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Nuclear Magnetic Resonance Spectroscopy in Homogeneous
Hydrogenation Research

N. Koen de Vries

11.1
Introduction

11.1.1
Nuclear Magnetic Resonance (NMR)

NMR spectroscopy is a very powerful tool for structural characterization pur-
poses. Following the discovery of the technique, organic chemists were quick to
recognize its potential and as soon as commercial instruments came on the
market they began to use NMR to elucidate the structures of their synthetic ef-
forts. During the late 1960s and early 1970s, some very important developments
took place that made the technique what it is today. The first development was
that of the so-called Fourier transform (or FI-NMR) measurement [1]. Until
then, the magnetic field was varied, and as it swept through the whole fre-
quency range a recorder noted the moment when a nucleus was on resonance.
In the FT-mode, all frequencies are excited at the same time by a short pulse,
and the response in time of all the nuclei together is recorded as they relax back
to equilibrium. The Fourier transformation converts this time-dependent signal
to a frequency-dependent signal, which is the NMR-spectrum. As in all FT-tech-
niques, the major advantage is that one can acquire more than one scan. This
improves the signal-to-noise ratio because it increases with the square root of
the number of scans. From then on, insensitive nuclei such as ">C-NMR could
also be measured routinely. This nucleus has a much larger chemical shift
range and thus allows a better resolution.

The second development that has revolutionized the practice of NMR was the
introduction of multidimensional spectroscopy. This was initialized by Jeener
[2], who showed that, by introducing a second pulse and varying the time be-
tween them, a second “time-axis” could be constructed. A double Fourier trans-
formation yields the familiar two-dimensional spectrum, nowadays known by
everyone as the COSY spectrum. Ernst, already involved in the development of
FT-NMR, showed that the concept was more generally applicable [3], and paved
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the way for the whole variety (hundreds, if not thousands) of multidimensional
experiments that exist today. A typical and well-known example of what can be
achieved is the complete three-dimensional structure elucidation of peptides
consisting of hundreds of amino acids.

NMR continued to develop during the 1980s and 1990s with techniques such
as inverse NMR [4] and gradient pulses [5]. It would also be valuable to mention
here the various instrumental improvements such as cryo-probes and the ever-
increasing magnetic-field strength (with commercial 1000-MHz spectrometers
almost in reach), all aimed at improving resolution and sensitivity.

It is this relative insensitivity that is usually considered as the major drawback
of NMR spectroscopy. However, the flexibility of the NMR technique, with the
ability to obtain structural information, quantitative data (e.g. kinetic parame-
ters), as well as an indication of molecular volume, using pulsed gradient spin
echo (PGSE) NMR diffusion methods [6], makes NMR a most valuable tool.

11.1.2
NMR in Homogeneous Hydrogenation Research

On the subject of NMR spectroscopy in homogeneous hydrogenation research,
we can recognize that most developments have found their way into this re-
search area, albeit with some delay. For example, the PGSE methods had been
used for over twenty years to determine diffusion coefficients of organic mole-
cules before their potential in organometallic chemistry was investigated [7].
Pioneering studies were also conducted by von Philipsborn who, during the
early 1980s, was already performing transition metal NMR spectroscopy in or-
der to probe structures of organometallic compounds and their reactivity. For
further information, the reader is referred to an excellent review on this topic
[8].

In this chapter, we will provide an introduction into the application of NMR
in the area of homogeneous hydrogenation research, and suggest further read-
ing for those who wish to obtain more information on the subject. The princi-
ples of NMR spectroscopy have been covered thoroughly by Ernst [9], and nu-
merous books and review articles have appeared on all aspects of the application
of NMR in homogeneous hydrogenation research. Typical reviews include
“NMR and homogeneous catalysis” in general [10], “NMR at elevated gas pres-
sures and its application to homogeneous catalysis” [11], the measurement of
transition metals by NMR [12] and, more recently, “’‘®*Rh NMR spectroscopy
and its application to rhodium chemistry” [13].

Other important topics, such as the use of para-hydrogen-induced polarization
(PHIP) NMR, are discussed in more detail elsewhere in this book. Basically, this
approach enhances the NMR signal one thousandfold, thus allowing the detec-
tion of intermediates that go unnoticed when using “classical” NMR techniques.
PHIP is particularly suited for homogeneous hydrogenation research because a
prerequisite of the method is that both former para-hydrogen nuclei must be
present (and J-coupled) in the molecule of interest.
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In summary, NMR in homogeneous hydrogenation research is used for:

e Structure elucidation of various species present in the reaction mixtures; typi-
cal tools used for this purpose include chemical shifts, coupling constants,
PHIP-NMR, and 2D-NMR.

e Determination of reaction mechanisms by combining the observed intermedi-
ates in a catalytic cycle. To do this, it is often necessary to measure under dif-
ferent conditions — that is, variable temperature NMR. The use of high-pres-
sure NMR cells is crucial in order to measure under the real catalytic condi-
tions. The EXSY experiment helps to unravel exchange pathways, both intra-
and intermolecular.

e Determination of the reaction kinetics if the reaction is slow enough to record
a series of NMR spectra. This can be done with standard 1D-NMR measure-
ments if the concentrations are high enough, and if not, by making use of
sensitivity enhancement through para-hydrogen. NMR experiments designed
for kinetic investigations in combination with PHIP techniques include
ROCHESTER (Rates Of Catalytic Hydrogenation Estimated Spectroscopically
Through Enhanced Resonances) [14] and DYPAS. An example of the investi-
gation of kinetics of homogeneous hydrogenation reactions using both experi-
ments can be found in [15].

11.2
NMR Methods

11.2.1
General

In order to perform the various tasks mentioned in Section 11.1.2, it is neces-
sary to use one or several methods to gather information by NMR spectroscopy.
Typically, chemical shift and coupling constant information, 2D-NMR measure-
ments, variable temperature or pressure studies are used. If appropriate, specific
examples of the particular topic as applied in homogeneous hydrogenation re-
search are detailed below.

The most popular nucleus for NMR measurements is the proton, and this is
obviously related to its high sensitivity. As a rotating charged particle, a proton
will generate a magnetic moment. Because, for a proton, the spin quantum
number I=1/2, there are two possible spin states. In the absence of a field
these states have the same energy, but in a strong magnetic field they are no
longer equivalent. The population of the lower level is slightly higher than that
of the upper level, according to the Boltzmann distribution. This results in a
small excess magnetization vector along the z-axis. By applying a radiofrequency
field for a short time, this vector can be moved and ends up in the x-y-plane
(90° pulse), where it will rotate. This time-response is registered by a radiofre-
quency coil aligned along the x-axis. This oscillatory decay (or FID) is trans-
formed to a frequency response spectrum by the FT calculation.
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11.2.2
Chemical Shift

11.2.2.1 General

The chemical shift is caused by shielding of the proton due to a local field, gener-
ated by circulations of electrons. It is this local effect that makes it possible to use
NMR as a structural characterization tool. For 'H-NMR there is a relatively
straightforward correlation between chemical shift and electron density, because
only diamagnetic contributions play a role, but for most other nuclei a paramag-
netic term also contributes to the shielding. This makes it difficult to relate, for
example, the geometry around a metal with its chemical shift [13]. For qualitative
discussions of chemical shifts, the following simplified expression can be used:

d=—A+Bx (K 3)(AE)™

where r is the valence shell radius and AE the ligand field-splitting energy.

If either one of the terms dominates, it is sometimes possible to observe cor-
relations. For example, a linear dependence of '*°Pt chemical shift with UV-visi-
ble data for a series of octahedral platinum complexes has been identified [16].

Another example is the linear correlation of the *’Co chemical shifts of the
catalyst with the regioselectivity of a trimerization reaction of acetylenes [15].

Despite the difficulties in explaining the metal NMR shifts, it is still worth-
while measuring them because the huge chemical shift range makes it easy to
observe the different species present, for example diastereoisomers [18].

Bender et al. [19] used '”Rh-NMR chemical shift differences to demonstrate
an electronic difference at rhodium between two diastereoisomers, and sug-
gested that this might influence the crucial hydrogen addition step.

Another popular NMR nucleus is *'P; this is because it is quite sensitive, it
already has a large chemical shift range (as compared to 'H-NMR), the phos-
phorus atom is usually coupled directly to the metal atom, and phosphorus is
often present in ligands of homogeneous hydrogenation complexes. Verkade
[20] has reviewed aspects of *'P-NMR including chemical shifts, coupling con-
stants and 2D-NMR experiments involving *'P.

11.2.2.2 Chemical Shifts in Homogeneous Hydrogenation Research
In the context of "H chemical shifts and determination of the reaction mecha-
nism of homogeneous hydrogenation catalysts, one usually tries to observe hy-
dride-intermediates that typically resonate at high field (-5 to —30 ppm). Agostic
bonds (see Fig. 11.1) also tend to have a hydride-like proton chemical shift.
Similarly, bridging hydrides have negative chemical shifts (e.g., at —11.18 ppm
for the bridging hydride in Figure 11.2 [21]).
An excellent example of the use of *'P chemical shifts, in combination
with "H-NMR and '>Rh-NMR data as well as coupling constants information,
can be found in the report by Duckett et al. [21] on the activation of
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RhX(CO)(PPhs;), [X=halogen] complexes with hydrogen. The reaction for X=Cl
is shown in Figure 11.3.

The resulting product showed a single *'P chemical shift at 40 ppm with a ']
coupling to rhodium of 118 Hz, indicative of a rhodium (III) center. As this rho-
dium atom was shown to couple to two phosphorus atoms, it could be con-
cluded that the phosphorus atoms are in a symmetrical position, as shown in
Figure 11.3. The other Rh atom couples only to a phosphorus atom with a Jppp
of 196 Hz, indicative of a rhodium (I) center.

When the smaller P(Me); ligand was used, not only the halogens but also a
hydride were found in the bridging position, as was concluded from the fact
that the phosphorus atom connected to the rhodium (I) center was now coupled
to a hydride.

11.2.3
Coupling Constant

A second aspect that is important for the structural characterization, as mentioned
above, is that of the coupling constant. Both the magnitude of the coupling con-
stant and the multiplicity (which reflects the number of (equivalent) nuclei that
couple) are important. For example, the magnitude of the gy, coupling constant
provides information about the degree of s-character of the bond [13].

In general, in square-planar and octahedral complexes 'Jy; depends on the
trans-ligand: stronger donors reduce the 'Jy-value [10]. Similarly, *J;; s 12-val-
ues are usually greater for trans-interactions than for cis-interactions [10], which
is clearly an important tool for structural characterization (see Fig. 11.4).

The binuclear Rh-complex in Figure 11.2 contains two hydride resonances at
-11.18 and -14.75 ppm [21]. The former has two smaller phosphorus couplings

301



302

11 Nuclear Magnetic Resonance Spectroscopy in Homogeneous Hydrogenation Research

/L2 Fig. 11.4 Trans (left) and cis (right) interactions.

M M
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(*Jp=21 Hz and 16 Hz) and one large coupling (*Jpy=99.5 Hz), indicative of a
trans arrangement, as mentioned above. In addition, two essentially equal cou-
plings to the two rhodium centers were found, which is consistent with the
bridge position.

Gridnev et al. showed in their study of the asymmetric hydrogenation of en-
amides by Rh-catalysts another useful application of coupling constant patterns.
By selectively labeling certain atoms, for example with ">C or °D, additional cou-
plings appear (as compared to the non-labeled product) and this will provide in-
formation about the exact structure [22].

11.2.4
2D-NMR

11.2.41 General
As mentioned above, 2D-NMR (or more generally multidimensional NMR) is
based on the transfer of magnetization during the evolution/mixing period.

The transfer of magnetization is not restricted to protons as in the 'H-'H
COSY experiment, but can also be applied between other nuclei (i.e., '"H-"*C-
correlation or *'P—>'P correlation experiments).

A major advance in the field has been the reverse or inverse detected NMR
experiment [4]. Originally, signals were enhanced by transferring magnetization
from protons to insensitive nuclei that were consequently detected, as in the IN-
EPT sequence. By reversing this process and detecting the more abundant and
receptive nucleus (mostly 'H, but it can also be '°F or *'P), the sensitivity of the
experiment was greatly enhanced. An additional advantage is that the relaxation
delay between the pulses is now governed by the 'H relaxation time, which is
usually relatively short compared to relaxation time of other nuclei.

Technically, the inverse experiment used to be very demanding because the
excess of protons not coupled to the nucleus of interest (e.g., protons coupled to
the almost hundred-fold excess of '2C instead of '>C) needed to be suppressed.
Originally, this was achieved by the use of elaborate phase-cycling schemes, but
today the coherence pathway selection by gradient pulses facilitates this process.

11.2.4.2 2D-NMR in Homogeneous Hydrogenation Research

A variety of examples of 2D-NMR experiments is provided in reference [21]. The
structure elucidation of the di-rhodium compound shown in Figure 11.3 was
mostly carried out in this way. For example, 2D "H->'P heteronuclear multiple
quantum correlation (HMQC) experiments were used to show that two rho-
dium-coupled hydride resonances are connected to a single type of *'P nucleus.
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A 2D '"H-'"Rh HMQC experiment was used to show that both the hydrides are
connected to a Rh center that resonates at 925 ppm and is coupled to two *'P-nu-
clei. A '"H-'H COSY experiment shows that the two hydrides are coupled.

An example of a 'Rh-*'P correlation experiment of Rh(MonoPhos),-
(COD)BF, is shown in Figure 11.5. Here also, two inequivalent *'P atoms are
connected to the same Rh center [23].

A second class of multidimensional experiments uses through-space interac-
tions; perhaps the best-known example is the NOESY sequence, which is as fol-
lows:

90° (+x) — evolution time — 90° (—x) — mixing time — 90° (+x) — acquisition

As with the COSY experiment, the sequence starts with a pulse followed by
an evolution period, but now the mechanism that couples the two spins (which
must be in close proximity, typically <6 A) is the Nuclear Overhauser Effect
(NOE). The second pulse converts magnetization into population disturbances,
and cross-relaxation is allowed during the mixing time. Finally, the third pulse
transfers the spins back to the x-y-plane, where detection takes place. The spec-
trum will resemble a COSY spectrum, but the off-diagonal peaks now indicate
through-space rather than through-bond interactions.

Just as in the COSY type of experiments this cross-relaxation effect is not
restricted to protons, but can also involve heteronuclei; the acronym HOESY
(heteronuclear Overhauser effect) is used in these cases. This can be used, for
example, to show that an anion such as BFj is in close proximity to the ligands
of the organometallic compound, as was carried out by Macchioni et al. with a
9F.'H HOESY experiment [24].

Another important experiment here is that of EXSY (exchange spectroscopy).
Here, the pulse sequence is identical to the NOESY sequence, but during the
mixing time the spins physically migrate to another site due to slow chemical
exchange [25]. This exchange can be both intra- and intermolecular. An example
of a *'"P-*>'P EXSY spectrum of the hydrogenation catalyst Rh(MonoPhos),-
(COD)BEF, is shown in Figure 11.6.

This molecule exists of isomers of the complex shown in Figure 11.7 that in-
ter-convert rapidly, even at temperatures below 200 K, as shown by the off-diago-
nal peaks between the double doublets of one structure and the broad doublet
of the other structure [23]. The isomeric structures are caused by the relative po-
sitions of the two ligands with respect to each other (i.e., parallel or anti-parallel
orientation of the NMe, groups).

By recording EXSY spectra at different temperatures, information can be ob-
tained about exchange rates and activation parameters. Duckett et al. [21] used
2D-EXSY experiments to show that, for the dihydride shown in Figure 11.3, the
hydride exchange process is intramolecular. The only observable off-diagonal
peaks are between the two hydride resonances. Because of a negative entropy of
activation of —61 ] K™* mol ™" it was concluded that a step with a degree of order-
ing is required: an additional rotation step around a Rh-halogen bond (see
Fig. 11.8).
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Fig. 11.9 Intermolecular exchange of Rh—t-Bu-BisP* complex at 348 K.

Gridnev et al. studied the mechanism of the enantioselective hydrogenation
of enamides with Rh-BisP” and Rh-MiniPHOS catalysts [22].

By using EXSY measurements, it was shown that at 323 K there is only intra-
molecular exchange, whereas at 348 K intermolecular exchange also occurs via
complete dissociation of the complex, producing a free substrate and a solvate
complex (Fig. 11.9).

One example of the use of 2D-NMR experiments in conformational analysis
is the study of molecular interactions between cinchonidine and acetic acid [26].
These alkaloids are used as chiral auxiliaries in enantioselective hydrogenations,
and the enantiomeric excess is dependent on solvent polarity, acetic acid being
a good solvent. This suggests that protonation and a preferred conformation
play a role in achieving high enantioselectivities. With a combination of COSY-
experiments, ] coupling constants and NOESY experiments, it was shown that
one conformer is preferred in acidic solutions.
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11.2.5
Variable Temperature and Variable Pressure Studies

11.2.5.1 General

Both temperature and pressure are important parameters/variables in NMR
measurements of homogeneous hydrogenation catalysts. Usually, a certain hy-
drogen pressure is needed to form the active catalyst. The temperature controls
the rate of reactions. Sometimes, temperatures above room temperature are
needed; for example, the reaction shown in Figure 11.3 occurs at a hydrogen
pressure of 3 atmos and temperatures above 318 K. In other cases, intermedi-
ates can only be observed at temperatures below room temperature. Modern
NMR instruments routinely allow measurements to be made in the range of,
for example 170 to 410 K, but this range can easily be extended by the use of
special NMR probes.

As mentioned above, variable-temperature measurements are also used to ob-
tain exchange rates and activation parameters. In the slow exchange regime, the
average lifetime of a spin is long enough to observe individual lines for the var-
ious states. By increasing the exchange rate (e.g., by raising the temperature),
the individual lines broaden and shift to each other until they merge into one
single line. This is termed the “coalescence phenomenon” (for background in-
formation, see [27]).

11.2.5.2 Variable-Temperature Studies in Homogeneous Hydrogenation Research
Figure 11.10 illustrates an example of a *'P-NMR variable-temperature measure-
ment, in this case of the isomeric complexes of Rh(MonoPhos),(COD)BF, (see

U\J\)\%W 193 K
\.

211K

e 221K
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P,

M A 276 K

WA At A 287 K

%WW 208 K
300 | 1200
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Fig. 11.10 Temperature-dependency of *'P-NMR spectra of
Rh(MonoPhos),(COD)BF, in CD,Cl,.
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Ph Fig. 11.11 Hydrogenation catalyst showing tem-
/ perature-dependent *'P-NMR spectra.

Rh(COD)(BF,)

/
N

Ph

Fig. 11.7) [23]. This measurement shows clearly the broadening and merging of
the peaks as the temperature is increased.

Another example is the temperature-dependent study of the *'P-NMR spectra
of the hydrogenation catalyst shown in Figure 11.11 [28]. At 240 K the *'P-NMR
signals are equivalent, whereas at 123 K two sets of signals are observed which
are attributed to a seven-membered ring in a twist-chair and a distorted boat
conformation.

11.2.5.3 Variable-Pressure Studies in Homogeneous Hydrogenation Research

The use of high-pressure cells and probes has been reviewed recently [29]. For
homogeneous hydrogenation reactions, there is no requirement for very high
pressures, and in these cases the popular sapphire tubes designed by Roe [30]
will do well. In fact, the present author’s group has used this type of tube in
the laboratory to carry out hydrogenations, carbonylations and hydroformyla-
tions, and they have been found to be very convenient to work with. They can
be pressurized in a safety hood and transported to the NMR in a transport cyl-
inder [11]. Moreover, since the sapphire tube is transparent, color changes can
also be observed.

When the tube has been placed inside the NMR spectrometer, the procedure
used is exactly as for a standard NMR tube.

An example of these pressure studies is provided by the studies of Elsevier et
al. [31], who investigated the dependence of the hydrogenation rate of 4-octyne
by a Pd-catalyst on the dihydrogen pressure, which was varied between 0 and
40 bar. The hydrogenation rate was shown to depend linearly on the dihydrogen
pressure. In order to elucidate the reaction mechanism, the dependence of the
reaction rate on substrate and catalyst concentration, and on the temperature,
was also measured. NMR experiments with deuterium gas as well as PHIP-ex-
periments were also carried out.

Another interesting application of high-pressure tubes is the in-situ investiga-
tion of reactions in supercritical solvents such as carbon dioxide. For example,
the iridium-catalyzed enantioselective hydrogenation of imines was investigated
in a sapphire tube at 313 K [32].

Despite the advantages and ease of use of sapphire tubes, great care must be
taken. It is very important that protective measurements are put in place when
a pressurized tube is handled outside the spectrometer, because the tube’s abil-
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ity to cope with high pressure can be diminished if the sapphire surface is
scratched. Another potentially weak point is the glue that is used to fix the tita-
nium head to the sapphire tube. In the author’s laboratory, on one occasion the
head separated from the tube and was launched to the ceiling when operating
close to the tube’s design limits (for both temperature and pressure). Conse-
quently, it is advised that the transport cylinder be left on top of the magnet
when the tube is in the spectrometer.

11.2.6
PGSE NMR Diffusion Methods

Pulsed-field gradient NMR methods are relatively new in homogeneous hydro-
genation research. They allow the investigation of the diffusion of a molecule in
solution by applying a defocusing and refocusing gradient pulse and measuring
the decrease in intensity of the NMR signals belonging to this molecule. By car-
rying out a series of measurements with increasing gradient strengths, a diffu-
sion coefficient can be calculated. If the technique is applied to a mixture of
compounds and the resulting diffusion coefficients are plotted against the
chemical shifts in a “2D-like fashion”, the experiment is named DOSY (diffu-
sion-ordered spectroscopy).

An example of the use of PGSE NMR spectroscopy can be found in the stud-
ies of Selke et al. [33], who investigated the dependence of enantioselectivity on
the distribution of a chiral hydrogenation catalyst between aqueous and micellar
phases. When a compound is incorporated into a micelle, its mobility is much
lower compared to its mobility in solution. This effect is exactly what is probed
with PGSE NMR. The calculated diffusion coefficient is a time-averaged value
of the lower diffusion coefficient of the catalyst incorporated into the micelles,
and of the diffusion coefficient of the free catalyst. An increased amount of mi-
celle-embedded catalyst was found to lead to an increased enantioselectivity.

11.3
Outlook

The use of NMR continues to improve existing methods, and to develop new
concepts. By cleverly combining existing pulse-sequences, new sequences are
formed with improved properties. An example is the combination of the COSY
and DOSY sequence to a new 3D-NMR COSY-IDOSY sequence with improved
sensitivity, a 32-fold decrease in experiment time, and an improved resolution
resulting in better data analysis [34].

Other developments are based on a completely new concept, for example the
possibility of recording multi-dimensional NMR spectra with a single scan which,
in theory, will allow the elucidation of structures to be made in seconds [35].

In time, all of these developments will be used in future chemical research
studies, making NMR an even more useful tool than it is today.
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Rates Of Catalytic Hydrogenation Estimated Spectroscopically

DOSY diffusion-ordered spectroscopy
EXSY exchange spectroscopy
FT Fourier transform
HMQC heteronuclear multiple quantum correlation
HOESY heteronuclear Overhauser effect
NMR nuclear magnetic resonance
NOE nuclear Overhauser effect
PGSE pulsed-gradient spin echo
PHIP para-hydrogen-induced polarization
ROCHESTER

Through Enhanced Resonances
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