a Co-B(4)
bond reconstitutes the polyhedron. This mechanism would interconvert
B(1, 4,7, and 8), which boron atoms correspond to the doublet at —15-0
(4B) in the high-temperature spectrum. The belt of boron atoms including
B(3, 5, 6, and 10) effectively rotates according to this mechanism. There-
fore, two resonances would be expected, the pairs ortho and meta to the
cobalt atom which are assigned to the broad resonance at 33-4 ppm and
the doublet at —10-6 (2B) ppm respectively. The boron atom at position
9 does not participate in the rearrangement and is assigned to the 5-1 ppm
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=BH @:-cH @ CoiGry)
FIG. 49. Diamond-square—diamond rearrangement in CpCoBgCHg-NMe;.

doublet; on cooling, it shifts to 3:9 ppm because of a small temperature
effect. The doublet at 70-9 ppm is assigned to B(3), the low-coordinate
boron atom next to cobalt. In the low-temperature spectrum, the doublets
at —1-7 and —21-2 ppm are assigned to B(6,11) (meta to the cobalt atom).

Thermal degradation of CpCoByCHg-NMe; results in extrusion of the
CpCo unit and the formation of BoCHy-NMe. This compound is isoelec-
tronic with B;CH;,~ and presumably has a similar bicapped square antipris-
matic geometry with carbon in an apex position. In agreement with this,
the 70-6 MHz ''B NMR spectrum contains four doublets in a 1:4:4 ratio.
Selenium insertion into CpCoByCHg-NMe; using sodium polyselenide pro-
vides BsSeCHy-NMes, whose suggested structure is shown in Fig. 50. The

FIG. 50. Proposed structure of B¢SeCH,.

"'B NMR spectrum of this compound is not well resolved at 70-6 MHz;
doublets are observed at 5:3 (d, 1B, 151) and —40-9 (d, 1B, 149) ppm. In
addition, there is an unusually sharp doublet at —17-0 ppm which is
attributed to the boron atom on the open face of the cage, located between
carbon and selenium.'®*
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XXV. BORATE GLASSES

Broad-line '°B and ''B NMR spectra have provided useful information
about structural features in borate glasses which would have been difficult
to obtain otherwise owing to the absence of long range order. Examination
of '°B resonances in sodium borate glasses reveals the presence of five
boron sites. There are two types of BO, units, those connected to all BO;
units or to one BO,4 and three BOj; units. Three-coordinate boron in BO;
sites may be connected to all BO, units, to all BO; units, or to a combination
of the two.'®> ''B NMR spectroscopy has been used to estimate the fraction
of boron atoms contained in BO, units in glasses formed from the ternary
system K,0-B,05-P,05.'® In view of the increasing technological interest
in ceramics and in materials useful at high temperatures, these boron
magnetic resonance techniques should assume greater importance in the
future.

The author is grateful to the American Chemical society, Elsevier Publishing Co.,

and the Royal Society of Chemistry for permission to reproduce figures, and to Prof.
L. J. Todd for education in boron chemistry.
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I. INTRODUCTION

The chemical aspects of dynamic NMR spectroscopy in inorganic and
organometallic chemistry have been extensively reviewed,'™ and con-
sequently the emphasis of this review is on the challenge offered to NMR
spectroscopists by certain dynamic properties of inorganic and
organometallic compounds. Well established areas are omitted.

Although, in principle, there are no differences in the applications of
dynamic NMR spectroscopy to each branch of chemistry, differences exist
in the types of problem available for study. In inorganic chemistry there
are several classes of problem not commonly found in other areas.

(1) Multisite intramolecular exchange can occur, as shown for Fe(n*-
CgHg)(CO); (1). The analysis of the four-site exchange problem is simple

.—Fe(CO)3 s . = etc.

Fe(CO),
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from the ">*C NMR spectrum, but the analysis of the dynamic '"H NMR
spectrum collapsing from [ABCD], to a singlet is a far from trivial exercise.

(2) “Other nuclei” are frequently available, but their use in dynamic
NMR studies is often avoided owing to sensitivity problems and the tem-
perature dependence of the chemical shift and linewidth in the absence of
exchange; for example, for 3¥Coin Co4(CO)15 (2), two signals in the intensity

CO
( Co)3
(0]

C~

/ \
(OC)z(\Joi— 7’C0(C0)2

ratio 3:1 are observed at low temperature whiie at room temperature only
one signal is observed.”®
(3) Rapid exchange is commonly found in organometallic compounds
requiring very low temperatures to obtain limiting spectra. Although, in
principle, temperatures below —100 °C are available, suitable solvents are
difficult to find. Thus Fe,(CO)o (3) shows only one *CO signal at room
0 0
C C
OC);Fe—— = (OQC),F
(0C), e\\\//Fe(CO)3 (OC),Fe
CC
(06

Fe(CO), == etc.

3)

temperature where two are expected for a static structure.’ Owing to limited
solubility, limiting low temperature spectra have not been reported. In
many cases, at the lowest achievable temperature, some broadening is
observed but, in the absence of values for the limiting low temperature
chemical shifts, rate data are not available; for example, the fluxional
process shown for Pt(n3-CPh3)(acac) (4) can be slowed enough at —90°C

Pt(acac)
2 Ph ©L<Ph
®T<Ph Ph
2
Pt(acac)
“)

to cause a broadening of 10 Hz in the averaged 2,2’ °C signal at
25-15 MHz.*
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(4) Methyl group rotation in organic compounds has received consider-
able attention. Similar problems exist in inorganic and organometallic
chemistry, and a detailed investigation could yield interesting information
on the balance of electronic compared with steric factors in the rotation
of groups on metals, e.g. the rotation about metal-NH;, -OH, (how
significant is 7= donation from the water to the metal?), and —n5 “CsHs (is
there any tendency of the n° ring to become 7°?).

In most cases the techniques to solve these problems already exist, but
were developed using commercially available organic compounds. Many
of these techniques are not readily available to the synthetic inorganic or
organometallic chemist since they require specialist knowledge and/or
equipment. It is hoped that this review will bring NMR spectroscopists and
inorganic/organometallic chemists together, so a number of NMR tech-
niques are examined, applications to inorganic/organometallic problems
discussed, and further applications suggested. With a view to encouraging
the application of advanced dynamic NMR spectroscopy to inorganic and
organometallic problems, the approach is two-fold: techniques of potential
value are discussed and then the mechanisms found in inorganic and
organometallic chemistry are outlined.

I1. IDENTIFICATION OF NMR DIFFERENTIABLE REACTIONS

In the vast majority of dynamic processes in inorganic and organometallic
compounds the derivation of the mechanism comes from the investigators
drawing up a list of chemically feasible exchange processes and then using
line shape analysis to test which mechanism(s) fit the observed spectra.
Although this procedure is correct if all possible processes are identified,
in complicated cases it is easy to omit some processes. This problem may
be avoided by the use of a matrix representation of the exchange,” which
has been discussed in detail elsewhere;'® for example, for [Pd(n>-2-
MeC;H,)(Ph,PCH,CH,PPh,)]" (5), possible mechanisms are given in

— a1+

Me’ i Me’ T
H' _A_ H* H* _A_ H!
n| w22 m| o
/Pd\ /Pd\
Ph,P* P®Ph, Ph,P® PSPh,
L / ) L "/ ]
)

Table 1 as a matrix representation (h, is shown in the scheme). It is
clear, from examination of the great variety of permutations in Table 1,
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TABLE 1
Exchange operations for {Pd(2-Me-allyl)(Ph,PCH,CH,PPh,)]* (5); numbering as in the
scheme.

ha=(14)(23)(56)(7) hq=(12)(34)(56)(7) h12=(1324)(56)(7)
hs=(1)(2)(3)(4)(56)(T) hg = (13)(24)(5)(6)(7) h13=(12)(3)(4)(56)(7)
ha=(14)(23)(5)(6)(7) ho=(12)(3)(4)(5)(6XT) hya=(1)(2)(34)(56)(7)
hs=(12)(35)(5)(6)(7) hio=(1)(2)(34)(5)(6)(7) hys=(1423)(5)(6)(7)

he = (13)(24)(56)(T) h11=(1423)(56)(7) his=(1324)(5)(6)(7)

that the usual approach of inspection frequently leads to omissions.
For § a number of these mechanisms cannot be differentiated by NMR
spectroscopy, but when these problems are realized it is possible to
examine suitable derivatives to differentiate between mechanisms.
Thus in § it is not possible to differentiate between k3 and hy, but if
[Pd(n>-1-Pr'C3H,)(Ph,PCH,CH,PPh,)]* is used then the prochiral iso-
propyl methyl groups provide a method for differentiation.

Two mechanisms have been identified in related complexes. Thus allyl
rotation (#3) is observed in Mo(n-C3H;s)(n-CsH;s)(CO), and a number of
related compounds. The most common mechanism observed is 7 = o
conversion of the allyl, either intramolecularly (e.g. 6) or intermolecularly
(e.g. 7), which can give rise to a number of rearrangements. Most of these

@T _ @‘CHZ—MO(T’-CsHs)(CO)Z

Mo(7n-CsH;s)(CO),
®)

Me + Me

/g ~

- l N pyridine \

Pd_ ) / N—Pd— PPh,
Ph,P” PPh, | \)

_/

— Ph,P
)

rearrangements should have different energies, but suitable investigations
to differentiate between the mechanisms have not been performed. In order
to do thijs the synthesis of carefully designed molecules is necessary, e.g.
[Pd(n>-*CH,CPr'CH,)(Ph,PCH,CH,PPh,)]" combined with detailed
variable temperature multinuclear investigations.
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II1. MULTISITE EXCHANGE IN COUPLED SYSTEMS

Although exchange between coupled sites is commonly observed in
inorganic and organometallic chemistry, the coupled spectra are frequently
analysed ignoring the coupling, or the problem is avoided by use of "*C—{"H}
NMR spectroscopy. For example, the dynamic 'H NMR spectrum of
Ru(n*-CgHg)(CO); (8), a four-site exchange problem of [ABCD], giving
a singlet in the high temperature limit, was analysed as a simple four-site
exchange problem with each site suitably broadened to represent the 'H-'H
coupling (see Fig. 1). Subsequently the problem was reinvestigated using
the more rigorous approach of *C—{'H} NMR spectroscopy which is
correctly analysed as a simple four-site exchange problem. Both approaches
show that the mechanism is a 1,2 shift (see scheme), although the chemically

=3 . = etc.
[

Ru(CO), Ru(CO),
®)

unlikely possibility of the metal moving from one face of the cycio-
octatetraene to the other was not considered. The agreement between the
thermodynamic parameters derived using the two methods is remarkably
good, with the "H NMR analysis yielding E,~9-5 kcalmol™" and log A =
14, while the >’C NMR analysis yields E, = 8:6 +0-1 kcal mol ' andlog A =
13:3+0-1."""* This agreement is in part attributable to the large chemical
shift range permitting the dynamic process to be studied over a relatively
large range of rates, 5-2100s™", causing the inherent errors in the crude
analysis of the 'H NMR data to be small, but still significant.

One group has successfully analysed a large number of coupled systems,
such as [Rh{P(OMe);}s]", and used the coupling patterns to derive the
mechanism.'’> Permutational analysis for a trigonal bipyramid shows that
there are two groups of exchange processes which are differentiable by
NMR spectroscopy. Mechanism (A) is better known as the Berry rearrange-
ment; two mechanisms have been suggested that fit (B), the anti-Berry and

4 4 4
2, | 2 5 3o,
etc. = § 3 3 — 2 = etc.
1 5 1

(A) (B)

the turnstile mechanisms. For [Rh{P(OMe)s}s]*, the *'P—{'"H} spectrum is
A,B3;X which is observed as the limiting low temperature spectrum at
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FIG. 1. Observed "H NMR spectra (left) for Ru(n*-CgHg)(CO)s at various temperatures,
and computed spectra (right) for various mean residence times based on 1,2 shifts. (Cotton,
Davison, Marks and Musco'?)
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Observed l
-134°C

Calculated

FIG. 2. Observed and simulated low-temperature (—134 °C) 36:43 MHz 31P—{IH} NMR

spectrum of [Rh{P(OMe);}s] [BPh,]” in 90% CHCIF,-10% CH,Cl,. (Jesson and Muet-
. 13
terties ~)

~134°C (see Fig. 2). On warming to —114 °C exchange begins, and the
observed *'P NMR spectrum is fitted on the basis of exchange processes
(A) and (B) (see Fig. 3). Clearly exchange process (A) gives the better fit,
but the differences are such that process (A) is not the proven mechanism.
This is one of the rare examples where it has been possible to differentiate
at all between the two mechanisms. In spite of this, it is the generally held
dogma that the vast majority of trigonal bipyramidal molecules are fluxional
by the Berry mechanism.

It is found that, the larger the ratio J/§ for the A,B; or A;B3X spectrum
in these complexes, the clearer the differences observed for the two dynamic
processes, with no differences being observed when J/§ is small. Con-
sequently this problem is best observed at low field. Thus the '°’F NMR
spectrum of SF,; (9) was examined at 6-5 and 9-2 MHz in order to make

F
|-
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120 s™

Observed
-n4°C

M

FIG. 3. Observed and calculated temperature-dependent >'P-{'"H} NMR spectra for a
solution of [Rh{P(OMe)s}s] [BPh4] ™ in 90% CHCIF,-10% CH,Cl, at —114 °C. The permuta-
tional mechanisms and exchange rates are given with the calculated spectra in the figure.
Permutational mechanism A, which corresponds to simultaneous exchange of the axial ligands
with two equatorial ligands, clearly gives the better fit. (Jesson and Muetterties'?)

the "F NMR spectrum strongly second-order.** After suitable precautions
to avoid intermolecular exchange, it is shown that the dominant
intramolecular fluorine exchange mechanism is process (A), i.e. the Berry
mechanism.

It is clear that the use of coupling patterns yields additional mechanistic
information which is normally ignored.

IV. SPIN-SATURATION TRANSFER

Although spin-saturation transfer was first applied to exchange problems
in 1963,'° it has been rarely used in the area of inorganic/organometallic

chemistry. This is surprising when it offers three advantages over other
techniques:
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(1) The accurate determination of exchange rates which are comparable
with the T, of the nucleus being studied. When these measurements are
combined with line shape analysis, two accurate regions of rate measure-
ments are obtained in the Arrhenius/Eyring rate plot giving reliable activa-
tion parameters. When only one technique is used to determine rates, the
activation parameters are subject to considerable errors due to inaccurate
data at the two extremes of the plots.

(2) The study of slow processes where line shape analysis cannot be used
on account of limitations due to available temperature ranges and/or sample
decomposition. Thus Pd(n-C,Hy)(hfac) (10) is fluxional (see scheme). The

pa—
——

/
“Pd(hfac) (hfac)Pd
10)

13C NMR signals are broad at room temperature, but the sample decom-
poses, on warming, depositing palladium metal.'® The exchanging carbon
atoms are easily identified by use of spin-saturation transfer (see Fig. 4).

3
54 2 13 67 . .
P / —— Pd (hfac)
L AN
N i | el
s 7

AN

[N

l

i Ll
i |

L

i
B
FFF

200 100 0% 200 T00
FIG. 4. The 25-15 MHz '*C NMR spectra of Pd(n>-C,Hy)(hfac) showing saturation trans-
fer from the saturated site (marked by arrow) to the exchanging site.
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When site B is irradiated, the rate is determined by using the equation

k —1= MZA((‘D)
A T MA0) -MA (o)

(D

where ko' is the rate of exchange from site A, T4 is the spin-lattice
relaxation time of site A, M,"(0) is the magnetization at site A in the
absence of irradiation at site B, and M,”(c0) is the equilibrium magnetiz-
ation, i.e. at least 5(Tya " +74 )7 's after the beginning of irradiation at
site B."” Thus C(2) can be readily identified from its chemical shift and, as
in Fig. 4, it exchanges with the signal at § 128-4, thus C(4) is identified.
Similar arguments permit the assignment of the other signals. This quan-
titative treatment is valid only if T, = Tp, but a solution exists when
Tia# Tip."*

A more elegant approach is to use a specific 180° pulse at site A. After
a time 7, a general 90° pulse is applied to observe both sites. The rate can
be easily obtained from a plot of In[M,*(¢)— M,>(¢)] against time, ¢, and
the gradient is —(T1 "' +2ka); M,2(¢) is the magnetization (i.e. size) of

O = 2ZrH O =—2rH
/ /
Nb ==C
| N\ delay time
H noo T

_._...JL_——_ 3.0¢

FIG. 5. Spin-saturation transfer experiments for Cp,(H)NbCHOZr(H)(CsMes), in ben-
zene-ds at 32:5°C. The delay time is the interval between inversion of NbCHO and the
observation pulse. (Threlkel and Bercaw'®)
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the signal due to site A ¢ seconds after a specific 180° pulse has been
applied to site A, and k, is the rate of leaving site A. In the derivation of
equation (1) it is assumed that T; for both sites is the same. This method
has been used to determine the rate of proton exchange in
Cp;HNbCHOZrH(CsMes) (see Fig. 5)."

(3) Line shape analysis gives the rate of leaving a site. For two-site
problems it is usually possible to deduce to where the nucleus moves.
However, for multisite exchange such a deduction is possible only in
favourable cases. Spin-saturation labels the nuclei in one site with a non-
equilibrium spin population. When these nuclei migrate to another site,
they take their spin population information with them, thus labelling the
site. For example, the 13C NMR spectrum of Cr(‘TIG'CgHs)(CO):; shows
equal line broadening for the four inequivalent cyclooactatetraene carbon
atoms when exchange occurs.’’ Two mechanisms are consistent with this
observation, a 1,3 shift mechanism (11) or a random shift mechanism (12).

— — —Cr(CO); == etc.

/

4 Cr(CO),
Cr(CO),
ay

== Cr(n°-CsHg)(CO);

1

! [
Cr(CO), Cr(CO),

(any consecutive six C atoms attached to the Cr atom)
a12)

In the original report using line shape analysis, Cotton*” favoured the latter
mechanism while subsequently Whitesides*> has argued in favour of the
former mechanism. Some spin-saturation measurements are shown in Fig.
6. Simply, inspection of Fig. 6 shows that the spin-saturation transfer is
non-uniform, and hence the mechanism must be the 1,3 shift. This is clearly
shown by Fig. 6(b) where spin-saturation transfer has the greatest effect
on the signals due to carbon atoms 2 and 3. The data were also treated
quantitatively. After irradiating one site, the equation that applies for the
Kth site’’ is

K Koyy_arK
dM,"(1) _ MB(0)- M. () MED T A+ T AMS @) ()

ds Tix p=K v#K
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{c) |

(b)

(o)

e LTI T
40 120 190

&/ppm

FIG. 6. Application of the Forsén-Hoffman spin-saturation method to the cyclo-
octatetraene *C resonances of (1°-CgHg)Cr(CO); in CD,ClL,~CH,Cl, at —15 °C: (a) normal
spectrum; (b) irradiation at C(1); (c) irradiation at C(2). The places irradiated are indicated
by arrows. (B. E. Mann, J. Chem. Soc. Chem. Commun., 1977, 626)

where Ak, is the rate of exchange from site K to . Solution of the series
of simultaneous equations yields the separate exchange rates between each
site. In the case of Cr(n(’-CgHg)(CO)3 it is shown that, although the
dominant mechanism is a 1,3 shift, 1,2 shifts also occur.

This technique is very powerful but has attracted very little attention.
The greatest potential is in multiple site exchange problems, e.g. halogen
exchange in mixtures of SnCl, and SnBrs or carbonyl scrambling in
Ir,(CO),,PMe,Ph.

V. SPIN-LATTICE RELAXATION MEASUREMENTS

Extensive use has been made of spin-lattice relaxation time measure-
ments to investigate intramolecular motion in organic molecules, but its
application to inorganic and organometallic systems has been extremely
limited. Several approaches have been used, and are illustrated here.
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In a detailed study of Sn(C'H3),.(C*Hs)4_n, T1(*H), T1(*H), T1(**C), and
T,(*'°Sn) were measured as a function of temperature.”” The internal
rotation correlation time (7y) and molecular correlation time (r,) can be
readily derived. For T;(*H), the relaxation is purely intramolecular dipole-
dipole and the relaxation rate is given by

4,2
Tldd_l = Ehi :l
r'yH

7«(H-H) 3)

where ruu is the hydrogen-hydrogen distance. Additionally it is possible
to show that

7.(H-H) = %‘ra + 23‘- ( :::M + 'rM) 4)
]

Similarly for T1(*3C), the dipole—dipole component is derived from NOE
measurements and the following equations apply

_3y’yew

Tiaa =" 6 -7(C-H) 5
T'cH
1 8 /TeTMm ) 16(7'91'M )
—H)= =7+ — +rm)+—= + 6
"(CH)=g7 27( e M) T2\ g, ™ ©)

Owing to the different coefficients in equations (4) and (6) it is possible to
separate 7y from 7,. From the temperature dependence of 7y an activation
of 0-80 kcal mol™ is determined. In this case the activation energy for
molecular tumbling can be obtained from T;(*'°Sn), and the agreement
with the activation energy from 7, is excellent.

This approach is good when there is a marked difference in angles
between the rotation axis and the C-H vector, and the rotation axis and
the H-H vector. This is the case for the rotation of a methyl group with
109°28' for the C-H vector and 90° for the H-H vector, but for the rotation
of n-CsHs groups the two angles are nearly the same. In this case an
alternative approach is available. Provided that the molecule can be shown
(or assumed) to be undergoing isotropic tumbling, the molecular tumbling
time can be determined from Ti44 for any C-H group within the rigid
framework of the molecule. For a rotating group, T;44 Will be longer owing
to the additional motion due to rotation. The rotational correlation time
is obtained by solving the equations

T1 dd (rlgld CH)
T1 dd (rotating CH)

=(1/4)(3 cos® 9 —1)*+18(5+x) ' sin” 8 cos® 8

+(9/4)1+2x) 'sin’ @ )
X =(rc+1m)/ ™M (8)
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where 8 is the angle between the rotation axis and the C-H vector, 7. is
the rotation time, and 7 is the molecular tumbling time. A temperature
dependent study then yields the activation energy for rotation. This
approach has recently been applied to a number of n°-cyclopentadienyl
groups and provides evidence for localization of bonding towards n>-CsHs
in Pt(n-2-Me-allyl)(n-CsHs).>

An empirical approach has been used to estimate the barrier to methyl
rotation, V. For organic molecules it has been shown* that the empirical
equation

Vo= (T1—25-6)/9-76 )

relates the barrier to methyl rotation to the >C spin-rotation relaxation
time (T,,). This equation has subsequently been applied to organometallic
compounds®® and activation energies have been derived. Further work is
necessary to test the validity of this approach.

V1. SPIN-SPIN RELAXATION MEASUREMENTS

For the inorganic and organometallic chemist, the measurement of spin—
spin relaxation times (73) has proved to have little attraction. This is
understandable since most of the work is done on high-resolution spec-
trometers where the inherent magnetic field inhomogeneity is small. It is
usually possible to cool the sample further to obtain additional broadening
which is measurable in the extra linewidth. The attraction of this approach
is that it can provide reliable rates near the high temperature limit. When
this is combined with line shape analysis, which is quicker than T, measure-
ments, and spin-saturation transfer measurements, highly accurate activa-
tion parameters should result.

For line shape analysis, the linewidth due to exchange (Av) is normally
determined directly from the spectrum, but it can also be calculated from
T, and T, measurements. Only one inorganic/organometallic example
appears to have been investigated, Fe(CO)s.2® It was shown that, at
-19-5°C, T,(**C) is predominantly controlled by chemical shielding
anisotropy at 61 MHz with a small component due to spin—rotation. When
T>(**C) is measured at —19-5°C, it is found to be 6/7 of the value of
T, (**C) as expected for chemical shielding anisotropy relaxation determined
with no exchange broadening. This result leads to an upper limit for the
exchange time for axial-equatorial exchange (r.) as given by

(6/25)(dw)*r. <1031 (10)

where 8w is the chemical shift difference in rads™' between axial and
equatorial sites. In order to obtain an upper limit for 7. it is necessary to
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estimate 8w from a series of compounds Fe(CO)s_,,(PF3),,.27 For these
compounds the averaged *C chemical shift and J(*'P-'>C) are measured
as a function of temperature, and the isomeric composition is determined
by IR spectroscopy. Analysis of the data yields w and an upper limit for
7. 0f 9% 107 s.

VII. SOLID-STATE NMR SPECTROSCOPY

Although solid-state NMR spectroscopy is potentially a very powerful
tool, it has largely resided in the hands of specialists, and inorganic and
organometallic compounds have rarely attracted much attention to date.
Most compounds investigated appear to have been chosen on the basis of
ease of synthesis or purchase rather than chemical interest. However, in
one study, of metal migration around the cyclopentadienyl ring in Hg(o-
CsHs)X (X=(l, Br, 1), considerable variation in the activation energy is
found as a function of X.?®**° Unfortunately the value of the activation
energy is very dependent on the experimental method, showing
inadequacies in the approach. There is great potential in this approach
once all the problems of data analysis have been solved.

A more exciting development is the use of high-resolution *C NMR
spectroscopy for solids. This technique is almost routine now at room
temperature but, owing to the necessity to spin the sample fast at an angle
of ~54° with respect to the magnetic field, the application to variable
temperature work is very limited. There is considerable potential in these
measurements. First, the measurement of limiting low temperature Bc
chemical shifts is valuable for solution studies where limiting low tem-
perature spectra cannot be obtained, owing to restrictions imposed by
solubility, solvents, and high-resolution NMR spectrometers. With this
information the analysis of exchange broadened '>C NMR spectra is poss-
ible. Secondly, it is feasible to carry out a high-resolution variable tem-
perature NMR study on the solid state, such as for Ru;(CO)4(CgHs),.>°
Although in solution the cyclooctatetraene rings in this molecule are highly
fluxional, they are rigid in the solid state. It is expected that this technique
will prove to be very valuable for dynamic molecules with AG* values less
than 10 kcal mol ™.

VIII. PRINCIPAL MECHANISMS

A. Coordination complexes

The principal mechanisms have previously been reviewed.>'? In this
review empbhasis is placed on intramolecular processes. For such processes,
it is necessary to prove the intramolecular mechanism by: (1) the retention
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of coupling constants; e.g. PFs, a trigonal bipyramidal molecule, gives only
one °’F NMR signal, but 17(3'P-"°F) is observed, showing that the dynamic
process is intramolecular; (2) concentration studies; (3) use of mixtures;
e.g. the racemization of Zn(Pr'NCHCHCPhS), is fast compared with
equilibration with Zn(PhCH,NCHCHCPhS),.>?

The established mechanisms for coordination complexes are based on
interconversion of standard geometries, i.e.

ML, pyramidal
ML, tetrahedral

trigonal
square planar
ML trigonal bipyramidal
ML, octahedral

square based pyramid

2| |2 |

trigonal prism

The major problem is in devising molecules that can be investigated by
NMR. The principal probe to these mechanisms is the introduction of
prochiral groups, e.g. Pr', to act as a chiral probe to racemization in the
pyramidal, tetrahedral, and octahedral cases.

For pyramidal molecules, it has only been possible to show that racemiz-
ation occurs, presumably via a trigonal intermediate. For example, the 'H
spectrum of 1-Pr'-2-Ph-5-Me-phosphole is shown in Fig. 7.3* The limiting
high temperature spectrum is a double doublet for the isopropyl methyl
groups due to hydrogen and phosphorus coupling. The diastereotopic
methyl groups become inequivalent on cooling.

YA VB

P
e

T=+1° k=2:5
T=+4° k=40
.‘.—J.\/‘\/\L’._
1400 1200 100-0 80-0
Hz (from TMS)

FIG. 7. Dynamic ‘H NMR spectra of 1-Pr'-2-Ph-5-Me-phosphole showing only the
diastereotopic methyl groups. (Egan, Tang, Zon and Mislow“)
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The demonstration of tetrahedral 2 square-planar exchange is clearest
for nickel(11) complexes, where it is possible to observe in favourable cases
both tetrahedral and square-planar isomers, e.g. in Ni{(p-tol)MeP},Br,
(see Fig. 8).> At —64 °C, separate signals are observed for the square-planar
and the paramagnetic tetrahedral complexes. Exchange occurs on warming.

m-H p—-CHy CHy

M -30°
(c) | '

(d) T,0-H -64°

It

— e} we O
Ho S ® MmO
bl
1

ac
[

+13-60 -—

FIG. 8. 100 MHz *H NMR spectra of Ni[(p-tol);MeP],Br, in CDCl, solution; X indicates
an impurity, P = planar, T = tetrahedral. (Pignolet, Horrocks and Holm*®)

Exchange in the trigonal bipyramidal system is discussed in Section IIL
There are two possible mechanisms, the Berry mechanism and the anti-
Berry or turnstile mechanism, which in very favourable circumstances can
be resolved using NMR spectroscopy (Fig. 3), but usually no mechanistic
information is available. It is generally believed that the Berry mechanism
is the usual one.

The octahedral system offers a considerable challenge to the NMR
spectroscopist. The tris-bidentate complexes have attracted the greatest
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attention, e.g. Al(acetylacetonato);. Numerous mechanisms have been dis-
cussed, and it now appears that there are two basic ones, the trigonal twist
and the trigonal bipyramidal mechanism. The complexity of the problem
may be illustrated for Al(Pr'‘COCHCOCH,Ph);.® This molecule exists in
two forms, the fac (13) and the mer (14). Both of these are optically active,

Pr'

(13) (fac) (14) (mer)

giving rise to four isomers. In the original work three mechanisms were
considered. The trigonal twist mechanism can involve two types of trigonal
prism intermediate, one with all three chelate ligands bridging the rec-
tangular sides (15), the other with only one chelate ligand bridging the
rectangular sides and the remaining two ligands bridging the triangular
sides (16). Further complications are due to the inequivalent ends of the

(15) 16)

chelate ligand. The other two mechanisms (the square-planar primary
process, SP-PRI, and the trigonal-bipyramidal-pyramid axial process, TBP-
AXIAL) involve one end of the ligand dissociating to give a 5-coordinate
intermediate. As a result of the complexity of this system, there are
numerous possible rates to determine. Consequently no individual rate
constants have been determined, but the spectra can be fitted on the basis
of assumptions as to mechanism (see Fig. 9). Now, with higher-field instru-
ments, >C and >’ A1 NMR spectroscopy, and improved techniques, more
information could be gleaned from this and related systems.

B. Organometallic compounds

The greatest variety comes for the organometallic compounds. Foi
polyenyl and polyene complexes there are two main mechanisms, the
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Experimental
SP-PRI
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FIG. 9. Experimental methyl 'H NMR spectra (100 MHz) of Al(PF*COCHCOCH,Ph); in
chlorobenzene, and spectra calculated for various rearrangement mechanisms; dotted lines

indicate experimental spectra at 128 °C; 7 values are in seconds. (Hutchison, Gordon and
Holm>®)

Woodward-Hoffmann sigmatropic rearrangement and the interconver-
sion of 18- and 16-electron complexes, with the Woodward-Hoffmann
rearrangement being normally the lower energy process.
Woodward-Hoffmann sigmatropic rearrangement commonly occurs in
o-cyclopentadienyl derivatives, e.g. Fe(o-CsHs)(n-CsHs)(CO), (17).77

—
Fe(CO),Cp = — etc.
Sy

Fe(CO),Cp
amn

The iron migrates around the ring by 1,5 shifts. This 1,5 shift mechanism
is demonstrated in the low temperature ">C NMR spectrum since the signal
due to carbon atoms 1 and 4 broadens twice as fast as that due to carbon
atoms 2 and 3 as fluxionality becomes significant (see Fig. 10). The only
remaining problem is the assignment of the signals. This mechanism is
found to be standard for all dienyl type derivatives studied to date, with
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FIG. 10. The 60 MHz '"H NMR spectrum of CpFe(CO),(o-CsHs) in CS, at various
temperatures; the ns-CsHs signal is shown only on the 30 °C spectrum, the amplitude of
which is 0-1 times that of the others. (Bennett, Cotton, Davison, Faller, Lippard and
Morehouse*”)

the one exception of Re(o-C,H,)(CO)s which undergoes a 1,7 shift.*® The
strength of this approach is that it also explains the fluxionality of 7 systems,
e.g. Ru(n*-CsHs)(CO); (Fig. 1).*° The structure can be represented in a
valence bond form and the metal migration involves a 1,5 shift of a “o
bond”. NMR measurements have shown that the mechanism is as shown
(18), since the 2 and 3 proton signals broaden twice as much as the 1 and

—Ru(CO), £

AN
Ru(CO), Ru(CO),
s)

4 proton signals when exchange is relatively slow, e.g. 40 s '. The activation
energy is low, 8-6 kcal mol ™, as it is for the iron analogue, 8-1 kcal mol ™.
In contrast, for [Fe(n?-CsHg)(CO)2(n-CsHs)]™ (19)*° and [Fe(n®-CsHs)-
(1-CsHs)]" (20),*! where Woodward-Hoffmann forbidden [1,7] and [1,3]
suprafacial shifts are required, the molecules are static. For these forbidden
shifts, the processes can occur, e.g. with Mn(n’® -C,H,)(CO)3,** but they
are of considerably higher energy than the allowed process.
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. +
[1,7)shift
Fe(CO),Cp Torbidden
Fe(CO),Cp.
19)
+ +
[1,3]shift
FeCp forbidden
N
FeCp
(20)

The alternative mechanism, involving changing the coordination at the
metal, is normally high in energy but can occur®?>**** (e.g. 21-23). These
processes only appear to occur when the alternative shift of the metal is
Woodward-Hoffmann forbidden or prevented by lack of 7 conjugation;

._Cr((:()3 T . .

Cr(CO),
Cr (CO),
18 valence electrons on Cr 16 valence electrons on Cr
1)
~N @ .
Fe(CO), | (CO),Fe
Fe(CO),
(22)
+ +
L L\
/ Pd
/Pd\ L/ ~
L :P]d——L
L
16 valence electrons 18 valence electrons

23)
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—Fe(CO), { —Fe(CO),
9 (25)

for example, the diradical intermediate 24 and the norcaradiene intermedi-
ate 25 are of high energy.

The rotation of groups on metals has only received detailed study when
the process is of relatively high energy, e.g. olefin or acetylene rotation.
In the case of [Os(PPh3),(CO)(NO)(n*-C,H4)]" (26) the >C NMR spec-
trum shows that both of the olefin carbon atoms become equivalent but
still retain phosphorus coupling; hence the rotation occurs about the Os-
ethylene axis rather than about the carbon—carbon axis or via olefin dissoci-
ation.*’ Little work has been done on the rapid processes such as methyl
orn’ -cyclopentadienyl rotation.

R
N
c> NR—) d R
# c f cN
d e
c = c
o
b f
b b
< b
R ¥
/'c“ R),
[ §
-
d
A
d d e
c¢.—_‘ c C =
e e
- o/
b
N N

FIG. 11. Suggested “T4” 2*Cs,” ligand migration process in Ir,(CO),;(CNBu') involving
movement of NCBu' and carbonyl “‘a”". Note that the trans relationship of *‘a” to the isocyanide
moiety is maintained, despite the site exchange; ligand migration about the remaining two
tetrahedral faces does not alter this stereochemical relationship and hence carbonyl “a”
remains magnetically distinct in this process. (Band and Muetterties*)
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Bu!'
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O i Lo
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C l C OC—=Ir—|—Ir—CO
\o // \H e ~. \Ce
/ ‘S\C/H OC b /Ilr\ p O
N h AN OC e CO
O PPh; i bo)
(26) @7

An area with considerable potential for the NMR spectroscopist is
carbonyl scrambling in metal clusters. This area has been recently reviewed,
but one example is mentioned to illustrate the challenge. At low tem-
perature, Ir,(CO),;CNBu' (27) shows six different carbonyl signals, due to
the different carbonyl environments labelled a—f.** On warming, exchange
occurs to give two signals in the ratio 10:1, i.e. carbonyl “a’’ does not join
in the exchange. At higher temperatures these two signals coliapse to one.
These observations can be fitted to a mechanism where carbonyls can
bridge between the iridium atoms (see Fig. 11).
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ADDENDUM

High-resolution NMR of Solids
R. E. WASYLISHEN AND C. A. FYFE

These further literature references, added at the proof stage, are a continu-
ation of the list in the first review in this volume. Most of the important
recent papers are included, grouped as follows: reviews (341-346); theory
(347-353); experimental techniques (354-366); applications involving
primarily carbon-13 (367-414), nitrogen-15/14 (415-421), silicon-29
(422-436), aluminium-27 (437-440), phosphorus-31 (441-445), other
isotopes (446—457). The most important developments have been MASS
studies of quadrupolar nuclei with non-integral spin (437-440, 449-453).
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R. G. Griffin, Methods in Enzymology, 1981, 72, 108; a comprehensive review of
solid-state NMR of lipid bilayers.

T. M. Duncan and C. Dybowski, Surface Science Reports, 1981, 1, 157; a comprehensive
review of chemisorption and surface studies by NMR.

V. J. McBrierty and D. C. Douglas, Macromol. Rev., 1981, 16, 295; a comprehensive
review of recent advances in the NMR of solid polymers.
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SUBJECT INDEX

A

Aceheptylene, carbon-proton coup-
lings, calculations, 131

Acetic acid, phenyl-, carbon-carbon
couplings, calculations, 145

Acetonitrile, carbon-nitrogen coup-
lings, calculations, 147

Acetylene

carbon-carbon couplings, calcula-
tions, 141, 144
carbon-proton couplings, calcula-

tions, 126, 127
Adamantane
high resolution carbon-13 NMR of
solids, 25-28
methyl-, carbon—carbon couplings,
calculations, 144
Alane, proton—proton coupling, calcula-
tions, 109
Alcohols
carbon—proton coupling, calculations,
128
proton—proton coupling, calculations,
114
Alicyclic compounds, carbon—proton
couplings, calculations, 130
Allenes, carbon-proton couplings,
calculations, 130
Allyl rotation, NMR differentiable reac-
tions and, 266
Allylic coupling, 118
Aluminium, tris(acetylacetonato)-,
dynamic NMR spectroscopy, 280
Aluminium-27, high resolution NMR of
solids, 70
Aluminosilicates, solid, high resolution
silicon-29 NMR, 51
Amines, nitrogen—carbon couplings,
calculations, 148
Amino acids, high resolution carbon-13
NMR of solids, 31

Ammonia
nitrogen—proton couplings, calcula-
tions, 133
proton-proton coupling, calculation,
108, 109
Anilines
carbon-nitrogen couplings, calcula-
tions, 150
nitrogen—-proton couplings, calcula-
tions, 133
proton—proton coupling, long range,
119
Anilinium ions, carbon-nitrogen coup-
lings, calculations, 150
Anisole, proton—proton coupling, long
range, 119
Anisotropy in nuclear spin-spin coup-
ling, 163-164
Anthracene, proton-proton coupling,
calculations, 115
Arsastibaboranes, boron-11 NMR, 249
Aspartic acid, carbon—proton couplings,
calculations, 129, 144
Azaadamantane, carbon-nitrogen
couplings, calculations, 150
Azobenzene, 4-amino-
carbon-nitrogen couplings, calcula-

tions, 150
nitrogen—proton coupling, calcula-
tions, 133
Azulene, carbon-proton couplings,
calculations, 131
B
Benzene
carbon—carbon couplings, calcula-
tions, 145
carbon-proton couplings, calcula-
tions, 130
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Benzene (cont.)

proton—-proton coupling, calculations,
115

fluoro-, carbon—fluorine couplings,
calculations, 154

nitro-, nitrogen-proton couplings,
calculations, 133

nitro-, proton-proton coupling, long
range, 119

pentafluoro-, fluorine-fluorine coup-
lings, calculations, 157

1,3,5-trimethoxy-, high resolution
carbon-13 NMR of solid, 38

Benzodiazaboroles, tricarbonyl
chromium complexes, boron-11
NMR, 184

Benzoic acid, carbon—carbon couplings,
calculations, 145
Benzyl alcohol, o-fluoro-, fluorine—
proton couplings, calculations, 137
Benzyl cyanide, carbon—carbon coup-
lings, calculations, 145
Beryllaboranes, boron-11 NMR, 208-
210
Bicyclobutane
carbon—carbon couplings,
tions, 144
proton-proton coupling, long range,
117
methyl-, proton-proton
long range, 117
1-methyl, carbon-carbon couplings,
calculations, 144
Bicyclopentane, proton-proton coup-
ling, long range, 117
Bi(decaboranyl), boron-11 NMR, 204
Bilirubin in human gall stones, charac-
terization, 38
Biological membranes, high resolution
carbon-13 NMR, 37-39
Biological systems, coupling constants,
calculations, 164-166
Biopolymers, high resolution carbon-13
NMR of solids, 4243

calcula-

coupling,

Biphenyl, proton-proton coupling,
calculations, 115
9-Borabicyclo[3.3.1]nonane, adducts,

boron-11 NMR, 183
Boranes
adducts, boron-11 NMR, 183
coupled, boron-11 NMR, 203-205

SUBJECT INDEX

Boranes (cont.)
heteroatom, boron-11 NMR, 244-
256
alkynyl-, boron-11 NMR, 184
ferrocenyl-, boron-11 NMR, 184
mercapto-, boron-11 NMR, 206-207
phenyl-, tricarbonyl chromium com-
plexes, boron-11 NMR, 184
triphenyl-, adducts, boron-11 NMR,
183
Borate glasses, boron-11 NMR, 257
Borates, trimethylsilyl-, boron-11
NMR, 183
Borohydrides, boron—proton couplings,
calculations, 138
Borole, pentaphenyl-, boron-11 NMR,
182
Boron trifluoride, adducts, boron-11
NMR, 183
Boron-11
high resolution NMR of solids, 70
NMR, 177-261
analytical applications, 182
Boron-boron couplings, calculations,
162
Boron—carbon couplings, calculations,
155
Boron-fluorine couplings, calculations,
158
Brushite, high resolution phosphorus-
31 NMR of solids, 59
Butadiene
carbon-proton couplings,
tions, 130
proton—proton coupling, calculations,
114
long range, 119
Butadiyne, carbon-carbon couplings,
calculations, 144
Butane
carbon—carbon couplings,
tions, 144
1-fluoro-, carbon-carbon couplings,
calculations, 144
Butane-2,3-diol, carbon-proton coup-
ling, calculations, 128
Butan-1-0l, carbon—carbon couplings,
calculations, 145
Butene, proton—proton coupling, calcu-
lations, 114
3-methyl-, proton-proton coupling,
calculations, 114

calcula-

calcula-
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But-2-ene, proton-proton
long range, 118

sec-Butyl cations, high resolution solid-
state carbon-13 NMR, 31

Butyl cyanide, carbon-carbon coup-
lings, calculations, 144

coupling,

C

Cadmium-113, high resolution NMR of
solids, 64-67

Cadmium-carbon couplings,
tions, 156

Calcium phosphates, high resolution
phosphorus-31 NMR of solids, 59

Carbohydrates, carbon—proton coup-
ling, calculations, 128

Carbon couplings, calculations, 139-
156

Carbon monoxide, carbon-oxygen
couplings, calculations, 155

Carbon-13

high resolution NMR of solids, 2248,
277
variable temperature MR of

fluxional molecules, 29-31

Carbon-boron couplings, calculations,
155

Carbon—cadmium couplings,
tions, 156

Carbon-carbon couplings, calculations,
140-146

Carbon-fluorine couplings, calculations,
153-155

calcula-

calcula-

Carbon-lead couplings, calculations,
146

Carbon-mercury couplings, calcula-
tions, 156

Carbon-metal couplings, calculations,
156
Carbon-nitrogen couplings,
tions, 146
Carbon-oxygen couplings, calculations,
155
Carbon-phosphorus
153
calculations, 146
Carbon-proton couplings
calculations, 125
solvent effects, 163
Carbon-silicon couplings, calculations,
146

calcula-

couplings, 151-
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Carbon-thallium couplings, calcula-
tions, 156
Carbon-tin couplings, calculations, 146
Carbonium ions
carbon-proton couplings,
tions, 129
high resolution solid-state carbon-13
NMR, 31
Carbonyl compounds
aromatic, carbon—carbon couplings,
calculations, 145
aromatic, carbon-proton couplings,
calculations, 131
protonated, carbon-proton couplings,
calculations, 129
Carbonyl scrambling in metal clusters,
dynamic NMR, 285
Carboranes
spin-lattice relaxation times, 179, 180
coupled, boron-11 NMR, 203-205
mercapto-, boron-11 NMR, 206-207
Catalysis, high resolution carbon-13
NMR, 35-37
Chemical shielding anisotropies, from
high resolution NMR of solids, 15
Chemical shielding term in nuclear spin
interactions in solids, 8-9
Chemical shifts
carbon-13, 22
in high resolution phosphorus-31
NMR of solids, 56-57
Chlorine-oxygen couplings,
tions, 162
Chloroform, carbon-proton coupling,
calculations, 128
Cholesterol in human gall stones,
characterization, 38
Coals, high resolution carbon-13 NMR
of solids, 45-48
Cobaltaboranes, boron-11 NMR, 220-
227

calcula-

calcula-

Cobaltacarbaundecaborane, boron-11
NMR, 254

Cobaltacarboranes, boron-11 NMR,
220-227, 242

Cobaltatetracarbaboranes, boron-11
NMR, 240

Cobaltathiaborane, boron-11 NMR,
252

Coordination  complexes, dynamic

NMR spectroscopy, 277-280
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Copper-phosphine complexes, high res-
olution phosphorus-31 NMR of
solids, 60

Coupled systems, multisite exchange,
267-270

Cross polarization in high resolution
NMR of solids, 11-13

magic angle sample spinning and, 15~
20

cis-Crotonaldehyde, carbon—carbon
couplings, calculations, 146

Crystalline organic solids, carbon-13
NMR, resolution, 25

Crystallographic effects in high resol-
ution NMR of solids, 23

Cyclobutene, proton—proton coupling,
long range, 118

Cyclohexa-1,4-diene

homoallylic coupling, 118

proton-proton coupling, calculations,
115

Cyclohexane

carbon-proton couplings,
tions, 130

methyl-, carbon—carbon couplings,
calculations, 144

Cyclohex-2-enone, proton—-proton
coupling, calculations, 115

Cyclopentadiene, carbon-proton coup-
lings, calculations, 131

Cyclopent-2-enone, proton-proton
coupling, calculations, 115

Cyclopent-3-enone, proton-proton
coupling, long range, 119

calcula-

Cyclopropanes

carbon—carbon couplings, calcula-
tions, 144

carbon-proton couplings, calcula-
tions, 130

proton—proton coupling, calculations,
114

phenyl-, proton—proton
long range, 120

coupling,

D
Decaboranes, boron-11 NMR, 201-203
Delrin, high resolution carbon-13
NMR, 40

SUBJECT INDEX

Deuterium, high resolution NMR of
solids, 68-69
Deuterium hydride,

deuteride
Diazo compounds
carbon-nitrogen couplings, calcula-

see Hydrogen

tions, 150
carbon-proton couplings, calcula-
tions, 129
Diboranes
boron-11 NMR, 185-187
tetrakis(dimethylamino)-, boron-11
NMR, 186
tri-t-butyl-(trimethylsilyl)-, carbon-
11 NMR, 185
1,3-Dibora-5-thiacyclopentane, 3,4-
diethyl-2,5-dimethyl-, boron-11
NMR, 186
2,4-Dicarbaheptaborane, 2-dimen-

sional correlated NMR, 179
Dimethyl phosphate
phosphorus—carbon couplings, calcu-
lations, 147
proton-phosphorus couplings, calcu-
lations, 133, 134
Dioxolane, proton-proton coupling,
calculations, 116
Diphosphine
phosphorus-phosphorus
calculations, 159
dimethyl-, phosphorus-phosphorus
couplings, calculations, 160
tetrafluoro-, phosphorus—phosphorus
couplings, calculations, 160
tetramethyl-, phosphorus—phos-
phorus couplings, calculations, 160
Dipole-dipole term in nuclear spin
interactions in solids, 6-8
Disilane, silicon-silicon coupling, calcu-
lations, 162
Distibadodecaborane, boron-11 NMR,
249
Dynamic NMR in inorganic and
organometallic chemistry, 263-286

couplings,

Ethane
carbon—carbon couplings,
tions, 141, 142, 144

calcula-
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Ethane (cont.)
carbon-proton couplings,
tions, 126, 128
proton—proton coupling, calculations,
110, 111
1,2-difluoro-, fluorine—fluorine coup-
lings, calculations, 157
Ethane-1,1-diol, carbon-proton coup-
ling, calculations, 128
Ethanol
carbon-proton coupling, calculations,
128
proton-proton coupling, calculations,
114
Ethene, see Ethylene
Ethers, ethyl vinyl and methyl vinyl,
proton-proton  coupling, long
range, 119
Ethyl alcohol, see Ethanol
Ethyl diazoacetate, nitrogen—proton
couplings, calculations, 133
Ethyl phosphate
phosphorus—carbon couplings, calcu-
lations, 147, 152
proton—phosphorus couplings, calcu-
lations, 133
Ethylene

calcula-

carbon—carbon couplings, calcula-
tions, 141, 142
carbon—proton couplings, calcula-

tions, 126, 127, 130
proton-proton coupling, calculations,
112,114
cis-difluoro-, fluorine—-fluorine coup-
lings, calculations, 157
Ethylphosphonium cation, phosphorus—
proton coupling, calculations, 134
Ethyne, see Acetylene
Exchange processes, NMR differenti-
able reactions and, 265

F

Fermi contact term in nuclear spin-spin
coupling calculations, 88-97

Ferraboranes, boron-11 NMR, 188,
212-220

Ferracarboranes, boron-11 NMR, 212-
220

Ferratetracarbaboranes,
NMR, 240

boron-11
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Ferrocene, permethyl-, variable tem-
perature carbon-13 NMR, 29
Fibrous proteins, high resolution car-
bon-13 NMR, 43

Fluorine couplings, general trends, 156—
157

Fluorine-boron couplings, calculations,
158

Fluorine—carbon couplings, calcula-
tions, 153-155
Fluorine-fluorine couplings, calcula-

tions, 157-158

Fluorine—-nitrogen couplings, calcula-
tions, 158

Fluorine—proton couplings, calculations,
135-138

Fluoropolymers, high resolution car-
bon-13 NMR 42

Fluxional molecules, variable tem-
perature carbon-13 NMR, 29-31

Formamide, nitrogen—proton couplings,
calculations, 133

Furan, vinyl-, proton-proton coupling,
long range, 120

G

Glassy materials, carbon-13 NMR of
solids, resolution and, 25
Glutamic acid

carbon—carbon couplings, calcula-
tions, 144

carbon-proton couplings, calcula-
tions, 129

Glycals

proton—-proton coupling, calculations,
116
long range, 118
Gold-phosphine complexes, high resol-
ution phosphorus-31 NMR of
solids, 60
Group IV elements
carbon couplings, calculations, 140-
146
couplings with protons, calculations,
125-132
Group V elements, couplings with pro-
tons, calculations, 133-135
Guanidine, 1-methyl-
carbon-nitrogen couplings, calcula-
tions, 150
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Guanidine, 1-methyl- (cont.)
nitrogen—proton couplings, calcula-
tions, 133

H

Haemoglobin A, crystalline human car-
bonyl, carbon-13 NMR, 42
Hartmann-Hahn condition, 12
Heterocyclic compounds
carbon—carbon couplings,
tions, 145
carbon-nitrogen couplings, calcula-
tions, 150
carbon-proton
tions, 131
Hexaboranes, boron-11 NMR, 196-198
Hexafluorophosphate ions, high resol-
ution phosphorus-31 NMR, 58-59
High power decoupling in high resol-
ution NMR of solids, 11-13
magic angle sample spinning and, 15—
20
High resolution NMR of solids, 1-80
applications, 22-70
experimental techniques, 11-21
carbon-13, 277
Homoallylic coupling, 118
Humic substances, high resolution car-
bon-13 NMR of solids, 43-45
Hydrazine, nitrogen—nitrogen coup-
lings, calculations, 161
Hydrazones, proton—proton coupling,
long range, 119
Hydrides, 1-bond couplings in, calcula-
tions, 121-125

calcula-

couplings, calcula-

Hydrochloric acid, see Hydrogen
chloride

Hydroflouric acid, see Hydrogen
fluoride

Hydrogen, proton-proton coupling,

calculation, 103-107
Hydrogen chloride, coupling constants,
calculations, 124
Hydrogen deuteride, proton-proton
coupling, calculation, 103
Hydrogen fluoride
coupling constants, calculations, 124
fluorine-proton couplings, calcula-
tions, 135

SUBJECT INDEX

Hydrogen sulphide, proton-proton
coupling, calculations, 109

Hydroxyapatite, high resolution phos-
phorus-31 NMR of solids, 59

Hydroxycarbonium ions, proton-proton
coupling, calculations, 114

Imidazole
carbon-nitrogen couplings, calcula-
tions, 151
methyl-, carbon-carbon couplings,
calculations, 145
Inorganic chemistry, dynamic NMR,
263-286
Iridacarboranes, boron-11 NMR, 227-

230

Iridium, undecacarbonyl-(t-butyl
cyanide)tetra-, carbonyl scram-
bling, dynamic NMR, 285

Iron

(n-cyclopentadienyl)-
(n®-cyclooctatetraene)-,
sigmatropic rearrangement,
dynamic NMR, 282

dicarbonyl-(n-cyclopentadienyl)-
(n*-cyclooctatetraene)-,
sigmatropic rearrangement,
dynamic NMR, 282

dicarbonyl-(o-cyclopentadienyl)-
(n-cyclopentadienyl)-, sigmatropic
rearrangement, dynamic NMR, 281
Isoquinoline, heptafluoro-, fluorine-
fluorine couplings, calculations, 157
Ivory, high resolution carbon-13 NMR,
39

L
Lead—carbon couplings, calculations,
146
Lithium

lithium-lithium coupling in, calcula-
tions, 162
ethyl-, carbon—carbon
calculations, 144
Lithium hydride, lithium-proton coup-
lings, calculations, 139
Lithium-lithium coupling, calculations,
162

couplings,
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M

Macromolecules, natural, high resol-
ution carbon-13 NMR of solids,
42-48

Magic angle sample spinning in high res-
olution NMR of solids, 14-21

cross polarization and, 15-20
experimental aspects, 20-21

high power decoupling and, 15-20
spinner design, 20-21

Manganaboranes, boron-11
210-212

Manganese, tricarbonyl-(n°-cyclohep-
tatrienyl)-, sigmatropic rearrange-
ments, dynamic NMR, 282

Membranes, biological and model, high
resolution carbon-13 NMR, 37-39

NMR,

Mercuri-boranes and -carboranes,
boron-11 NMR, 205

Mercury—carbon couplings, calcula-
tions, 156

Mercury-proton couplings, calculations,
139
Metal clusters, carbonyl scrambling,
dynamic NMR, 285
Metal-carbon couplings, calculations,
156
Metalloboranes, boron-11 NMR, 212-
220
Metallocarboranes
boron-11 NMR, 212-220
coupled, boron-11 NMR, 203
spin-lattice relaxation times, 179, 180
Metallopentaboranes, boron-11 NMR,
234-236
Methane
carbon-proton couplings,
tions, 125-128
proton-proton coupling, calculation,
108, 110
difluoro-, fluorine-fluorine couplings,
calculations, 157
fluoro-, carbon-fluorine couplings,
calculations, 153

calcula-

fluoro-, fluorine-proton couplings,
calculations, 137

Methanol

carbon-oxygen couplings, calcula-
tions, 155

carbon-proton couplings, calcula-

tions, 126, 128
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Methanol (cont.)
oxygen-proton couplings,
tions, 138
proton-proton coupling, calculations,
111,114
Methylamine
carbon-nitrogen couplings, calcula-
tions, 146, 147
carbon-proton coupling, calculations,
128
nitrogen—proton couplings, calcula-
tions, 133
proton—proton coupling, calculations,
114
Methylamine, N-methylene-, N-oxide
carbon-nitrogen couplings, calcula-
tions, 150

calcula-

carbon-proton couplings, calcula-
tions, 129

nitrogen—-proton couplings, calcula-
tions, 133

Multisite exchange in coupled systems,
267-270

N
Naphthalene
carbon—carbon couplings, calcula-
tions, 145
carbon—proton couplings, calcula-
tions, 131

proton-proton coupling, calculations,
115
fluoro-, carbon-fluorine couplings,

calculations, 154

Naphthazarin B, variable temperature
carbon-13, NMR, 30

Nickelaboranes, boron-11 NMR, 230-
232

Nickelacarboranes,
239

Nitrogen compounds, high resolution
carbon-13 NMR of solids, 31-35

Nitrogen fluoride, nitrogen-fluorine
coupling, calculations, 158

Nitrogen-14, high resolution NMR of
solids, 69-70

Nitrogen-15, high resolution NMR of
solids, 67-68

Nitrogen—carbon couplings,
tions, 146

boron-11 NMR,

calcula-
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Nitrogen—fluorine couplings, calcula-
tions, 158
Nitrogen—nitrogen couplings, calcula-
tions, 161
Nitrogen-proton
tions, 133
Nonaboranes, boron-11 NMR, 198-201
Norbornane and norbornene, proton-
proton coupling calculations, 115
Nuclear spin Hamiltonian for solids
chemical shielding term, 8-9
dipole—dipole term, 6-8
quadrupolar terms, 4-6
radiofrequency term, 34
Zeeman term, 2-3
Nuclear spin interactions in solids, 2-10,
84
Nuclear spin—spin coupling
anisotropy, 163-164
calculations, 81-176
spin-dipolar term, 100-103
computational methods, 87-103
mechanisms, 86-87
molecular orbital theory, Fermi con-
tact term, 88-97
orbital term, 97-100
solvent effects, 162-163
theory, 84-87
Nucleosides, coupling constants, calcu-
lations, 164

couplings, calcula-

0

Octaboranes, boron-11 NMR, 198
Orbital term in nuclear spin-spin coup-
ling calculations, 97-100
Organoboranes, boron-carbon coup-
lings, calculations, 155
Organomercury compounds, carbon-
proton couplings, calculations, 129

Organometallic chemistry, dynamic
NMR, 263-286
Organophosphoranes,  carbon—phos-

phorus couplings, calculations, 151

Organophosphorus compounds, car-
bon-proton couplings, calculations,
129

Organostannanes, tin~proton couplings,
calculations, 132

Osmium, carbonyl-(n?*-ethylene)-
nitrosylbis(triphenylphosphine)-,
olefin rotation, dynamic NMR, 284

SUBJECT INDEX

Oximes, carbon-nitrogen couplings,
calculations, 150

Oxygen—carbon couplings, calculations,
155

Oxygen—chlorine couplings, calcula-
tions, 162

Oxygen-phosphorus couplings, calcula-
tions, 161

Oxygen—proton couplings, calculations,
138

P

Palladium, (>-cycloheptatriene)-, spin-
saturation transfer in, 271
Pentaboranes
boron-11 NMR, 194-196
2-[(chlorodimethylsilyl)methyl]-,
boron-11 NMR, 195
Penta-1,4-diene, proton-proton coup-
ling, calculations, 114
Peptides, coupling constants, calcula-
tions, 164
Phenanthrene, proton-proton coupling,
calculations, 115
Phenolic resins, high resolution carbon-
13 NMR, 40
Phosphaaromatic compounds, carbon-
phosphorus couplings, calculations,
152
Phosphines
proton—-phosphorus couplings, calcu-
lations, 133, 134
proton—proton coupling, calculations,
109
amino-, phosphorus-nitrogen coup-
ling, calculations, 160
dimethyl-, carbon-phosphorus coup-
lings, calculation, 151
methyl-, carbon-phosphorus coup-
lings, calculation, 151
methyl-, phosphorus-proton coup-
ling, calculations, 135
methyl-, proton-proton
calculations, 114
phenyl-, carbon—proton couplings,
calculations, 131
phenyl-, phosphorus—carbon coup-
lings, calculations, 153
phenyl-, proton-proton
long range, 120

coupling,

coupling,
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Phosphines (cont.)
phenyl-, phosphorus—proton coup-
lings, calculations, 135
trimethyl-, phosphorus—proton coup-
lings, calculations, 135
Phosphine oxide, trimethyl-, carbon-
phosphorus couplings, calculation,
151
Phosphole, 1-isopropyl-5-methyl-2-
phenyl-, proton NMR, 278
Phosphonic dichloride, methyl-, car-
bon-phosphorus couplings, calcu-
lations, 151
Phosphonium ions
proton—phosphorus couplings, calcu-
lations, 133
(lithiomethyl)-, carbon-phosphorus
couplings, calculations, 151
methyl-, carbon-phosphorus coup-
lings, calculations, 151

Phosphorane
ethylidene-, phosphorus—proton
coupling, calculations, 134
methylene-, carbon-phosphorus
couplings, calculations, 151
Phosphorin, carbon—-phosphorus coup-
lings, calculations, 152

Phosphorus, white, P,, high resolution
phosphorus-31 NMR of solid, 58

Phosphorus couplings, 159-161

Phosphorus pentachloride, high resol-
ution phosphorus-31 NMR of
solids, 58

Phosphorus sulphide, P,S,, high resol-
ution phosphorus-31 NMR of
solids, 58

Phosphorus-31, high resolution NMR of
solids, 56-64

Phosphorus—carbon couplings, 151-153

calculations, 146

Phosphorus-oxygen couplings, calcula-
tions, 161

Phosphorus-proton couplings, calcula-
tions, 133

Platinaboranes, boron-11 NMR, 232-
234

Polyethylene, high resolution carbon-13
NMR, 40

Polymers, high resolution carbon-13
NMR, 39
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Poly(methyl methacrylates), high resol-
ution carbon-13 NMR, 40
Polyoxymethylene, high resolution car-
bon-13 NMR, 40
Polypropene, high resolution carbon-13
NMR, 40
Polysaccharides, high resolution car-
bon-13 NMR of solids, 43-45
Polysulphones, high resolution carbon-
13 NMR, 39
Porphin, dication, proton-proton coup-
ling, long range, 119
Propane
carbon-proton couplings,
tions, 126, 128, 129
fluoro-, carbon-fluorine couplings,
calculations, 154
Propane-1,1,2-triol, carbon-proton
coupling, calculations, 128
Propan-2-ol, 1-fluoro-, carbon-fluorine
couplings, calculations, 154
Propene, see Propylene
Propionamide,  N-ethyl-, carbon-
nitrogen couplings, calculations,
150
Propylamine, carbon-nitrogen coup-
lings, calculations, 150
Propylene, proton—proton coupling
calculations, 114
long range, 118
Proteins, high resolution carbon-13
NMR of solids, 42
Proteoglycans, high resolution carbon-
13 NMR, 43
Proton couplings
with Group IV elements, calculations,
125-132
with other nuclei, calculations, 121-
139

Proton—-carbon
effects, 163

Proton-chlorine couplings, calculations,
135

Proton-mercury couplings, calculations,
139

Proton-oxygen couplings, calculations,
138

Proton-phosphorus couplings, calcula-
tions, 133

Proton-proton couplings

calculations, 103-121

calcula-

couplings, solvent
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Proton-proton couplings {cont.)
geminal, calculations, 107-116
long range, 116-121
vicinal, calculations, 107-116
Proton-silicon couplings, calculations,
132
Pulse sequences in high resolution NMR
of solids, 17
Pyrene, proton-proton coupling, calcu-
lations, 115
Pyridazine, nitrogen—proton couplings,
calculations, 133
Pyridine
carbon-nitrogen couplings, calcula-
tions, 147, 151

fluoro-, carbon-fluorine couplings,

calculations, 154
Pyridine N-oxide

carbon-nitrogen couplings, calcula-
tions, 151

carbon-proton couplings, calcula-
tions, 131

nitrogen—proton coupling, calcula-
tions, 133

Pyridinecarboxaldehyde oxime, proton—
proton coupling, long range, 121
Pyridinium cations, carbon-nitrogen
couplings, calculations, 151
Pyrrole
nitrogen—proton couplings, calcula-
tions, 133
proton-proton coupling, long range,
119

Q

Quadrupolar term in nuclear spin inter-
actions in solids, 4-6
Quinoline
fluoro-, carbon-fluorine couplings,
calgulations, 154
heptafluoro-, fluorine-fluorine coup-
lings, calculations, 157
Quinuclidine, carbon-nitrogen coup-
lings, calculations, 150

R

Radio frequency term in nuclear spin
interactions in solids, 3-4

SUBJECT INDEX

Reactions, NMR differentiable,
identification, 265-266

Resolution in carbon-13 NMR of solids,
24-25

Rhenium, pentacarbonyl-(a-cyclohep-
tatrienyl)-, sigmatropic rearrange-
ments, dynamic NMR, 282

Rhodacarboranes, boron-11 NMR,
227-230
Rhodium, pentakis(trimethyl phos-

phite)-, dynamic NMR, 267
Rhodium—-phosphine complexes, high
resolution phosphorus-31 NMR of
solids, 60
Ruthena-boranes and -carboranes,
boron-11 NMR, 212-220
Ruthenium, tricarbonyl-(n*-cyclo-
octatetraene)-
dynamic proton NMR, 267
sigmatropic rearrangements, dynamic
NMR, 282
Ruthenium(0), tetracarbonylbis(cyclo-
octatetraene)tri-, variable tem-
perature carbon-13 NMR, 29

S

Salicylaldehyde, carbon-proton coup-
lings, calculations, 131
Sample spinning in high resolution
NMR of solids, effect on Hamil-
tonians, 14-15
Scalar coupling
in high resolution carbon-13 NMR of
solids, 24
in high resolution phosphorus-31
NMR of solids, 57
Selenaboranes, boron-11 NMR, 247
Semibullvalene, variable temperature
carbon-13 NMR, 30
Sickle haemoglobin polymer, carbon-13
NMR, 43
Silane
proton-proton coupling, calculations,
109
tetramethyl-, silicon~proton coup-
lings, calculations, 132
Silica gel, surface, high resolution
silicon-29 NMR, 50
Silicates, solid, high resolution silicon-
29 NMR, 51
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Silicon compounds, silicon—proton
couplings, calculations, 132
Silicon-29, high resolution NMR of
solids, 48-56
Silicon—-carbon couplings, calculations,
146
Silcon—proton couplings, calculations,
132
Silicon-silicon coupling, calculations,
162
Solids
high resolution NMR, 1-80
applications, 22-70
experimental techniques, 11-21
NMR, 277
nuclear spin interactions in, 2-10
Solvent effects on nuclear spin-spin
couplings, 162-163
Spherisorb C,g, high resolution silicon-
29 NMR, 51
Spin-dipolar term in nuclear spin-spin
coupling calculations, 100-103
Spin-lattice relaxation measurements,
274-276
Spin-saturation transfer, 270-274
Spin-spin relaxation measurements,
276-277
Surface adsorption, high resolution car-
bon-13 NMR, 35-37

T
Telluradecaborane, boron-11 NMR,
249
Tetraboranes, boron-11 NMR, 192-194
Tetracarbaboranes, boron-11 NMR,
236-244

Tetracarbadodecaborane
molybdenum and nickel derivatives,
boron-11 NMR, 238
tetramethyl-, boron-11 NMR, 236

Tetracarbametalloboranes, boron-11
NMR, 236-244

Thallium-carbon couplings, calcula-
tions, 156

Thiaboranes, boron-11 NMR, 247, 254
Thiadecaboranes
alkenyl and alkyl derivatives, boron-
11 NMR, 255
boron-11 NMR, 252
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Thiadodecaborane, boron-11 NMR,
252
Thiazolidine, proton-proton coupling,
calculations, 116
Thiophene, 2-vinyl-, proton-proton
coupling, long range, 120
Tin-119, high resolution NMR of solids,
68
Tin-carbon couplings, calculations, 146
Tobacco mosaic virus, carbon-13 NMR,
42
o0-Tolualdehyde
proton—proton coupling, long range,
120
a,a,a-trifluoro-, fluorine-proton
couplings, calculations, 138
Toluene
carbon-proton couplings,
tions, 131
a-fluoro-, fluorine-proton couplings,
calculations, 137
o-Toluenesulphonyl fluoride, fluorine-
proton couplings, calculations, 137
o-Toluoyl fluoride, fluorine-proton
couplings, calculations, 137
o-Tolyl cyanide, carbon-carbon coup-
lings, calculations, 145
Triboranes, boron-11 NMR, 187-192

calcula-

U

Urea
carbon-nitrogen couplings, calcula-
tions, 150
nitrogen—nitrogen couplings, calcula-
tions, 162
dimethyl-, nitrogen-nitrogen coup-
lings, calculations, 162

v

Vitamin C, high resolution carbon-13
NMR of solid, 38

w

Water
oxygen-proton coupling, calculations,
138
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Water (cont.) Z
pr(;g)sn—proton coupling, calculation, Zeeman terms in nuclear spin interac-
Wood, high resolution carbon-13 NMR, tions in solids, 2-3

Zeolites, high resolution silicon-29

39 NMR, 54

of solids, 43-45
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