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10.1
Introduction

Recently, the results of kinetic measurements have been summarized for homo-
geneous hydrogenations with transition metal complexes in a review [1]. Essen-
tial new results of kinetic investigations leading to the completion of hitherto
existing ideas regarding the reaction mechanism of particular catalyses are rep-
resented in the respective chapters of this book, and shall not be repeated here.
Rather, this chapter will introduce the kinetic treatment of reaction sequences
with pre-equilibria typical for catalyses, together with the analysis and interpre-
tation of Michaelis-Menten kinetics, the monitoring of hydrogenations, and a
discussion of possible problems, with selected examples.

Kinetic investigations deliver quantitative correlations regarding the concentra-
tion–time dependence of the participating reactants, and therefore serve as the
major methodical approach in the elucidation of reaction mechanisms. A knowl-
edge of funded mechanistic ideas opens the possibility of an aimed manipulation
of activity and selectivity, respectively, which are important parameters of cata-
lyses. As “operating values”, pressure and temperature – as well as the concentra-
tion of particular reaction partners – are available. However, when scaling-up from
a laboratory standard to an industrial application, kinetic results are indispensable.
Moreover, kinetics provides essential indications about the nature of the actual cat-
alyst and the distinction between homogeneous and heterogeneous catalysis. This
objective has been investigated more intensively during the past few years, partly
with surprising results, and naturally plays an important role when transition-me-
tal complexes meet with hydrogen as reducing agent [2]. Thereby, the problem
does not lie in the kinetics as the method. (“In the kinetic approach no frontiers
exist today between homogeneous, enzymatic, and heterogeneous catalysis. There
is a consistent science which permits the definition of useful and efficient rate
laws describing sequences of elementary steps.” [3])

In spite of these capabilities of kinetics it is necessary to emphasize here that, in
principle, it is not possible to prove that a reaction mechanism occurs only by
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using kinetic investigations! Rather, it is the nature of kinetics to describe quanti-
tative dependences between reaction partners and thus to exclude specific reaction
sequences. This model discrimination, however, does not principally allow the fa-
voring of one reaction mechanism among a few remaining possibilities [4].
Furthermore, it is possible that formal-kinetically equivalent reaction sequences
are chemically different and hence are not to be distinguished by merely applying
kinetic methods [5]. Only additional findings such as the detection (or rather the
isolation) of intermediates, the interpretation of isotope labeling studies, as well as
computational chemistry, allow descriptions to be made of experimental results
which are consistent in the form of a closed catalytic cycle – the reaction mecha-
nism most probable on the basis of the existing indications.

There is, however, no doubt about the significance of kinetics for catalysis as
the following statements indicate:
� “Kinetic measurements are essential for the elucidation of any catalytic mech-

anism since catalysis, by definition and significance, is purely a kinetic phe-
nomenon” [6].

� “Asymmetric catalysis is four-dimensional chemistry. Simple stereochemical
scrutiny of the substrate or reagent is not enough. The high efficiency that
the reactions provide can only be achieved through a combination of both an
ideal three-dimensional structure (x,y,z) and suitable kinetics (t)” [7].

� “Carefully determined conversion–time diagrams, in-situ spectroscopic studies
and, if possible, kinetic time laws belong to the fundamentals of catalysis re-
search and are prerequisites for a mechanistic understanding” [8].

Although the outstanding relevance of kinetics is clear, very few publications re-
late to in-depth kinetic analyses. The reasons for this are complex, and some of
these are detailed below:
� The field of homogeneous catalysis deals primarily with the organometallic

complex catalysis, besides organocatalysis, which is at present experiencing a
renaissance [9]. One problem of most of the transition-metal complexes used
today is a need for anaerobic reaction conditions, and this is why many con-
ventional possibilities of kinetic investigations are restricted in their applica-
tion.

� A further problem results from the catalysis itself. Only the permanent repeti-
tion of a catalytic cycle demonstrates clearly the advantage of catalysis over a
simple stoichiometric reaction. A good catalyst must be very effective, leading
to a desired product with a high turnover number (TON, defined as moles of
substrate per mole of catalyst) and turnover frequency (TOF, defined as TON
per unit time) [10–12]. Because of the large substrate : catalyst ratio, however,
detailed kinetic investigations are complicated as the interesting intermediates
of the catalytic cycle must be detected and quantified, beside large quantities
of substrate and/or product. In addition, in a catalytic cycle, the amount of
transition-metal complex is shared by several intermediates. In the case of
stereoselective catalyses, the number of relevant intermediates might also eas-
ily be multiplied [13]. Furthermore, one condition of catalytic reaction se-
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quences with transition-metal complexes must not be neglected, namely that
intermediates can relatively easily be transposed into one another, mostly re-
versibly. Due to disadvantageous equilibrium positions, the intermediates
might not be detectable, even under stationary catalytic conditions [14].

� In almost every case differential equations for the quantitative description of
the time dependence of particular species resulting from a catalytic cycle can-
not be solved directly. This requires approximate solutions to be made, such
as the equilibrium approximation [15], the Bodenstein principle [16], or the
more generally valid steady-state approach [17]. A discussion of differences
and similarities of different approximations can be found in [18].

� Another problem arises from the fact that good kinetic studies in the field of
homogeneous catalysis require not only complex-chemical and methodical ex-
perience, but also a solid knowledge of physical chemistry. Yet, this additional
requirement is seldom requested at a time when financial pressure on re-
search is steadily growing [19].

10.2
The Basics of Michaelis-Menten Kinetics

Most catalytic cycles are characterized by the fact that, prior to the rate-deter-
mining step [18], intermediates are coupled by equilibria in the catalytic cycle.
For that reason Michaelis-Menten kinetics, which originally were published in
the field of enzyme catalysis at the start of the last century, are of fundamental
importance for homogeneous catalysis. As shown in the reaction sequence of
Scheme 10.1, the active catalyst first reacts with the substrate in a pre-equilib-
rium to give the catalyst–substrate complex [20]. In the rate-determining step,
this complex finally reacts to form the product, releasing the catalyst.

Under isobaric conditions �k2 � k�2 � �H2��, many hydrogenations exactly follow
this model. The classical example is the asymmetric hydrogenation of prochiral
dehydroamino acid derivatives with Rh or Ru catalysts [21].

The so-called Michaelis-Menten equation (Eq. 1) [22] follows independently of
the approximation chosen to solve the differential equation resulting from
Scheme 10.1. Its derivation in detail can, for example, be found in [23].

V � dP
dt
� k2 � �E�0 � �S�

KM � �S� �
Vsat � �S�
KM � �S� �1�

with �a� KM � k	1

k1
� �E� � �S��ES� � �b� KM � k	1 � k2

k1
� �E� � �S��ES� �

�c� KM � k2

k1
� �E� � �S��ES�

where (a) is the equilibrium approximation; (b) is the steady-state approach; and
(c) is the irreversible formation of the substrate complex (k–1 = 0).
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The Michaelis-Menten equation is characterized by two constants:
� the rate constant for the reaction of the catalyst–substrate complex to the

product (k2); and
� the Michaelis constant (KM).

A more detailed examination shows that, in case of equilibrium approximation,
the value of KM corresponds to the inverse stability constant of the catalyst–sub-
strate complex, whereas in the case of the steady-state approach the rate con-
stant of the (irreversible) product formation is additionally included. As one can-
not at first decide whether or not the equilibrium approximation is reasonable
for a concrete system, care should be taken in interpreting KM-values as inverse
stability constants. At best, the reciprocal of KM represents a lower limit of a
“stability constant”! In other words, the stability constant quantifying the pre-
equilibrium can never be smaller than the reciprocal of the Michaelis constant,
but can well be significantly higher.

The Michaelis constant has the dimension of a concentration and charac-
terizes – independently of the method of approximation – the substrate concen-
tration at which the ratio of free catalyst to catalyst–substrate complex equals
unity. At this point, exactly one-half of the catalyst is complexed by the sub-
strate. Likewise, one finds that at a value of [S] = 10 KM, the ratio of [E]/[ES]
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Scheme 10.1 Reaction sequence of the simplest case of Mi-
chaelis-Menten kinetics. E = catalyst; S= substrate; ES= cata-
lyst–substrate complex; P= product; ki = rate constants.

Fig. 10.1 Product formation rate as a function of substrate concentration (Eq. (1)).



equals 0.1, which means that virtually 91% of the initial catalyst ([E0]) is present
as substrate complex. The product formation rate is shown schematically as a
function of substrate concentration in Figure 10.1.

Because of the complexity of biological systems, Eq. (1) as the differential
form of Michaelis-Menten kinetics is often analyzed using the initial rate meth-
od. Due to the restriction of the initial range of conversion, unwanted influ-
ences such as reversible product formation, effects due to enzyme inhibition, or
side reactions are reduced to a minimum. The major disadvantage of this proce-
dure is that a relatively large number of experiments must be conducted in or-
der to determine the desired rate constants.

An analysis of the product formation is, in principle, not limited to the initial
range of rates, however. Laidler investigated the problem of the validity range of
the Michaelis-Menten equation as a function of time under the assumption of
steady-state conditions for the catalyst–substrate complex [24]. As long as either
condition shown in Eq. (2) is fulfilled – by choice of experimental conditions it
is usually [S]0 >> [E]0 – Eq. (3) applies up to high conversions for hydrogenations,
which corresponds to Eq. (1) [23]. In fact, each point of a hydrogenation curve can
be understood as an “initial rate experiment”. By analyzing a hydrogenation over a
wide range of conversion, a large number of initial rate experiments can be
omitted. “Reaction progress kinetic analysis” as a powerful methodology was very
recently described by Blackmond in a highly recommended review [25].

�S�0 
 �E�0 �E�0 
 �S�0 k	1 � k2 
 k1 � �E�0 k	1 � k2 
 k1 � �S�0 �2�

d�P�
dt
� k2 � �E�0 � ��S�0 	 nH2�

KM � ��S�0 	 nH2�
�nH2 � hydrogen consumption� �3�

There are two limiting cases of Michaelis-Menten kinetics. Beginning from
Eq. (1) at high substrate excesses (or very small Michaelis constants) Eq. (4 a) re-
sults. This corresponds to a zero-order reaction with respect to the substrate,
the rate of product formation being independent of the substrate concentration.
In contrast, very low substrate concentrations [26] (or large Michaelis constants)
give the limiting case of first-order reactions with respect to the substrate, Eq. (4 b):

�a� V � d�P�
dt
� k2 � �E�0 � Vsat �27� �b� V � d�P�

dt
� k2 � �E�0

KM
� �S� � kobs � �S� �4�

In Figure 10.1, it can be seen that even with substrate excesses of [S] = 20 KM,
the saturation range is not yet reached. Conversely, the data in Figure 10.2 indi-
cate that even for very small substrate concentrations ([S]= 0.05 KM) the limiting
case for the first-order reaction – when the rate is directly proportional to the
substrate concentration – is not identical with the values from Eq. (1).

Since methods to analyze Michaelis-Menten kinetics have been sufficiently de-
scribed in the literature [23, 28], this problem is discussed only briefly at this point.
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In principle, the differential form (Eq. (1)), as well as the integrated form
(Eq. (8)), can be used. The differential form of the Michaelis-Menten equation is
applied in many cases, since differential values (e.g., flow meter or heat flow
data) are often available; by contrast, time-dependent substrate or product con-
centrations (or proportional quantities) can easily be differentiated numerically.

Initial values for a non-linear fit of Eq. (1) can be achieved by linearizations.
Most conventional linearizations result from the transformation of the Michae-
lis-Menten equation, and are plotted according to:

Lineweaver-Burk [29] �
1
V
� KM

Vsat
� 1
�S� �

1
Vsat

plot : 1�V versus 1��S� �5�

Eadie-Hofstee [30]: V=Vsat 	
V
�S� � KM plot : V versus V��S� �6�

Hanes [31]:
�S�
V
� KM

Vsat
� 1

Vsat
� �S� plot : �S��V versus �S� �7�

An analysis of the influence of errors shows clearly that the double-reciprocal
plot according to Lineweaver-Burk [32] is the least suitable. “Although it is by far
the most widely used plot in enzyme kinetics, it cannot be recommended, be-
cause it gives a grossly misleading impression of the experimental error: for
small values of v small errors in v lead to enormous errors in 1/v; but for large
values of v the same small errors in v lead to barely noticeable errors in 1/v”
[23]. Due to the error distribution, that is much more uniform, the plot accord-
ing to Hanes (Eq. (7)), is the most favored.
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Fig. 10.2 Comparison of Eq. (1) (upper line) with the limiting
case of a first-order reaction Eq. (4b) (lower line) for very low
substrate concentrations.



The integrated form of the simple Michaelis-Menten kinetics (Eq. (8)), is most
suitable to analyze the time-dependent progressive substrate conversion or the
corresponding product formation.

1
t
� ln �S�0�S�t

� 	 �P�t
KM � t�

Vsat

KM
�8�

A more detailed discussion of further possibilities for the analysis of Eq. (1)
can be found in [23].

In homogeneous catalysis, the quantification of catalyst activities is commonly
carried out by way of TOF or half-life. From a kinetic point of view, the comparison
of different catalyst systems is only reasonable if, by giving a TOF, the reaction is
zero order or, by giving a half-time, it is a first-order reaction. Only in those cases is
the quantification of activity independent of the substrate concentration utilized!

As derived above, there are two limiting cases of Michaelis-Menten kinetics,
which is often the basis of homogeneous catalysis. Depending upon the substrate
concentration, a reaction of either first or zero order is possible as a limiting case.
For hydrogenations of various substrates involving pre-equilibria, reaction orders
of unity or zero have been reported for the substrate. Data relating to the kinetics
of homogeneous hydrogenations with transition metal complexes before the year
2000 can be found in reference [1], and more recent examples in reference [33]
(olefins: [21c, 33a–h]; ketones: [33 i–k]; imines: [33 l]; alkynes: [33m]; nitro groups:
[33m]; N-hetero aromatic compounds: [33 n, o]; CO2: [33 p]).

If a reaction that must be investigated follows a reaction sequence as in
Scheme 10.1, and if the reaction order for the substrate equals unity, it means
that (with reference to Eq. (4 b)), the observed rate constant (kobs) is a complex
term. Without further information, a conclusion about the single constants k2

and KM is not possible. Conversely, from the limiting case of a zero-order reac-
tion, the Michaelis constant cannot be determined for the substrate. For particu-
lar questions such as the reliable comparison of activity of various catalytic sys-
tems, however, both parameters are necessary. If they are not known, the com-
parison of catalyst activities for given experimental conditions can produce to-
tally false results. This problem is described in more detail for an example of
asymmetric hydrogenation (see below).

10.3
Hydrogenation From a Kinetic Viewpoint

10.3.1
Measurement of Concentration–Time Data and Possible Problems

There exists a multitude of possibilities to monitor hydrogenations in various
pressure ranges. In principle, isochoric and isobaric techniques are feasible. In
the latter case, the kinetics allows simplification because the concentration of
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the reaction partner, hydrogen, is constant. The classical method for measuring
concentration–time data is to take samples from the reaction vessel during the
hydrogenation, and then to analyze those samples via common methods such
as gas chromatography (GC), high-performance liquid chromatography (HPLC),
and nuclear magnetic resonance (NMR). In so doing, the sampling over various
temperature and pressure ranges can be automated, as can the analysis. The ad-
vantage of this method is that any eventually occurring intermediates are de-
tected individually as a function of time, and thus are accessible for kinetic in-
terpretation. The disadvantage, however, is the major analytical effort required.
For rapid reactions this method is also hardly appropriate. Moreover, it is some-
times difficult to stop the reaction immediately after sampling, this being a
problem which is often underestimated.

A significantly more elegant solution is an in-situ monitoring of hydrogenations,
as this advantageously provides a large amount of data available for analyses.

Both integrally and differentially measured values can be detected in situ. In
the first case, substrate- or product-specific signals, or directly proportional
quantities, are suitable. Hence, Noyori describes the monitoring of a ketone hy-
drogenation via the intensity of the infra-red (IR) carbonyl stretching band at
1750 cm–1 [21c]. To register the hydrogen consumption of a hydrogenation, a
product-proportional concentration as a function of time is monitored. However,
the measurement of rates – for example using flow meters or via a heat flow
with a calorimeter – represents a typical differential method.

In those cases where concentrations are not measured directly, the problem
of “calibration” of the in-situ technique becomes apparent. An assurance must
be made that no additional effects are registered as systematic errors. Thus, for
an isothermal reaction, calorimetry as a tool for kinetic analysis, heat of mixing
and/or heat of phase transfer can systematically falsify the measurement. A de-
tailed discussion of the method and possible error sources can be found in [34].

High-throughput methods for catalyst screening and optimization, as de-
scribed in the literature even for hydrogenations [35], are not suitable for kinetic
analyses in most cases.

10.3.1.1 Monitoring of Hydrogenations via Hydrogen Consumption
One method, which is still used frequently to follow hydrogenations in situ, is
the registration of hydrogen consumption. There is a multitude of solutions that
can be simply subdivided into normal-pressure and high-pressure measure-
ments. Due to common isobaric reaction conditions the hydrogen concentration
is constant, which simplifies kinetics. An isochoric mode of operation is not ad-
visable because of the complexity of the measurement. In fact, the decreasing
hydrogen concentration in solution during the course of the hydrogenation
must also be taken into account.

For hydrogen, deviations from the ideal gas law must be considered only at
higher pressures [36]. Nonetheless, the virial equation allows the amount of hy-
drogen to be calculated, for example in a reservoir of known volume, by apply-
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ing Eq. (9). By using mass balances – based on the initial pressure or cumula-
tively on the previous value – hydrogen consumption can be determined with
accuracy [37]. The problem of such measurements rather lies in a possible tem-
perature gradient between the reservoir and the reaction vessel.

nH2 �
reservoir volume

real molar volume
real molar volume � R � T

p
� B� C 	 B2

R � T
� �

�9�

where R = gas constant, T = temperature, p= pressure, and B and C = virial coeffi-
cients.

For flow rate measurements the volume or, more conveniently, the mass flow
is suitable. In the first case a pressure- and temperature-dependent calibration
is necessary if the gas does not show ideal behavior. This also applies for heat
conductivity as the measured quantity often used in flow meters. Currently, real
pressure- and temperature-independent measurement of a hydrogen mass flow
of a hydrogenation remains problematic on the laboratory scale, at least for low
substrate concentrations.

By contrast, the measurement of the hydrogen consumption under normal
pressure is relatively simple. The elementary structure of many such measuring
devices is similar, and is based principally on the fact that the pressure drop is
balanced by reduction in the reaction volume or by supply of the consumed
gas, thus ensuring isobaric conditions. An appropriate device for monitoring
major gas consumptions is described in [38].

For hydrogenations under normal pressure and isobaric conditions, we use a
device which registers gas consumption automatically (Fig. 10.3). Possible error
sources resulting from such gas consumption measurements and possibilities
of their minimization will be discussed.

The basic principle to realize isobaric conditions for the hydrogenation appa-
ratus shown in Figure 10.3 is to change the volume of the closed reaction space
via a (not commercially available) gas-tight syringe in order to ensure a perma-
nent atmospheric pressure as the reference. For this purpose, a sensible pres-
sure sensor registers the pressure drop caused by hydrogen consumption in the
closed reaction system. Using a processor-controlled stepping motor axis, the
piston of the syringe is depressed until the initial pressure is reached. At this
point the position of the piston is registered as a function of time and finally vi-
sualized as the hydrogenation curve. (The same arrangement also allows the
automatic registration of gas formation.)

This method, although being used analogously in other devices, incorporates
a number of principal error sources. These result substantially from transport
phenomena, vapor pressure of the solvent, gas solubility, and tempering prob-
lems. Particular points, together with possible means of their minimization, will
be discussed in the following section.

One problem encountered when monitoring gas-consuming reactions is the
influence of transport phenomena. The reaction partner hydrogen must be
transported to the catalyst, and thereby it should penetrate the gas–liquid inter-
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face at a distinctly higher rate than it is consumed by the hydrogenation. Only
if such a regime holds it can be guaranteed that the detected effect can be inter-
preted as being exclusively kinetic.

Blackmond et al. investigated the influence of gas-liquid mass transfer on the
selectivity of various hydrogenations [39]. It could be shown – somewhat im-
pressively – that even the pressure-dependence of enantioselectivity of the asym-
metric hydrogenation of �-dehydroamino acid derivatives with Rh-catalysts (as
described elsewhere [21b]) can be simulated under conditions of varying influ-
ence of diffusion! These results demonstrate the importance of knowing the
role of transport phenomena while monitoring hydrogenations.

Several possibilities exist to determine the influence of transport phenomena.
The measurement of gas consumption in dependence on the interfacial area,
the physical absorption coefficient, the rate of a chemical reaction following the
absorption, and the concentration gradient (as the driving force of the absorption)
allows decisions to be made on which regime is, in fact, in existence [40].

For the rate of physical absorption of a gas into a liquid without subsequent
chemical reaction, Eq. (10) is valid.

d�C�
dt
� kL � a � ��C�� 	 �C�� or �C� � �C�� � �1	 e	kL�a�t� �10�
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Fig. 10.3 Normal pressure hydrogenation device for the
automatic registration of hydrogen consumption under
isobaric conditions.



where kL = physical mass-transfer coefficient (liquid side), a= interfacial area,
�C��= gas concentration in solution at time t� (gas solubility), and [C]= gas con-
centration in solution at time t.

The analysis of gas absorption proceeding exponentially under experimental
conditions provides the gas solubility �C�� and the value of kL · a. As a rule of
thumb, this value should be approximately ten-fold larger than the rate of a sub-
sequent chemical reaction in order to eliminate diffusion influences on the lat-
ter reaction [41].

The often-applied method of determining the dependence of initial rate on
stirring speed must be treated with caution, for two reasons. On the one hand,
the initial rate can be lower than at higher conversions due to induction periods
[42], and on the other hand an increase in stirring speed does not enforce a pro-
portionally higher interfacial area.

The following procedure has been approved as being straightforward (also see
[43]). A zero-order dependence is achieved by monitoring a reaction in the range
of diffusion control. The rate is determined only by the constant concentration
gradient in the interfacial area. The systematic investigation of whether diffu-
sion influences hydrogenations is appropriate only if they also follow zero order,
but in the range of kinetic control. An example of this is the catalytic hydroge-
nation of dienes as COD (cycloocta-1,5-diene) or NBD (norborna-2,5-diene) with
cationic rhodium(I) chelates. Up to high conversions this reaction proceeds in
the saturation range of Michaelis-Menten kinetics, and hence as a zero-order re-
action. The pseudo-rate constant kobs � k�2 � �H2� � �E�0 is a linear function of the
initial catalyst concentration. A continuous increase of the employed catalyst
concentration ([E]0) under given experimental conditions (reactor geometry, stir-
ring speed, stirrer size) leads to a straight line, and the hydrogen consumption
is independent of the predominating regime (kinetics versus diffusion). Plotting
the slopes of the straight lines as a function of the catalyst concentration pro-
vides information about the limitations of the regime, which is exclusively con-
trolled by kinetics. Figure 10.4 illustrates the hydrogenation curves of the
catalytic hydrogenation of NBD with [Rh(Ph-�-glup-OH)NBD]BF4 (Ph-�-glup-
OH= phenyl 2,3-bis(O-diphenylphosphino)-�-d-glyco-pyranoside).

The plot of measured rates as a function of the initial catalyst concentration
is shown in Figure 10.5. For the range from 0 to ca. 12 mL min–1 the straight
line passing through the origin proves the direct proportionality between rate
and catalyst concentration. In other words, the hydrogen concentration in solu-
tion (gas solubility) for the mentioned range of rates is constant, and it is mea-
sured in the kinetically controlled range. As the figure indicates, rates of hydro-
gen consumption of 30 mL min–1 are indeed nonproblematic with regard to the
registration. However, for rates greater than 12 mL min–1, gas consumption un-
der the given experimental conditions is increasingly determined by transport
phenomena. Because of the rising influence of diffusion, the bulk concentration
of hydrogen in solution continuously decreases below the value of the hydrogen
solubility. The hydrogenations are slower than would be expected for the kineti-
cally controlled range.
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One further source of error is that of vapor pressure of the solvent. Whilst
this plays only a minor role at higher hydrogen pressures, its neglect for hydro-
genations under normal pressure is a problem that is often underestimated.
Figure 10.6 illustrates the vapor pressure of various solvents often used in hy-
drogenations as a function of temperature [44].
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Fig. 10.4 Hydrogenation curves of catalytic
NBD hydrogenations (each at least
2.0 mmol) with [Rh(Ph-�-glup-OH)NBD]BF4

at varying catalyst concentrations (0.0025,

0.005, 0.0075, 0.01, 0.015, 0.02, 0.025, 0.03,
0.035, 0.04, 0.05, 0.08, 0.1, 0.15, and
0.2 mmol) each in 15.0 mL MeOH at 25.0 �C
and 1.013 bar total pressure.

Fig. 10.5 Rate of gas consumption from Figure 10.4
as a function of initial catalyst concentration [E]0.



Although in the case of methylene chloride under normal pressure more than
one-half of the gas phase consists of solvent vapor (57%), in the case of toluene
and water this share amounts to only ca. 3–4% of the total pressure. In order to
compare activities in various solvents at the same hydrogen pressure above the
reaction solution, besides a different gas solubility for the solvents (i.e., the hy-
drogen concentration in solution), a different partial pressure of hydrogen must
be taken into account.

Another problem results from high vapor pressures of relatively low-boiling
solvents. With regard to the dependence on reactor geometry, it can take some
time for the vapor pressure of the solvent to become established in the gas
phase of the closed system. As this equilibration of vapor pressure provides a
positive volume contribution (the pressure above the reaction solution increases
in a closed system), measured gas consumptions can be considerably falsified
not only as a function of time but also in respect of the overall balance! One
way to avoid this problem is to separate the gas phase above the reaction solu-
tion from the gas in the measuring burette by using a tempered bubble counter
(cf. Fig. 10.3).

A further problem is constituted by the different solubilities of hydrogen in the
conventional solvents used for hydrogenations. In Table 10.1 (column 2), data are
listed of gas solubility (expressed as mole fraction) �xH2 � nH2��nsolvent � nH2�� of
various solvents at 25.0 �C and 1.013 bar H2 partial pressure [45].

Because very small mole fraction solubilities correspond in practice to the
molar ratio [45a], the values can (considering the molar volume and density of
the solvent) be easily transformed into hydrogen concentrations (see Table 10.1,

10.3 Hydrogenation From a Kinetic Viewpoint 269

Fig. 10.6 Vapor pressure of CH2Cl2, THF, MeOH, i-PrOH,
H2O and toluene as a function of temperature. The concrete
values refer to 25.0 �C.



column 3). In hydrogenations under normal pressure, however, the different va-
por pressure of the solvent, by which the relevant hydrogen partial pressure is
reduced, must be taken into account (Fig. 10.6). Consideration of the vapor pres-
sure of the solvent at a total pressure of 1.013 bar above the reaction solution
leads to an “effective” gas solubility – that is the actually interesting hydrogen
concentration in solution (see Table 10.1, column 4). The results show that un-
der equal conditions (25.0 �C and 1.013 bar total pressure above the reaction so-
lution), the hydrogen concentration in solution differs markedly for different
solvents. The solvents THF and i-PrOH indeed show a similar hydrogen solubil-
ity (Table 10.1, column 2), despite differing in the “effective” hydrogen concen-
tration (Table 10.1, column 4) by ca. 20%. In contrast, the solvents H2O and to-
luene exhibit approximately the same vapor pressure above the reaction solution
(Fig. 10.6), yet the “effective” hydrogen concentration in solution differs by a fac-
tor of 3.7. In the first case, variation in vapor pressure is the cause for such be-
havior, but in the second case it is the variation in gas solubility.

For meaningful comparisons of the activity of catalysts in various solvents un-
der seemingly equal conditions these factors must, of course, be considered.

In order to determine the reaction order in hydrogen of a homogeneously cat-
alyzed hydrogenation under isobaric conditions, the variation of partial pressure
is an essential precondition. Commonly, hydrogen/inert gas mixtures are used,
yet the change in composition of the gas mixture (the share of H2 is reduced
due to consumption in the hydrogenation) is generally neglected. However, this
may lead to a dependence on the volume of the gas phase and, potentially, to a
major systematic error. By contrast, the method described in the following sec-
tion permits the use of isobaric conditions by varying the partial pressure.

While the gas phase above the reaction solution contains the reactive gas at a
chosen concentration (obtained by dissolution with an inert gas such as argon;
H2/Ar gas mixtures are available commercially), pure hydrogen is arranged in
the gas burette. Mixing of the gas phases, each of which has a different hydrogen
concentration, is prevented by a bubble counter. After beginning the hydrogena-
tion, hydrogen is delivered exclusively from the gas burette in order to obtain pres-
sure equalization. The main problem with this type of measurement is that a con-
centration gradient (caused by the higher concentration of gas streaming into the
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Table 10.1 Hydrogen solubilities in various solvents at 25.0 �C [46].

Solvent H2-solubility
[mole fraction x
at 1.013 bar]

Mol H2 in 1 L solvent
[1.013 bar H2]

Mol H2 “effective”
in 1 L solvent
[1.013 bar total pressure]

THF 0.000270 3.3291� 10–3 2.62�10–3

MeOH 0.000161 3.9752� 10–3 3.33�10–3

i-PrOH 0.000266 3.4742� 10–3 3.27�10–3

H2O 0.0000141 7.80576� 10–4 7.56�10–4

Toluene 0.000317 2.9576� 10–3 2.85�10–3



gas space above the reaction solution) must be avoided. In addition to thorough
mixing of the gas phase above the reaction solution, this problem could be solved
by including an arrangement whereby the bubble counter between the gas volume
above the reaction solution and the gas burette is located directly above the reac-
tion solution in the gas phase of the hydrogenation vessel (cf. Fig. 10.7).

The result of the described methodical solution to monitor gas-consuming re-
actions at reduced partial pressure under isobaric conditions is shown in Figure
10.8 for the catalytic hydrogenation of COD with a cationic Rh-complex. The
slope of the measured straight lines corresponds to the maximally obtainable
rate �Vsat � k2 � �E�0 � k�2 � �H2� � �E�0� [42 b], which is directly proportional to the
hydrogen concentration in solution and at validity of Henry’s law to the hydro-
gen partial pressure above the reaction solution. The experiments prove that the
“dilution factor” of the gas phase can adequately be found in the rate constant.
(Further examples can be found in [47].)

Besides the above-mentioned errors, further difficulties may arise in the in-situ
monitoring of hydrogenations. For example, in order to start a hydrogenation it is
necessary to exchange inert gas and hydrogen by evacuation. In fact, this proce-
dure leads to a cooling of the solution caused by the evaporation enthalpy of
the solvent. The time taken to reach the equilibrium value of the vapor pressure
of the solvent above the reaction solution must also be taken into account. In order
to avoid such problems, it has been proven of value to seal the catalyst (or the sub-
strate) in a glass ampoule under argon (cf. Fig. 10.3), and to start the hydrogena-
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Fig. 10.7 An apparatus used to monitor
hydrogenations at different hydrogen par-
tial pressures.



tion by destroying the ampoule only when the thermal equilibria have been estab-
lished. It must be borne in mind, however, that it is extremely difficult to exclude
all error sources, and at best a minimization of the problem is possible for a con-
crete case. However, it is important to assess – and at least report – the expected
relative importance of those errors that have been neglected.

10.3.1.2 Monitoring of Hydrogenations by NMR and UV/Visible Spectroscopy
The details of a series of in-situ methods and appropriate investigations have
been described concerning NMR spectroscopic monitoring of catalytic reactions
with gases in various pressure ranges [42 e, 48]. However, disadvantages might
include the reactive gas not being supplied, that isobaric conditions during the
gas consumption are not possible, that thorough mixing of the reaction solution
is insufficient (diffusion problems), or that special NMR probe heads are neces-
sary. A very interesting solution has been described by Iggo et al. [48d], in
which the NMR flow cell for the in-situ study of homogeneous catalysis allows
measurements up to 190 bar (!), but requires the use of a standard wide-bore
NMR probe. Details of state-of-the-art methods for the in-situ monitoring of re-
actions using NMR spectroscopy can be found in [49].

An improvement of the possibility for experiments under normal pressure (as
described in [42 e]) is shown in Figure 10.9 [50]. During registration of the spec-
trum, the reactive gas is continuously bubbled into the reaction solution below
the NMR-active sample volume; thus, diffusion problems can be excluded for mod-
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Fig. 10.8 Rate constant k2 for the catalytic COD-hydrogenation
with [Rh(cyclohexyl-PROPRAPHOS)COD]BF4 as catalyst at var-
ious hydrogen partial pressures (normal pressure and com-
mercial argon/hydrogen mixtures (AGA) which contain 9.71%
H2). Reaction mixture: 15.0 mL MeOH; 0.01 mmol catalyst;
1.0 mmol COD.



erately fast reactions. In spite of the introduction of gas during the measurement
(cf. Fig. 10.9 b) and hence a deterioration in the homogeneity of the magnetic field,
sufficiently good spectra (1H, 13C, 31P) can be obtained under in-situ catalytic con-
ditions using the non-rotating NMR tube. One disadvantage of this arrangement is
that the gas excess is withdrawn from the device and disappears. For this reason, it
is not economical to employ expensive, isotopically labeled gaseous reaction part-
ners such as 2H2 and 13CO. Moreover, because of the permanent loss of gas – espe-
cially in long-term measurements – the solvent is also discharged.

An application of the arrangement shown in Figure 10.9 is depicted in Figure
10.10. For the hydrogenation of (Z)-N-acetylamino methyl cinnamate (AMe) with
[Rh(DIPAMP)(solvent)2]anion (DIPAMP = 1,2-bis-(o-methoxy-phenyl-phenyl phos-
phino)ethane) in isopropyl alcohol at 25 �C and under normal pressure, the 31P-
NMR spectrum shown in Figure 10.10b was measured during hydrogenation un-
der steady-state conditions. The comparison with the spectrum taken under argon
(Fig. 10.10a) proves that the ratio major/minor catalyst–substrate complex is high-
er during the hydrogenation than under thermodynamic conditions (argon). The
measurement of a similar spectrum after termination of hydrogen supply and in-
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Fig. 10.9 (a) Schematic arrangement for the NMR-spectro-
scopic monitoring of gas-consuming reactions under catalytic
conditions according to [50]. (b) Gas flow during the mea-
surement (a – argon, b – hydrogen).

supply



troduction of argon virtually congruently leads to the initial spectrum. Thus, it
could clearly be proven that the change in the phosphorus spectra should be ex-
clusively attributed to the reaction with hydrogen.

Recently, a new (and now commercially available) methodology was reported for
measuring in-situ high pressure NMR spectra up to 50 bar under stationary con-
ditions. The instrument uses a modified sapphire NMR tube, and gas saturation of
the sample solution and exact pressure control is guaranteed throughout the over-
all measurement, even at variable temperatures. For this purpose, a special gas cy-
cling system is positioned outside the magnet in the routine NMR laboratory [51].

Today, stirring inside UV/visible cells, cell tempering, the use of flow-through
cells, and the detection of smallest amounts of samples in microcells are all
possible, without problems. However, a complete gas exchange (e.g., argon for
hydrogen) is still difficult. Moreover, because of the disadvantageous geometry
of a cell in terms of the ratio of surface to volume, it is generally only possible
to trace relatively slow reactions with gases in the kinetically controlled regime.
After all, the realization of isobaric conditions for the gaseous reaction partner
in case of a cell represents high requirements to the pressure adjustment since
the gas consumptions are relatively small. For such problems, the application of
immersion probes (known also as “fiber-optical probes”) represents a good alter-
native. Due to the arbitrary dimensioning of the reaction vessel and the immer-
sion probe (an example for analyses under normal pressure is shown in
Fig. 10.11), hydrogenations can be monitored in situ over a variety of pressure
and temperature ranges, and in an elegant manner.

The “external” measurement of UV/visible spectra principally allows the trac-
ing of other quantities at the same time, such as conductivity, pH, and gas con-
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Fig. 10.10 31P-NMR spectra of [Rh(DIPAMP)(MeOH)2]+ and
1.0 mmol AMe in 5.0 mL iso-propyl alcohol-d8 at 25 �C with
the arrangement shown in Figure 10.9. Spectrum (a) is regis-
tered under argon; spectrum (b) is accumulated during a re-
action time of 30 min (1200 pulses).



sumption under catalytic conditions. Monitoring of the time-dependent change
of extinction at the maximum (441 nm) of [Rh(DIOP)(COD)]BF4 (DIOP = 4,5-
bis(diphenyl-phosphino-methyl)-2,2-dimethyl-1,3-dioxolane)] for the catalytic hy-
drogenation of COD and the simultaneous registration of hydrogen consump-
tion is shown graphically in Figure 10.12.

The rate constant can be obtained directly from the slope of the graph [42 f ].
Furthermore, it can clearly be seen that the concentration of [Rh(DIOP)
(COD)]BF4, both under argon and during the hydrogenation, is the same until de-
pletion of the substrate COD. This confirms that hydrogenation proceeds in the
range of saturation kinetics of the underlying Michaelis-Menten kinetics. Thus,
the experimental procedure provides information regarding the catalyst via UV/
visible spectroscopy; subsequently, the rate of product formation can be quantified
from the hydrogen consumption of the very same reaction solution [52].

In addition to the above-mentioned possibilities for the in-situ monitoring of
hydrogenations, there are, of course, also techniques involving calorimetry and
IR spectroscopy [34, 35 c, 39, 41, 53, 54].
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Fig. 10.11 Immersion probe with standard ground joint and
reaction vessel for UV/visible spectroscopic analyses under
normal pressure.
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Fig. 10.12 Simultaneous monitoring of the time-dependent UV/
visible spectrum at 441 nm (maximum of the catalyst extinc-
tion) and hydrogen consumption for the hydrogenation of COD
with [Rh(DIOP)COD]BF4. Conditions: 0.02 mmol precatalyst;
0.33 mmol COD; 20.0 mL methanol; 25.0�C; 1.013 bar total
pressure.



10.3.2
Gross-Kinetic Measurements

10.3.2.1 Derivation of Michaelis-Menten Kinetics with Various Catalyst-Substrate
Complexes

The catalytic asymmetric hydrogenation with cationic Rh(I)-complexes is one of
the best-understood selection processes, the reaction sequence having been elu-
cidated by Halpern, Landis and colleagues [21a, b], as well as by Brown et al.
[55]. Diastereomeric substrate complexes are formed in pre-equilibria from the
solvent complex, as the active species, and the prochiral olefin. They react in a
series of elementary steps – oxidative addition of hydrogen, insertion, and re-
ductive elimination – to yield the enantiomeric products (cf. Scheme 10.2) [56].

The rate law for two diastereomeric catalyst–substrate complexes (C2-sym-
metric ligands) resulting from Michaelis-Menten kinetics (Eq. (11)) has already
been utilized by Halpern et al. for the kinetic analysis of hydrogenations accord-
ing to Scheme 10.2, and corresponds to Eq. (3) of this study.

d�H2�
dt
� d�R�

dt
� d�S�

dt
�
�k2min � KESmin� � �k2maj � KESmaj�

KESmin � KESmaj

� �
� �Rh�0 � �olefine�

1
KESmin � KESmaj

� �
� �olefine�

with

KESmin � k1min

k	1min � �k2min � �H2�� KESmaj � k1maj

k	1maj � �k2maj � �H2�� �11�

In answer to the question, “why are there not much more kinetic analyses of se-
lection processes in analogy to these classic works?”, it should be realized that par-
ticular prerequisites are necessary. In the concrete case, such prerequisites included
a major stability of the substrate complexes, a convenient ratio of the diastereo-
meric substrate complexes, and a pressure-dependence of the enantioselectivities.

The following section deals with kinetic equations for the simple Michaelis-
Menten kinetics with more than two intermediates; subsequently, their applica-
tion for the interpretation of hydrogenations in practical examples is discussed.

If C1-symmetric ligands are employed in asymmetric hydrogenation instead of
the corresponding C2-symmetric ligands, there coexist principally four stereoiso-
meric substrate complexes, namely two pairs of each diastereomeric substrate
complex. Furthermore, it has been shown that, for particular catalytic systems, in-
tramolecular exchange processes between the diastereomeric substrate complexes
should in principle be taken into account [57]. Finally, the possibility of non-estab-
lished pre-equilibria must be considered [58]. The consideration of four intermedi-
ates, with possible intramolecular equilibria and disturbed pre-equilibria, results
in the reaction sequence shown in Scheme 10.3. This is an example of the asym-
metric hydrogenation of dimethyl itaconate with a Rh-complex, which contains a
C1-symmetrical aminophosphine phosphinite as the chiral ligand.
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Scheme 10.2 Selection model of the Rh(I)-
complex-catalyzed asymmetric hydrogenation
to the (R)-amino acid derivative (according

to [21a, b, 55]). ESmaj and ESmin correspond
to the diastereomeric catalyst–substrate
complexes.

Scheme 10.3 Reaction sequence for the
asymmetric hydrogenation of dimethyl itaco-
nate with a C1-symmetric ligand under con-

sideration of intramolecular exchange pro-
cesses between the intermediates and of dis-
turbed pre-equilibria.



For the time-dependent change of the particular concentrations, Eqs. (12 a)
and (12 b) result.

�a� d�S�
dt
� k2�IRe� � �IRe� � k2�IIRe� � �IIRe� �b� d�R�dt

� k2�ISi� � �ISi� � k2�IISi� � �IISi�
�12�

The common further treatment of the approach – assumption of steady-state
conditions for the intermediate substrate complexes, consideration of the catalyst
balance ([catalyst]0 = [solvent complex]+ [IRe]+ [ISi] + [IIRe] + [IISi]) and of the stoichio-
metry of the hydrogenation – provides the rate of hydrogen consumption under
isobaric conditions (Eq. (13)) [57 f ]. A more general derivation can be found in [59].

	 d�H2�
dt
� d�S�

dt
� d�R�

dt

�
�k2�IRe� � KIRe � k2�IIRe� � KIIRe � k2�ISi� � KISi � k2�IISi� � KIISi�

�KIRe � KISi � KIIRe � KIISi� � �cat�0 � �S�
1

�KIRe � KISi � KIIRe � KIISi�
� �S�

� kobs � �cat�0 � ��S�0 	 nH2�
KM � ��S�0 	 nH2�

�13�

This relationship corresponds to the simplest Michaelis-Menten kinetics
(Eq. (3)). In addition to the equation derived earlier by Halpern et al. for the
simplest model case of a C2-symmetric ligand without intramolecular exchange
[21b], every other possibility of reaction sequence corresponding to Scheme 10.3
can be reduced to Eq. (13). Only the physical content of the values of kobs and
KM, which must be determined macroscopically, differs depending upon the
approach (see [59] for details). Nonetheless, the constants kobs and KM allow
conclusions to be made about the catalyses:
� The value 1/KM corresponds to the ratio of concentrations of the sum of all cat-

alyst–substrate complexes to the product {[solvent complex]·[substrate]}, and
thus is a measure of how much catalyst–substrate complex is present [60].

� The kobs-values are all to be interpreted as the sum of all rate constants for
the oxidative addition of hydrogen, each multiplied by the mole fraction of
the corresponding catalyst–substrate complex. Hence this “gross-rate constant”
is dependent only on the ratio of intermediates, and not on their absolute
concentrations.

Clearly, a comprehensive description of catalytic systems is not possible from
the hydrogen consumption alone. The reaction sequence represented in Scheme
10.3 already contains 16 rate constants. However, valuable data regarding the
catalysis can be obtained from an analysis of the gross hydrogen consumption
on the basis of Eq. (13), for various catalytic systems. Some practical examples
of this are described in the following section.
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10.3.2.2 Data from Gross Kinetic Measurements
The hydrogen consumption and enantioselectivities for the asymmetric hydroge-
nation of dimethyl itaconate with various substituted catalysts of the basic type
[Rh(PROPRAPHOS)COD]BF4 are illustrated in Figure 10.13 [61]. The systems
are especially suitable for kinetic measurements because of the rapid hydroge-
nation of COD in the precatalyst. There are, in practice, no disturbances due to
the occurrence of induction periods.

NMR-analyses suggest that the hydrogenation runs corresponding to Scheme
10.3. Three of the four possible catalyst–substrate complexes are detectable in
the 31P-NMR-spectrum [57f ].

A comparison of the activities for various catalyst derivatives shown in Figure
10.13 seems to prove that the ligand with the cyclohexyl residue leads to the
most active catalyst for the hydrogenation of dimethyl itaconate. The catalyst
containing the methyl derivative apparently exhibits the lowest activity.

A more detailed analysis, however, shows that such comparisons of activity
can be completely misleading, because Michaelis-Menten kinetics are principally
described by two constants. The Michaelis constant contains information re-
garding the pre-equilibria, the rate constants quantify the product formation
from the intermediates.

An analysis of the hydrogenation curves shown in Figure 10.13 indicates, for
those precatalysts with R = 2-propyl, 3-pentyl and cyclopentyl, that they can be
described quantitatively as first-order reactions. The comparison between experi-
mental and calculated data (the latter being determined by least-squares regres-
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Fig. 10.13 Catalytic asymmetric hydrogena-
tion of 1.0 mmol dimethyl itaconate with
0.01 mmol [Rh(PROPRAPHOS)COD]BF4-

precatalysts ((S)-PROPRAPHOS: R = 2-propyl)
in 15.0 mL MeOH at 1.013 bar total pressure
and 25 �C.



sion analysis) is shown in Figure 10.14. Due to the excellent conformity, these
curves lie on top of each other.

If the ligands containing R = methyl and R= cyclohexyl are employed, the hydro-
genations describe not only the initial range of the Michaelis-Menten equation, but
also a range which cannot be assigned to the limiting case of the first-order reaction
(cf. Figs. 10.1 and 10.2). Determination of the sought constants is carried out using
nonlinear regression, with the initial values determined by linearization of Eq. (7).
The comparison between experimental and calculated values corresponding to
Eq. (13) for the ligand containing the methyl residue is shown in Figure 10.15.
The results prove a good correspondence between the experiment and the model.
For the initial quantity of substrate (1.0 mmol), the range of half-saturation concen-
tration is reached almost at the start of the hydrogenation (Fig. 10.15).

The results of the kinetic analysis for the investigated systems are summa-
rized in Table 10.2, the substrate concentration used being the same for all
trials. In the case of methyl- and cyclohexyl-substituted ligands the Michaelis
constant is smaller than the initial substrate concentration of
[S]0 = 0.06666 mol L–1 (Table 10.2). However, a description of the hydrogenations
with other catalyst ligands as first-order reactions shows that in each of these
cases the Michaelis constant must be much greater than the experimentally
chosen substrate concentration.

Even at a rather higher substrate concentration, the limiting value of a con-
centration-independent rate is not reached in these cases. This is illustrated for
the example of the PROPRAPHOS-type catalyst in Figure 10.16. It is, further-
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Fig. 10.14 Comparison of the experimental
hydrogenation curve and first-order calcu-
lated values for the asymmetric hydro-

genation of the PROPRAPHOS-precatalyst
with dimethyl itaconate.



more, remarkable that at an increase in the substrate/catalyst ratio from 100
(standard conditions) to 1000 the PROPRAPHOS catalyst already shows an ini-
tial rate which is more than twice the maximum reachable rate with the cyclo-
hexyl derivative (4.2 �10–4 mol L–1 s versus 2.1�10–4 mol L–1 s). Indeed, PRO-
PRAPHOS is still not used optimally with regard to its activity (see Fig. 10.16).

Interpretation of the reciprocals of the Michaelis constants allows the follow-
ing conclusions to be made regarding hydrogenations under specified experi-
mental conditions. In the case of the methyl and cyclohexyl ligand, the prevail-
ing form of the catalyst in solution is the catalyst–substrate complex. However,
for the other examples of first-order reactions, large Michaelis constants (or very
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Fig. 10.15 Comparison of experimental and
calculated values for the asymmetric hydro-
genation of dimethyl itaconate with the

methyl substituted ligand of the PROPRA-
PHOS precatalyst. Specifications of concen-
tration refer to 15.0 mL of solvent.

Table 10.2 Kinetic analysis of the asymmetric hydrogenation
of dimethyl itaconate with derivatives of [Rh(PROPRAPHOS)-
COD]BF4 (see Fig. 10.13).

Ligand % ee k (1st order)
[1 s–1]

KM

[mol L–1]
1/KM

[L mol–1]
kobs

(Eq. (13))
[1 s–1]

Vsat

[mol L–1 s]

R = cyclohexyl 25 7.27�10–3 0.0286 35 3.12�10–1 2.08�10–4

R = methyl 40 8.42�10–4 0.0562 18 7.10�10–2 4.73�10–5

R = 2-propyl 70 9.28�10–4 – – – –
R = 3-pentyl 78 8.50�10–4 – – – –
R = cyclopentyl 80 1.07�10–3 – – – –



small reciprocals of the same) prove that in these cases the equilibrium between
solvent complex and the diastereomeric catalyst–substrate complexes is shifted
to the side of the solvent complex.

These results, obtained from the gross-hydrogen consumption under normal
conditions on the basis of the model developed above, make it clear that even
catalysts of the same basic type can give rise to considerably different pre-equili-
bria. As a consequence, comparison of activities of various catalytic systems un-
der “standard conditions” can provide the wrong picture. Hence, the cyclohexyl
precatalyst with dimethyl itaconate seems to be the most active one (by refer-
ence to Fig. 10.13). Nonetheless, an increase in the initial substrate concentra-
tion by a factor of ten already leads to a different order in activity.

In addition to comparisons of activity of various catalysts, the choice of an ap-
propriate solvent represents yet another problem in catalysis. The choice is
usually made by direct comparison of the activity of a catalyst in various sol-
vents. Nonetheless, analogous problems as mentioned above must be consid-
ered. Variable substrate concentrations can lead to seemingly different orders in
the activity of solvents. The reason for this is based on the fact that macroscopic
activity is caused by different amounts of catalyst–substrate complex.

These results underline the fact that “gross-activities” based on TOFs or half-
lives only are not appropriate to compare catalytic systems that are characterized
by pre-equilibria. Rather, only an analysis of gross-kinetics on the basis of suit-
able models can provide detailed information concerning the catalysis.

As explained earlier, the pre-equilibria are characterized by the limiting values
of Michaelis-Menten kinetics. In the case of first-order reactions with respect to
the substrate, we have: KM >> [S]0. Since the pre-equilibria are shifted to the
side of educts during hydrogenation, only the solvent complex is detectable. In
contrast, in the case of zero-order reactions only catalyst–substrate complexes
are expected under stationary hydrogenation conditions in solution. These con-
sequences resulting from Michaelis-Menten kinetics can easily be proven by var-
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Fig. 10.16 Variation of the concentration of dimethyl itaconate
for the hydrogenation with [Rh((S)-PROPRAPHOS)COD]BF4.



ious methods such as NMR- and UV/visible spectroscopy, and this is demon-
strated by some examples in the following section.

The asymmetric hydrogenation of dimethyl itaconate with [Rh(Ph-�-glup-OH-
MeOH)2]BF4 runs as a first-order reaction. The deviation of experimental values
from the hydrogen consumption calculated from parameters of nonlinear regres-
sion analysis (x-axis) is shown in Figure 10.17. In solution, only the solvent complex
should be detectable during hydrogenation. In order to monitor hydrogenation via
UV/visible spectroscopy, a 100-fold excess of the prochiral olefin is added to the
solvent complex. The exchange of argon for hydrogen starts the hydrogenation,
which is then monitored by cyclic measurement of the spectra (Fig. 10.18).

Although the substrate complexes absorb in the range of measurement (see
Fig. 10.18, inset), the spectra observed during hydrogenation do not differ from
the spectrum of the pure solvent complex. On completion of the reaction, gas
chromatographic analysis proves that hydrogenation has occurred and that the
usual values for conversion and selectivity have resulted. Thus, only solvent
complex is present during the hydrogenation, and this corresponds to expecta-
tions from kinetic interpretations of the hydrogen consumption curve.

NMR spectroscopy provides analogue results. Inspection of hydrogen con-
sumption curves following the hydrogenation of Z- or E-methyl 3-acetamidobu-
tenoate with [Rh(Et-DuPHOS)(MeOH)2]BF4 (Et-DuPHOS= 1,2-bis(2,5-diethyl-
phospholanyl)benzene)) showed the reaction to exhibit first-order kinetics
(Fig. 10.19).

For both cases in these examples only the solvent complex is detectable, be-
sides traces of non-hydrogenated COD-precatalyst (cf. Fig. 10.20).
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Fig. 10.17 Asymmetric hydrogenation of dimethyl itaconate
with [Rh(Ph-�-glup-OH)(MeOH)2]BF4; comparison between
first-order fit (x-axis) and experimental values. Conditions:
0.01 mmol catalyst; 1.0 mmol substrate; 15.0 mL MeOH;
1.013 bar total pressure.
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Fig. 10.18 UV/visible spectrum of 0.02 mmol
[Rh(Ph-�-glup-OH)(MeOH)2]BF4 in 35.0 mL
MeOH under Ar, and five spectra (cyclic,
monitored at 6.0 min intervals) after addi-
tion of a 100-fold excess of dimethyl itaco-

nate and exchange of Ar for H2. Inset: the
spectrum of the catalyst–substrate complex.
GC analysis after 30 min hydrogenation: 45%
conversion, 78% ee (R), which agrees well
with corresponding hydrogenations.

Fig. 10.19 Asymmetric hydrogenation of E- and Z-methyl
3-acetamidobutenoate with [Rh(Et-DuHOS)MeOH2)BF4 as
first-order reactions; d[P]/dt versus [S] (Eq. (4 b)).



Nonetheless, if zero-order reactions are analyzed in terms of the validity of Mi-
chaelis-Menten kinetics, all of the catalyst is present in solution as catalyst–sub-
strate complex up to high conversions. The hydrogenation rate is independent
of the substrate concentration; two such examples are provided in Figure 10.21.
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Fig. 10.20 31P-NMR spectrum of a solution of 0.01 mM
[Rh(Et-DuPHOS)(MeOH)2]BF4 and 0.1 mM E- or Z-methyl
3-acetamidobutenoate.

Fig. 10.21 Hydrogen consumption for the
hydrogenation of (Z)-3-N-acetylamino-3-(phe-
nyl)-methyl propenoate with [Rh((R,R)-Et-
DuPHOS)(MeOH)2]BF4 in i-PrOH (59% ee)
and (Z)-2-benzoylamino-3-(3,4-dimethoxy

phenyl)-methyl acrylate with [Rh((S,S)-DI-
PAMP)(MeOH)2]BF4 in MeOH (98% ee).
Conditions: 0.01 mmol catalyst; 1.0 mmol
substrate; 15.0 mL solvent; 1.013 bar total
pressure.



In these cases, the 31P-NMR spectrum exhibits only signals of substrate com-
plexes; there is almost no solvent complex visible. This is illustrated for (Z)-2-ben-
zoylamino-3-(3,4-dimethoxyphenyl)-methyl acrylate with [Rh((S,S)-DIPAMP)
(MeOH)2]BF4 in Figure 10.22.

Thus, if information is being sought about intermediates for this type of cataly-
sis, it does not make sense to analyze systems that lead to first-order reactions!
Rather, systems in which the hydrogenation rate is independent of the substrate
concentration would be more appropriate. Indeed, for both catalytic systems
shown in Figure 10.21, in each case one of the catalyst–substrate complexes could
be isolated and characterized by crystal structure analysis (Fig. 10.23).

In the case of the �-dehydroamino acid (Fig. 10.23, right), it could be shown
by using low-temperature NMR spectroscopy that the isolated crystals corre-
spond to the major substrate complex in solution. However, according to the
major–minor concept (see Scheme 10.2), it does not lead to the main enantio-
mer [63]. On the contrary, it could be proven unequivocally for various substrate
complexes with �-dehydroamino acids that the isolated substrate complexes are
major-substrate complexes. Surprisingly, they also gave the main enantiomer of
the asymmetric hydrogenation, which would not be expected on the basis of
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Fig. 10.22 31P-NMR spectrum of a solution of 0.02 mM
[Rh((S,S)-DIPAMP)(MeOH)2]BF4 and 0.1 mM (Z)-2-benzoyl-
amino-3-(3,4-dimethoxyphenyl)-methyl acrylate.



classical ideas [62 a]. In these cases the major-substrate complex determines the
selectivity, in analogy to the well known lock-and-key concept of enzyme cataly-
sis proposed by Emil Fischer. This result could only be gained by quantitative
monitoring of the hydrogenation and the subsequent interpretation of kinetic
findings within the frame of Michaelis-Menten kinetics.

Abbreviations

COD cycloocta-1,5-diene
NBD norborna-2,5-diene
TOF turnover frequency
TON turnover number
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Fig. 10.23 X-ray structure of [Rh((R,R)-Et-DuPHOS)((Z)-3-N-
acetylamino-3-(phenyl)-methyl propenoate)]+ and of [Rh((S,S)-
DIPAMP)((Z)-2-benzoylamino-3-(3,4-dimethoxyphenyl)-methyl
acrylate)]+ [62].
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