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Introduction

Asymmetric hydrogenations with cationic Rh complexes are
often performed with commercially available precatalysts of
the type [Rh ACHTUNGTRENNUNG(PP*) ACHTUNGTRENNUNG(diolefin)]anion (PP*=chelating chiral
phosphine). The conventional “in situ” technique transforms
[Rh ACHTUNGTRENNUNG(diolefin)2]anion complexes into complexes of the
above-mentioned type by adding one equivalent of chiral
ligand under inert-gas conditions.[1]

Macroscopically, the hydrogenation curves show more or
less pronounced characteristic induction periods that
depend on diolefin, chiral ligand, and prochiral olefin (Mi-
chaelis constant and concentration),[2] that is, hydrogenation
becomes faster in the beginning. The diolefin (Z,Z)-cyclooc-
ta-1,5-diene (cod) introduced with the Rh precatalyst is to
some extent detectable after complete asymmetric hydroge-
nation of the prochiral olefin.

Simple experiments such as the monitoring of cod conver-
sion in comparison to the conversion of prochiral olefin, hy-
drogenation of the precatalyst before the addition of sub-
strate, and use of diolefin-free precatalysts show that induc-
tion periods in the hydrogen consumption of asymmetric hy-
drogenations are the result of simultaneous hydrogenation
of the prochiral olefin and the diolefin introduced with the
precatalyst, which is useful for increasing the stability in syn-
thesis and for handling the precatalyst without difficulties.

This has unequivocally been proven by means of
31P NMR spectroscopic measurements under hydrogenating
conditions.[2c,3] Thus, the induction period is caused by the
fact that part of the catalyst concentration is blocked for hy-
drogenation of the prochiral olefin, that is, inactive due to
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coordination of the diolefin ligand. Due to the relatively
slow hydrogenation of cod, the fraction of active catalysts
increases at first, and typical induction periods result. They
complicate comparisons of activity of different catalysts sys-
tems, as well as kinetic interpretations of hydrogen-con-
sumption curves.

To exclude such distracting induction periods and also to
take advantage of the “intrinsic activity” of a catalyst, that
is, the maximum possible catalytic activity for a given cata-
lyst–substrate system, it is best to apply the respective sol-
vate complexes [Rh ACHTUNGTRENNUNG(PP*) ACHTUNGTRENNUNG(solvent)2]anion, as was proven
earlier by Halpern and Landis.[4] Nevertheless, from a practi-
cal standpoint the question remains of how long the precata-
lysts must be pretreated under hydrogen to exclude any in-
duction period.

As an example, Figure 1 shows the hydrogenation of
methyl (Z)-(N)-benzoylamino cinnamate with the estab-
lished Rh/Dipamp catalyst in MeOH at 25 8C under normal

pressure with the solvate complex [Rh ACHTUNGTRENNUNG(dipamp)-
ACHTUNGTRENNUNG(MeOH)2]BF4 (Dipamp=1,2-ethanediylbis[(2-methoxyphe-
nyl)phenylphosphine]) and the commercially available [Rh-
ACHTUNGTRENNUNG(dipamp) ACHTUNGTRENNUNG(cod)]BF4. Both catalysts give practically the same
enantioselectivity of 96% ee, but they differ considerably in
their activity. After complete hydrogenation of a hundred-
fold excess of prochiral olefin with the cod complex, approx-
imately 66% of cod is still detectable by gas chromatogra-
phy.[5] Further similar examples can be found.[2c,6]

Hitherto published pseudo
rate constants of diolefin hydro-
genations (see ref. [2a] for a
tabular summary) show that
they can strongly depend on di-
olefin and ligand (ring size). As
a consequence, it is not possible
to generally predict prehydro-
genation times of a precata-
lyst.[7] It is therefore necessary

to experimentally determine the pretreatment time under
hydrogen to complete elimination of the diolefin.

The aim of this work is to quantify the hydrogenation of
diolefins cod and nbd for the ligands Binap,[8] Me-Duphos,[9]

and Catasium[10] in different solvents. Beside the classical
solvent methanol (protic, polar) also THF (aprotic, polar)
and propylene carbonate (aprotic, dipolar), which has re-
cently been successfully applied in asymmetric hydrogena-
tions,[11] were investigated as solvents.

Furthermore, an approach is presented to determine the
desired rate constant and the respective prehydrogenation
time from stoichiometric hydrogenations by UV/Vis spec-
troscopy. This method is especially useful for very slow dio-
lefin hydrogenations.

Results and Discussion

To compare several precatalysts in terms of the expected in-
duction period and the time needed for quantitative elimi-
nation of the diolefin, pseudo rate constants k02 diolefin

[12] for
diolefin hydrogenation were determined according to
Scheme 1.

Under catalytic conditions in the presence of a very large
excess of diolefin under isobaric conditions, saturation kinet-
ics (Michaelis–Menten behavior) for the highly selective hy-
drogenation of the first double bond are expected due to
the high stability of the diolefin complexes. This expectation
could be confirmed experimentally.[2] Dividing the slope of
the linear hydrogen-consumption curves (see also Figures 2
and 3) by the applied catalyst concentration results in the
desired pseudo rate constants k02 diolefin.

[14]

Under stoichiometric conditions Scheme 1 corresponds in
principle to a consecutive reaction. As method of choice for
the quantitative monitoring of stoichiometric diolefin hydro-
genations that are not too fast, 31P NMR spectroscopy can
be used.[2b]

For routine quantification of pseudo rate constants of dio-
lefin hydrogenation, however, determination from catalytic
hydrogenations of the respective diolefins with the corre-
sponding diolefin complexes has proven to be a valuable
tool. By using this methodology the values summarized in
Table 1 for the investigated catalyst/solvent/diolefin systems
of this work were obtained. Hydrogen-consumption curves
for catalytic hydrogenation of cod and nbd at a diolefin/pre-
catalyst ratio of 100 are shown in Figures 2 and 3, respec-
tively.

Figure 1. Comparison of the hydrogen consumption for the hydrogena-
tion of methyl (Z)-N-benzoylamino cinnamate with the solvate complex
(blue) and the cod precatalyst (red) of dipamp. (Both 0.01 mmol Rh
complex; 1.0 mmol prochiral olefin; 15.0 mL MeOH; 25.0 8C; 1.0 bar.)

Scheme 1. Reaction sequence for the hydrogenation of diolefin complexes to the corresponding solvate com-
plexes and the alkanes.[13]
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The results can be summarized as follows:

1) As can be gathered from Figures 2 and 3, hydrogenations
of both cod and nbd proceed very selectively, and in

most cases distinct inflection points can be observed at
half of the overall hydrogen uptake.[16]

2) For a given precatalyst/solvent system cod hydrogenation
is always slower than nbd hydrogenation. This corre-
sponds to published results, which, however, had practi-
cally only been obtained for MeOH.[2a] The ratios of
rates lie between 75 and 450 for the investigated sys-
tems; the difference in pseudo rate constants is thus
about two orders of magnitude. This experimental result
is evidently independent of the solvent used.[17]

3) Table 1 shows that pseudo rate constants for a ligand/dio-
lefin system maximally differ by a factor of about two or
three, depending on the investigated solvents. It seems
that the activity of diolefin hydrogenation is only slightly
dependent on the polarity of the solvent and approxi-
mately independent of whether the solvent is protic or
aprotic.

4) From some hydrogen-consumption curves in Figures 2
and 3, one can see that the second double bond is hydro-
genated much faster than the first. A typical example is
hydrogenation with the Me-Duphos/cod system, both in
MeOH and in propylene carbonate. This known fact[2]

must be interpreted as follows. Even though hydrogena-
tion of the monoolefin is faster than the hydrogenation
of the first double bond of the diolefin, due to the much
higher stability constant of the diolefin (chelate effect)
the hydrogenation of the monoolefin only occurs when
practically no more diolefin is present in solution. The
intrinsically higher activity of the monoolefin is virtually
“blocked” by the thermodynamically much higher stabil-
ity of the diolefin complex.

The cause of the known fact that cod hydrogenations are
always slower than the corresponding nbd hydrogenations
remains unclear. However, it seems that, independent of the
ring size of the Rh/phosphane chelate, the less active cod
complexes have a greater tetrahedral distortion of the ex-
pected square-planar arrangement than the corresponding
nbd complexes, as derived from X-ray structures.[18,19]

Table 2 summarizes structural data (angle of tetrahedral
distortion, that is, angle of the P-Rh-P plane to the centroid-
Rh-centroid plane) and ratios of pseudo rate constants for
the hydrogenation of cod and nbd.

Comparison of tetrahedral distortions of the complexes
[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4/[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]SbF6 and
[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]BF4/[RhACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]ClO4 clearly demon-
strates that the tetrahedral distortion is hardly influenced by
the counterion.

In case of Me-Duphos and Catasium it appears as expect-
ed that the nbd complex, which can be hydrogenated faster,
deviates less from the ideal square-planar structure.

In contrast, the Binap complex is the first example in
which the cod complexes are hydrogenated more than a
hundred times slower but at the same time show much
smaller tetrahedral distortion, independent of the solvent
used. For the nbd complex an experimental torsion angle of
about 148 is observed, while for the cod complex a torsion

Table 1. Pseudo rate constants k02 diolefin [min�1] from catalytic diolefin hy-
drogenations for several ligands and solvents.[15]

Ligand Diolefin Solvent
MeOH THF propylene

carbonate

Me-Duphos cod 0.115 0.16 0.14
nbd 35.2 39.0 18.0

Binap cod 0.23 0.28 0.14
nbd 26.8 20.5 16.6

Catasium cod 0.05 ca. 0.15 0.085
nbd 24.9 11.8 9.4

Figure 2. Hydrogen consumption for the catalytic hydrogenation of cod
with the complexes [RhACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(cod)]BF4 in THF (red), [Rh(Me-
Duphos) ACHTUNGTRENNUNG(cod)]BF4 in propylene carbonate (green), [Rh(Me-DuPhos)-
ACHTUNGTRENNUNG(cod)]BF4 in MeOH (gray), and [Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(cod)]BF4 in MeOH
(blue). (All 0.01 mmol precatalyst; 1.0 mmol cod; 15.0 mL solvent;
25.0 8C; 1.0 bar.)

Figure 3. Hydrogen consumption for the catalytic hydrogenation of NBD
with the complexes [Rh(Me-DuPhos) ACHTUNGTRENNUNG(nbd)]BF4 in MeOH (blue) [Rh-
ACHTUNGTRENNUNG(Binap)ACHTUNGTRENNUNG(nbd)]BF4 in MeOH (green), [Rh ACHTUNGTRENNUNG(Binap)ACHTUNGTRENNUNG(nbd)]BF4 in THF (red),
[Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(nbd)]BF4 in propylene carbonate (gray). (All 0.01 mmol
precatalyst; 1.0 mmol nbd; 15.0 mL solvent; 25.0 8C; 1.0 bar.)
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angle of only 78 is found.[24] The reasons for this unusual be-
havior are unclear.

The stoichiometric hydrogenation of diolefin complexes
to solvate complexes basically corresponds to a consecutive
reaction (see Scheme 1). A monoolefin complex, which
could be expected as an intermediate, cannot be detected by
31P NMR spectroscopy. After partial hydrogenation of the
diolefin, only the solvate complex is visible in the 31P NMR
spectrum beside diolefin complex (see also Figure 4). Thus,

the concentration of an intermediate monoolefin complex
can only be very small.[25]

The known high stability of
the diolefin complexes and the
finding that monoolefin hydro-
genation is partly faster than di-
olefin hydrogenation (Figure 2)
mean that diolefin hydrogena-
tion to yield the saturated
alkane under isobaric condi-
tions can be reduced to a
pseudo-first-order reaction. (A
kinetic derivation can be found
in the Supporting Informa-
tion.)[26] Therefore the necessa-
ry prehydrogenation times for

the formation of solvate complexes can be derived from the
pseudo rate constants in Table 1.[27] For verification, some
precatalysts were pretreated with hydrogen for a distinct
period of time at normal pressure, after which the hydroge-
nation reactions were quenched and the solutions analyzed
by 31P NMR spectroscopy. The results (Table 3) prove that
the pseudo rate constants calculated from Table 1 can be ex-
perimentally confirmed.

If pseudo rate constants of diolefin hydrogenation
become very small, determination under catalytic conditions
at normal pressure becomes more and more complicated
due to rather long reaction times. Under pressure (the reac-
tion order for hydrogen is unity), hydrogenation can be ac-
celerated, but the quantitative measurement of relatively
small hydrogen consumptions is difficult under such condi-
tions.

Therefore, we sought further possibilities to determine
the desired pseudo rate constants. A possibility to monitor
stoichiometric hydrogenation is offered by UV/Vis spectros-
copy. This methodology is presented for the example of cod
hydrogenation by the Me-Duphos system, as well as for the
dppe and Et-Duphos ligands.

As derived and experimentally confirmed, the consecutive
reaction that is expected for the stoichiometric hydrogena-
tion of a diolefin precatalyst can be reduced to a first-order
reaction.[25,26] Furthermore, in the case of the Me-Duphos/
cod/MeOH system k02 diolefin !k02monoolefin (see Figure 2).

By means of an immersion optrode, UV/Vis spectroscopy
can be carried out in vessels of arbitrary dimensions. In our
temperature-controlled vessel[28] the necessary exchange of
gas (argon/hydrogen) is easily realized. Figure 5 shows the
cyclically measured spectra for the hydrogenation of

Table 2. Angles between P-Rh-P and centroid-Rh-centroid planes (tetrahedral distortion) from X-ray crystal
structures, and ratios of pseudo rate constants for diolefin hydrogenation.

P-Rh-P/CM-Rh-CM

angle [8]
k02NBD/k

0
2COD

MeOH THF propylene carbonate

[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4
[18] 16.4 306 240 130

[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]SbF6
[9c] 17.8

[Rh(Me-Duphos) ACHTUNGTRENNUNG(nbd)]BF4
[20] 8.8

[Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(cod)]BF4
[10b] 25.4 469 ca. 79 111

[Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(nbd)]BF4
[21] 8.8

[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(cod)]BF4
[22] 7.5 117 74 116

[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]ClO4
[8a,23] 14.9

[Rh ACHTUNGTRENNUNG(Binap) ACHTUNGTRENNUNG(nbd)]BF4
[22] 13.2

Figure 4. 31P NMR spectrum of a solution of [Rh ACHTUNGTRENNUNG(Catasium) ACHTUNGTRENNUNG(cod)]BF4 in
propylene carbonate (not deuterated), partly hydrogenated (8.5 min).

Table 3. Half-lives t1/2, experimental prehydrogenation times, ratio solvate complex/diolefin complex (expected and experimental from 31P NMR spec-
trum), and coupling constants and chemical shifts of solvate and diolefin complexes.

System (ligand/diolefin/
solvent)

t1/2
(min)

Prehydrogenation
time [min]

Solvate/diolefin complex
(expected)

Solvate/diolefin com-
plex (exptl)

d [ppm], JRh-P [Hz] (solvate complex/di-
olefin complex)

Me-Duphos/cod/MeOH 6.0 6.0 50/50 46.3/53.7 101, 204.5/76.4, 149
Me-Duphos/cod/MeOH 6.0 12.0 75/25 73.7/26.3 101, 204.5/76.4, 149
Catasium/cod/propylene
carbonate

8.1 8.5 51.4/48.6 54.8/45.2[a] 92.3, 207.8/64.7, 152.9

[a] The spectrum is shown in Figure 4.
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[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4 under stoichiometric conditions
in MeOH at 25.0 8C.

The spectrum displays three isosbestic points in the shown
range. They prove that only two (absorbing) species are
present in solution: the cod complex and the formed solvate
complex. Thus, it is a kinetically uniform reaction. A consec-
utive reaction with a detectable intermediate concentration
could not be described in the same way.

Figure 6 shows the respective extinction diagrams for the
reaction spectrum of Figure 5.[29] As expected for kinetically
uniform reactions, straight lines result for the plot of arbitra-
ry wavelengths.

A plot of (dA/dt)/A as linearization of a first-order reac-
tion[28] shows the expected straight lines (the derivation of
the linear equation can be found in the Supporting Informa-
tion) with the desired pseudo rate constant (k0

2COD
) as slope

(Figure 7).
With the initial values from Figure 7 a nonlinear curve fit

for the chosen wavelengths was processed for the pseudo-

first-order reaction; a comparison of spectroscopic and
fitted values is shown in Figure 8. These values (the average
value for five different wavelength is 0.1177 min�1) agree
well with the result of the catalytic hydrogenation (Table 1;
Me-Duphos/cod in MeOH: k0

2COD
=0.115 min�1).

Analogously, stoichiometric hydrogenation of cod com-
plexes of Et-Duphos and dppe were investigated by UV/Vis
spectroscopy. (The respective reaction spectra, extinction di-
agrams, linearizations, and nonlinear curve fits can be found
in the Supporting Information.)

In the case of Et-Duphos a pseudo constant of
0.028 min�1 was observed. Even though this value is twice as
high as the orienting value that was given in the literature,[2c]

difficulties with the determination from catalytic measure-
ments under normal pressure were indicated.

It is astonishing that the pseudo constants k0nbd/k
0
cod for

Me-Duphos differ by only two orders of magnitude, while
for Et-Duphos the difference is already three orders of mag-
nitude.

Figure 5. Reaction spectrum for the stoichiometric hydrogenation of
[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4 (0.02 mmol) in 40.0 mL MeOH at 25.0 8C and
1.0 bar overall pressure with a cycle time of 3 min.

Figure 6. Extinction diagram with respect to Figure 5. 459 nm (maximum
[Rh(Me-Duphos) ACHTUNGTRENNUNG(cod)]BF4) as reference wavelength.

Figure 7. Linearization of a first-order reaction (dA/dt)/A for several
wavelengths from Figure 5.

Figure 8. Comparison of spectroscopic values (points) and values fitted as
pseudo-first-order (solid line) for several wavelengths from Figure 5.
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For the ligand dppe one obtains a pseudo constant of
0.0033 min�1. This value is exactly in the range (0.0018–
0.0036) estimated from catalytic hydrogenations in an auto-
clave.[2c,30] The last examples prove that the UV/Vis spec-
troscopy is well suited to determine the desired pseudo rate
constants for very slow diolefin hydrogenations.

Conclusion

The present study corroborates that induction periods ob-
served for asymmetric hydrogenations of prochiral diolefins
are caused by the fact that part of the catalyst concentration
is blocked, that is, inactive due to coordination by the diole-
fin ligand. This blocking has its origin in the slow and simul-
taneously occurring hydrogenation of the diolefin intro-
duced into the system with the precatalyst.

Quantification of the hydrogenation of the diolefins cod
and nbd in the solvents methanol, THF, and propylene car-
bonate, which vary in proticity and polarity showed that the
different solvents behave similarly with regard to the activi-
ty of diolefin hydrogenation. Independent of the solvent,
the nbd complexes are always hydrogenated faster than the
corresponding cod complexes; the hydrogenations proceed
very selectively. The degree of conversion determined from
pseudo rate constants as a function of prehydrogenation
time was tested and verified by means of 31P NMR spectros-
copy for several examples.

For very slow diolefin hydrogenations UV/Vis spectro-
scopic monitoring of the stoichiometric hydrogenation is an
appropriate method to determine the desired pseudo rate
constants.

Experimental Section

All 1H, 13C and 31P NMR spectra were recorded on a Bruker 300 MHz
spectrometer in [D4]MeOH unless stated otherwise.

UV/Vis spectra were recorded by a Lambda 19; see also ref. [28].

Performance of hydrogenation reactions including the normal-pressure
hydrogen device is extensively described in ref. [28].

Solvents were dried and purified by standard methods and distilled fresh-
ly prior to use.
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